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1 Introduction

1.1 Neuronal ceroid lipofuscinosis, a neurodegenerative

lysosomal storage disorder

The neuronal ceroid lipofuscinoses (NCLs) comprise a group of
neurodegenerative lysosomal storage disorders (LSDs) mainly affecting
children [1]. Patients suffering from this fatal disorder typically present with
progressive decline of cognitive and motor capacities, epilepsy and vision loss,
and die prematurely [2]. NCL is a rare neurodegenerative lysosomal storage
disorder with an incidence of 1:100,000 worldwide, and 1:12,500 in the US and
in Scandinavian countries [3]. The common hallmark of NCLs is the intracellular
accumulation of autofluorescent storage material as a result of lysosomal
dysfunction, termed ceroid [4].

The first description of NCL disease was published by Otto Christian
Stenge in 1826. He described 6-year-old children that represented with a
combination of severe symptoms including progressive vision loss, mental
decline, epileptic seizure and died prematurely [5]. Thereafter, additional
patients were identified which also presented with the characteristic clinical
symptoms of NCL, but with a variable age at disease onset. As a result, NCLs
were classified according to the age at disease onset in congenital, infantile,
late infantile, juvenile, and adult onset NCLs [6]. During the last years,
mutations in 13 genes have been identified that cause NCL. These genes
encode soluble lysosomal enzymes, lysosomal membrane proteins, membrane
proteins of the endoplasmic reticulum and soluble proteins [7]; Table 1). Based
on these data, NCLs are now grouped according to the disease-causing gene
(CLN1 to CLN8, CLN10 to CLN14), irrespective of the age at disease onset
which can be highly variable between patients carrying mutations in the same
gene [8].

All NCL patients except those suffering from congenital CLN10 disease
have a normal psychomotor development prior to the appearance of the first
symptoms. Disease usually starts at childhood, but in rare cases may also
develop in patients aged 60 years or older [9]. All NCL patients suffer from a

variable combination of characteristic neurological symptoms including
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progressive mental deterioration, epilepsy and motor malfunctions, ultimately
resulting in premature death [9]. Vision loss as a result of progressive retinal
degeneration is another characteristic clinical symptom in most NCLs, including
CLN1, CLN2, CLN3, CLN5, CLN6, CLN7, CLN8, CLN10, CLN11 and CLN14
disease [1, 10-15]. The recent identification of CLN3 and CLN7 patients
presenting with non-syndromic retinal dystrophies [16, 17] is of particular
interest in the context of the present thesis, as this finding highlights the
particular susceptibility of the retina to lysosomal dysfunctions, at least in
certain NCL variants.

In terms of pathological morphological alterations, cerebral atrophy,
cerebellar atrophy, and a secondary enlargement of the ventricles as a result
of the severe atrophy of the brain are characteristic features in most NCL
patients [14]. Activation of microglia and astrocytes may precede
neurodegeneration, and was therefore hypothetized to be a cause of neuron
loss [18]. Retinal degeneration might precede neurodegeneration in the brain,
or might become detectable only at late stages of the disease, depending on
the NCL variant and the type of mutation [12, 19, 20]. Photoreceptor cells are
usually the first affected cells, followed by interneurons in the inner nuclear layer,
and finally by retinal ganglion cells [15].

A common feature of NCL is the accumulation of autofluorescent storage
material as a result of lysosomal dysfunction. Subunit ¢ of mitochondrial ATP
synthase (SCMAS) and/or sphingolipid activator protein A and D (saposin A
and saposin D) are major components of this material [15]. Storage material
accumulates in diverse cell types such as neurons, macrophages, smooth
muscle cells and vascular endothelial cells in all NCL forms [7, 9]. At the
electron microscopic level, the storage material is classified according to it's
ultrastructural appearance into granular osmiophilic deposits (GRODs),
fingerprint profiles (FPP), curvilinear profiles (CLP), and rectilinear complex
(RLC) [21]. The type of ultrastructural aggregates or combinations thereof are
to some extent characteristic for the different genetically defined NCL variants
[22].

Diagnostically, a NCL disorder must be suspected when some “alert”
symptoms, such as progressive and unexplained loss of acquired psychomotor
or motor abilities, epilepsy or retinopathy occur in children or young adults [12].
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Brain magnetic resonance imaging (MRI) will eventually reveal cerebral and
cerebella atrophy, enzyme activity assays are available to identify dysfunctions
of lysosomal enzymes, and ultrastructural examinations of skin biopsies or
blood samples might reveal accumulation of storage material [9]. However, a
final and defined diagnosis ultimately depends on genetic technologies.

A variety of naturally occurring and transgenic animal models of NCL are
available, including mice, zebrafish or nematodes, but also larger species such
as dogs, sheeps or cattles [23]. Many of these animal models faithfully
recapitulate the brain pathology and the retinal dystrophy seen in patients with
CLN1, CLN3, CLN4, CLN5, CLN6, CLN7, CLN10, CLN11 disease [11, 24-51].
Despite the availability of appropriate animal models for distinct NCL forms only
a few preclinical studies have been published that have developed and
evaluated experimental therapies for the treatment of retinal degeneration (see
below).

Several therapeutic strategies are currently being developed for the
treatment of various NCL variants, including gene therapy, stem cell therapy,
enzyme replacement therapy (ERT), small molecule therapy, and immuno-
regulatory therapies [31, 52-61]. However, until now, only one clinical drug,
cerliponase alfa (BrineuraTM, BioMarin Inc.), a recombinant human tripeptidyl
peptidase 1 (TPP1) proenzyme, has been approved worldwide in 2017 for the
treatment of patients with CLN2 disease [62]. In a phase I/l clinical trials, bi-
weekly intracerebroventricular injections of cerliponase alfa have been shown
to significantly delay progression of motor and language deterioration in CLN2
children (NCT01907087) [63]. A phase Il study including presymptomatic,
young patients (NCT02678689), a long-term extension of the phase I/ll study
(NCT02485899) and an expanded access program (NCT02963350) are in
progress.

As detailed above, diverse animal models of NCLs faithfully recapitulate
the common traits of the disease in humans, and are widely used to establish
treatment options and to evaluate their efficacy in preclinical settings. Selected
preclinical studies are described below.



1.2 Therapeutic approaches to treat neuronal ceroid

lipofuscinosis
1.2.1 Enzyme replacement therapy

ERT is a promising therapeutic approach for the treatment of NCLs caused
by dysfunctions of lysosomal enzymes, the cause of CLN1, CLN2, CLN10 and
CLN13 disease [8]. “Classical” ERT aims at delivering functional lysosomal
enzymes to diseased tissues by injections of recombinant proteins. The efficacy
of ERT is related to the fact that lysosomal enzymes are mannose-6-
phosphate- (M6P) modified. After injections of recombinantly produced
enzymes into diseased tissues, affected cells take up the enzyme via M6P-
receptor mediated endocytosis, eventually resulting in improved lysosomal
functions [64]. Different injection routes are used to target different diseased
tissues. For example, intraventricular and intrathecal injections are employed
to target the brain, intravenous injections to target visceral organs, and
intravitreal or subretinal injections to target the retina. Numerous preclinical
studies have demonstrated the efficacy of this approach. For instance,
intrathecal injection of recombinant human palmitoyl-protein thioesterase
(rhPPT1) — the enzyme affected in CLN1 disease - extended the lifespan,
delayed motor deterioration, and ameliorated the neuropathological phenotype
of a PPT1-deficient mouse model [65]. Furthermore, intravenously injected
rhPPT1 resulted in beneficial therapeutic effects in visceral organs such as
spleen, liver, kidney and intestine as indicated by a clearance of
autofluorescent storage material in these organs [66]. Similarly, injections of
recombinant human TPP1 (rhTPP1) into the brain resulted in a reduction of the
amount of storage material, delayed the progression of various neurological
symptoms, reduced brain atrophy and neuroinflammation, and increased the
lifespan of a mouse and a dog model of CLN2 disease [67-69]. Of note,
administration of TPP1 into the cerebrospinal fluid (CSF) also delayed pupillary
light reflex deficits, but did not attenuate loss of vision in a CLN2 canine model
[70].

A CLN2 dog model with a TPP1 loss-of-function mutation shows

progressive retinal degeneration and as a consequence loss of vision [71].



Intravitreal injection of rhTPP1 into post-symptomatic animals resulted in
detectable amounts of TPP1 in the vitreous humor. However, TPP1 levels in
the vitreous and plasma were hardly detected after a prolonged time after the
injection. The detection of anti-TPP1 antibodies in the blood plasma of treated
dogs demonstrated a systemic immune response to TPP1 after intravitreal
injection [72]. However, the treatment effectively reduced storage material in
the treated dog retinas [73], which is particularly evident in retinal ganglion cells
of untreated animals [71]. Furthermore, intravitreal rhTPP1 injections resulted
in attenuation of retinal degeneration, as indicated by a significant rescue of
retinal cells in the inner and outer nuclear layer. The irregular arrangement of
interfaces between the photoreceptor and the retinal pigment epithelium (RPE),
the abnormal termination of axons of bipolar cells in the outer plexiform layer,
and the loose organization of pigmented epithelium in the stroma of the ciliary
body was ameliorated after intravitreal rhTPP1 injections of rhTPP1. Of note,
the treatment also attenuated the decline of rod photoreceptor and cone
photoreceptor responses in electroretinogram (ERG) recordings, indicating the
efficacy of this therapeutic approach in preserving retinal function in the CLN2
dog model.

Together with numerous other successful preclinical ERT studies, the
above outlined examples demonstrate the efficacy of this approach to treat NCL
forms caused by dysfunctions of lysosomal enzymes. However, as further
detailed in the discussion of this thesis, there is only one study until now that
has tested the efficacy of a classical ERT approach to treat retinal
degeneration[74]. Due to the limited half-life of recombinantly produced
enzymes, repeated injections of the recombinant proteins are required in order
to achieve significant and long-lasting therapeutic effects using ERT. A
sustained delivery of enzymes through gene therapy- or cell-based strategies

may represent a more effective treatment option.

1.2.2 Gene therapy- and cell-based enzyme replacement strategies

Adeno-associated virus (AAV)-based enzyme replacement strategy is a
promising strategy to treat different NCLs caused by defects in soluble



lysosomal proteins, as it represents a strategy to continuously deliver lysosomal
enzymes to diseased tissues. “Cross correction” makes this AAV-based
enzyme replacement strategy an effective treatment option, because the
enzyme of interest secreted by the genetically modified endogenous cells is
subsequently endocytosed by neighboring non-modified cells via the mannose-
6-phosphate pathway, potentially correcting lysosomal dysfunction also in
these cells [64]. A robust transgene expression by AAVs in distinct cell
populations depends on the virus titer, the serotype, the promoter, and on the
injection route of the viral particles.

The efficacy of AAV mediated gene therapy approaches was tested in
presymptomatic and symptomatically animal models of NCL. These studies
demonstrated attenuation of the progression of the neuropathology and the
neural dysfunctions in various NCL animal models. For instance, an AAV-
mediated gene transfer of PPT1 via intracranial administration of various AAV
serotypes resulted in partial correction of the neuropathology, decrease of
storage material accumulation in cortical, hippocampal, and cerebellar neurons,
increase of brain mass, improvement of motor function, and extension of
lifespan in PPT1-deficient mice [75-77]. In addition, a combination of injections
into different tissues has been shown to further improve therapeutic outcomes.
Injections of AAV2/9 encoding hPPT1 either intrathecally or intracranially
resulted in only limited therapeutic effects in only localized areas of the central
nervous system of a CLN1 mouse model. However, combining intrathecal and
intracranial injections yielded better benefits, including complete correction of
pathological features, synergistic improvements of motor deterioration, and an
unprecedented extension of lifespan [78]. For CLN2 disease, intracranial
injection of AAV1-hCLN2 prior to the onset of symptoms prevented storage
material accumulation, protected neurons from degeneration, and extended the
lifespan of treated CLN2 mutant mice by a factor of two when compared to
untreated controls [79]. The efficacy of an AAV-mediated enzyme replacement
strategy was also confirmed when the treatment was started in post-
symptomatic CLN2 dogs. Intraventricular AAV2-hTPP1 administrations
resulted in expression of TPP1 in ependymal cells which secreted the enzyme
into the cerebrospinal fluid from where it diffused in wide areas of the diseased
brain parenchyma. In the treated dogs, disease progression was slowed as
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indicated by a delayed appearance of neurological symptoms, a delayed
decline of cognitive dysfunctions, and a significantly prolonged life span [80].
Similarly, pre- and post-symptomatic CLNS sheep that received AAV9-hCLN5S
injections showed therapeutic benefits, with more slowly progressing
neuropathological alterations and a less pronounced dysfunction of motor and
behavioral abilities. Of note, onset of vision loss was significantly delayed in
treated CLN5 sheep, likely because of a preservation of visual brain areas
rather than because of therapeutic effects on the retina [81]. Of particular
interest in the context of the present thesis is a study that has analyzed the
effects of an AAV-mediated gene transfer of cathepsin D (CTSD) to the brain
and/or visceral organs of a mouse model of CLN10 disease. By expression of
CTSD via an AAV1/2 vector in the brain, neurological and visceral pathologies
were prevented, including the accumulation of storage material and attenuation
of microgliosis in the brain, and the maintenance of the gastro-intestinal system,
liver, and spleen integrity. The therapeutic effect on peripheral organs after
treatment of the brain was demonstrated to be mediated by CTSD secreted
from neurons in the brain and delivered via lymphatic routes to the viscera.
Through this lymphatic drainage, CTSD expressed in the central nervous
systems (CNS) played an important role on retaining the immune system and
the homeostasis of peripheral organs. It was also shown that the rescue of
phenotype of Ctsd -/- mice was related to the enzymatic activity of CTSD rather
than to ligand-receptor interactions [82]. In conclusion, AAV mediated gene
therapy has been demonstrated to be well-tolerated, and to be effective in
attenuating the neurological phenotype of NCL animal models [75-77, 80, 81,
83].

In addition to the neurodegeneration in the brain, retinal degeneration can
also be attenuated by enzyme supplementation through an AAV-mediated
enzyme replacement strategy. PPT1-deficient mice are affected by a severe
retinal dysfunction starting as early as at postnatal day 45 (P45). The retinal
dystrophy is accompanied by reactive microgliosis and astrogliosis,
accumulation of storage material, dysregulation of various lysosomal proteins,
and autophagic dysfunction. A significant loss of different retinal nerve cell
types started at advanced stages of the disease, characterized by degeneration
of ganglion cells, photoreceptor cells, and bipolar cells [26, 84]. After intravitreal
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administration of AAV2-hPPT1, PPT1 activity in the treated eyes was
approximately five times higher than in untreated healthy wild-type eyes. PPT1
immunoreactivity was largely refined to the retinal ganglion cells (RGCs) as a
result of the AAV2 serotype used in this study. The light-adapted pure cone
responses and dark-adapted mixed rod/cone responses in ERG recordings
were significantly improved in treated retinas when compared to control retinas,
indicating the benefits of intravitreal AAV2-hPPT1 injections on retinal function
in this CLN1 mouse model. At the morphological level, treated retinas had a
thicker and better organized outer nuclear layer (ONL) when compared to
untreated control retinas. Survival of photoreceptor cells was, however, not
significantly improved through the treatment, possibly due to the limited amount
of PPT1 released by the ganglion cells or a limited distribution of PPT1 in the
host retinas. Interestingly, enzymatic PPT1 activity was also detected in some
brain regions near the trajectory of retinal ganglion cell axons, suggesting
axonal transport of the enzyme from the retina to the brain. Of note,
neurodegeneration was reduced in brain regions at or near the retinal projection
[26].

A cell-based enzyme replacement strategy is another possibility to achieve
a continuous supply of a lysosomal enzyme to diseased nervous tissue. For
instance, transplantations of genetically non-modified human neural stem cells
into the brain of a PPT1-deficient mouse resulted in sufficient levels of PPT1 in
the host brain to correct the neuropathology, including reduction of
autofluorescent storage material, delaying the loss of motor function and
attenuating the loss of cortical and hippocampal neurons [85].

In the context of retinal degeneration in NCL, intravitreally transplanted
stem cells have been shown to survive well in the vitreous, without exerting
adverse effects to the host retina [86]. Stem cells have also been genetically
modified to express a gene of interest for the treatment of retinal degeneration
in NCL. For instance, bone marrow-derived mesenchymal stem cells (MSCs)
that were modified to overexpress TPP1 have been grafted intravitreally into a
CLN2 canine model, where they continuously released the enzyme which then
diffused into the mutant retina. The transduced cells significantly prevented the
development of the characteristic disease-related retinal detachments in this
CLN2 animal model, and attenuated the thinning of all retinal layers and the
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disorganization of photoreceptor inner and outer segments. Functional deficits
were also partially corrected in the retinas treated with TPP1 overexpressing
MSCs, as indicated by increased ERG amplitudes compared to the
contralateral control retinas. This protective effect of TPP1-MSCs on retinal
structure and function in CLN2 canine model was dose-dependent [87].

In summary, AAV-based and stem cell-based enzyme replacement
strategies have both been shown to represent effective strategies to treat
pathological changes in either the brain or the retina of various NCL animal
models.

1.2.3 Cell-based neuroprotective approaches

In some studies, stem cell-based neuroprotective approaches resulted in
attenuation of retinal degeneration in certain NCL forms. For instance,
intravitreal transplantations of ciliary neurotrophic factor (CNTF)-
overexpressing neural stem cells resulted in delivery of CNTF to the dystrophic
retinas for at least six weeks, and in preservation of photoreceptors in a mouse
model of CLNG disease [88]. Additionally, after intravitreal administration of
neuralized embryonic stem cells into motor neuron degeneration (mnd) mice,
an animal model of CLN8 disease, donor cells integrated into the host retina.
The treatment reduced the amount of lysosomal storage material and promoted
the survival of host photoreceptor cells by a yet unknown mechanism [89].

1.2.4 Corrective gene therapy

Corrective gene therapy attempts to supplement each affected cell with a
functional variant of the defective gene, and is thus among the potential
treatment options for NCL forms caused by dysfunctions of lysosomal
transmembrane proteins. Specific cell populations can be targeted by the use
of appropriate AAV serotypes showing a tropism for these cells and/or by the
use of AAV vectors containing cell type-specific promoters. Bosch and
colleagues generated two self-complementary AAV vectors (serotype 9;
scAAV9) encoding CLN3 driven by either the methyl-CpG-binding protein 2



(MeCP2) promoter or the ubiquitously active chicken B-actin (CAG)/
cytomegalovirous (CMV) enhancer promoter to assess the effect of different
CLN3 dosages in CIn3ex7/8 mice. After intravenous injection, CLN3 expression
levels in the brain were significantly higher in mutant mice injected with the
vector containing the CAG promoter than with the vector containing the MeCP2
promoter. However, the correction of motor deficits and the attenuation of
neuroinflammation and lysosomal pathology were more pronounced in
scAAV9/MeCP2-hCLN3 treated mice. This might result from differences
between the cell types successfully transduced using these two AAV vectors,
as scAAV9/MeCP2-hCLN3 mainly transduced neurons whereas scAAV9/CAG-
hCLN3 mainly transduced astrocytes [90].

In the CIn6™" mice model, retinopathy is characterized by early-onset
reactive gliosis and apoptotic degeneration of photoreceptors, accompanied by
accumulation of storage material, dysregulation of lysosomal proteins, and
activation of microglia [42]. Unexpectedly, AAV2/8-mediated expression of
CLNG6 in photoreceptors neither promoted photoreceptor survival nor preserved
photoreceptor function in CIn6"" mice. CLN6 is strongly expressed in bipolar
cells which degenerate only after photoreceptor cells in CIn6™" mice. Targeting
bipolar cells with an AAV2/2 variant 7m8 and a promoter that is active in a
subpopulation of bipolar cells resulted in robust CLN6 expression in these
interneurons. Of note, CLN6 expression in bipolar cells preserved the
morphology and function of photoreceptors, indicating that defects in bipolar
cells are the cause of the photoreceptor cell loss observed in the CLN6 mouse
model [91].

1.2.5 Immunomodulatory therapy

Early onset neuroinflammation as indicated by activated microgliosis and
astrogliosis is a characteristic pathological feature of NCL. Efforts have been
made to identify reagents that modulate or suppress neuroinflammation [92,
93], but treatment effects were mostly limited. However, some immune

suppression therapies achieved promising benefits in attenuating neuron loss
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and microgliosis, and in improving motor functions in CLN1 or CLN3 animal
models [94, 95].

The therapeutic potential of immunomodulatory approaches has also been
tested for the treatment of retinal dystrophies. By using the immunomodulatory
compounds fingolimod and teriflunomide, retinal ganglion cell loss and retinal
thinning were significantly attenuated in a CLN1 mouse model [95].
Furthermore, dietary supplementation of either docosahexaenoic acid or
curcumin reduced reactive microgliosis and partially protected retinal function
in the CIn6"" mouse model [42].
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Table 1. Human neuronal ceroid lipofuscinoses

Mutated genes Name of disease Protein and Age of onset
location
palmitoyl protein CLN1 disease soluble lysosomal infantile, late
thioesterase 1 enzyme infantile,

(PPT1) juvenile, adult
tripeptidylpeptidase CLN2 disease soluble lysosomal infantile, late
1(TPP1) enzyme infantile, juvenile
CLN3 CLN3 disease lysosomal juvenile, adult
membrane protein
DNAJC5 CLN4 disease synaptic vesicle adult
CLN5 CLNS5 disease soluble lysosomal late infantile,
enzyme juvenile, adult
CLN®6 CLN®G disease membrane protein late infantile,
endoplasmic juvenile, adult
reticulum
MFSDS8 CLNY disease lysosomal late infantile,
membrane protein juvenile, adult
CLN8 CLNS8 disease membrane protein late infantile
endoplasmic
reticulum
unknown CLN9 disease unknown juvenile
cathepsin D CLN10 disease soluble lysosomal congenital,
(CTSD) enzyme infantile, late
infantile, juvenile
progranulin (GRN) CLN11 disease soluble lysosome adult
enzyme
ATPase Type CLN12 disease lysosomal juvenile
13A2 (ATP13A2) membrane protein
cathepsin F CLN13 disease soluble lysosomal adult
(CTSF) enzyme
potassium channel CLN14 disease soluble infantile
tetramerization intracytoplasmic
domain-containing protein

protein 7 (KCTD7)
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1.3 Cathepsins

1.3.1 Cathepsins family

The cathepsin family of proteolytic enzymes consists of cathepsin A-H,
cathepsin K-L, cathepsin O, cathepsin S, cathepsin V-W, and cathepsin Z [96].
According to their proteolytic functions, cathepsins are classified into cysteine
proteases, serine proteases, and aspartyl proteases [97]. Although cathepsins
are generally expressed in various cell types throughout the body, certain
cathepsins are expressed in a cell-specific manner [96]. The enzymes are vital
for a wide range of normal physiological functions such as autophagy,
apoptosis, vesicular trafficking, proliferation, and for the processing and
activation of various proteins and hormones, [98-100]. Any dysregulated
expression or dysfunction of a member of the cathepsin family may result in
various diseases, including neurodegeneration, macular degeneration,

cardiovascular diseases, cancer and metastasis, inflammation, or obesity [101].

1.3.2 Cathepsin D

Cathepsin D (CTSD) is the major lysosomal aspartic protease [98, 102]. It
is initially synthesized as an inactive pre-pro-cathepsin D in the rough
endoplasmic reticulum (RER), then transported to the Golgi complex (GC), and
subsequently targeted to endosomes via the mannose-6-phosphate receptor
pathway or an alternative pathway. In the endosomes, pro-cathepsin D
undergoes the first maturation step through proteolytic removal of the N-
terminal propeptide, leading to the intermediate form. Upon reaching the
lysosomes, the mature CTSD is formed, consisting of a heavy chain and a light
chain that are interlinked by disulfide bridges [103, 104]. The CTSD protein is
ubiquitously expressed in most mammalian tissues and organs. In the retina, it
is most abundant in the RPE, iris epithelium, ciliary body, retinal ganglion cells,
and Muller cells [102, 105, 106]. CTSD performs multiple physiological
functions, including general protein degradation and turnover [107], activation
and degradation of polypeptide hormones and growth factors [108-112],
activation of enzyme precursors [113-116], antigen processing [117-119],
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degradation of cytoskeletal proteins [120-122], monocyte-mediated fibrinolysis
[123, 124], regulation of apoptosis [125], and processing of enzyme activators
and inhibitors [126]. In addition, CTSD enzymatic activity is essential for
maintenance of the homeostasis in postnatal tissues, including tissue renewal,
tissue remodeling and regulation of aging and programmed cell death. In the
retina, CTSD in the RPE plays an important role in the degradation of the shed
photoreceptor outer segments and of rhodopsin [127-129].

1.4 CLN10 disease

CLN10 disease, also known as congenital NCL, is the most severe NCL
form. Since the 1940s, only a few patients with congenital NCL have been
reported. The classification as congenital NCL was based on the clinical
presentation, and not on a genetic diagnosis. In 2006, a mutation in the gene
encoding CTSD was detected in a NCL patient and linked to CLN10 disease
[130]. Depending on the mutation, CLN10 patients with infantile, late infantile,
juvenile and adult disease onset have been identified, demonstrating the
broad clinical spectrum of this NCL form. CTSD enzymatic activity is either
completely or severely abolished in patients with congenital CLN10, or partially
reduced in patients with a later-onset type of CLN10. Newborns with congenital
CLN10 present with microcephaly, respiratory failure, rigidity, seizures, and
early death, whereas patients with late-onset CLN10 disease present with
cognitive dysfunction, ataxia, motor deterioration and vision loss [130, 131].

To date, fifteen different pathogenic mutations have been identified in the
CTSD gene, including missense mutations, nonsense mutations, deletions,
insertion and splicing defects [130-135].

Disease onset of congenital CLN10 is in utero. Around the third trimester,
some affected fetuses showed abnormal fetal movements. Pathological
changes were found through ultrasound examination and included
ventriculomegaly with a dilated third ventricle, corpus callosum agenesis,
abnormally developed gyri of the brain, choroid plexus cysts and arachnoidal
cysts [133, 136]. After birth, all reported congenital CLN10 cases shared similar

clinical features such as spasticity, intractable seizures, and respiratory
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insufficiency [132, 133, 136]. Other morphological abnormalities of patients
include microcephaly, receding forehead, overriding sutures and obliterated
fontanels [132, 133]. Abnormal facial morphologies like external ear
malformations (low-set ear and/or rudimentary external ear) and a broad nasal
bridge, were observed in some neonates [133]. The lifespan of congenital
CLN10 patients is limited to several days, or in rare cases to a few weeks.

One patient with infantile onset of CLN10 showed an early and dramatically
decreasing rate of head growth with brain atrophy and microcephaly [130].
Patients with juvenile CLN10 disease presented with milder symptoms, starting
at school age, or even later at an age up to 15 years. Patients showed motor
deterioration and ataxia, visual disturbances leading to blindness, progressively
developing cognitive decline, and eventually hypertrophic cardiomyopathy [130,
131]. Some of these juvenile CLN10 patients had a life expectancy of more than
30 years.

Similar to other subtypes of NCL, final diagnosis of CLN10 requires the
identification of a pathogenic mutation in the CLN10 gene [5]. However, during
the gestation period, cardiotopography (CTG) and ultrasound examination can
identify intrauterine growth retardation and abnormal brain morphology.
Neonates who meet the following conditions should be suspected as congenital
CLN10: consanguineous parents, congenital microcephaly, external ear
malformation, respiratory failure, seizures and hypertonia. Patients with a later
onset of microcephaly, ataxia, vision loss, and progressively developing
neurological  abnormalities  should undergo  brain MRI and
electroencephalogram (EEG) recordings. Pathologic examination of skin or
muscle biopsies may demonstrate deposits of storage material (e.g. GRODs
and lamellar structures) or hypertrophic cardiomyopathy as further indications
of a NCL disease [131, 135]. Of note, CTSD enzyme activity assays are critical
for the diagnosis of CLN10 disease, and estimation of the residual CTSD
activity is important for the prognosis of disease severity. For patients with
visual impairment, fundus examinations are necessary for the diagnosis of a
retinopathy.

Various naturally ocurring or transgenic animal models of CLN10 are

available such as sheeps, dogs and mice. Based on the specific mutation, the
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amount of residual enzymatic CTSD activity varies, resulting in a phenotypic
diversity between the different animal models. A CTSD-deficient mouse was
generated by interrupting the open reading frame of the Ctsd gene in exon 4,
resulting in the complete absence of the CTSD enzyme in C57BL/6J mice [137].
In the first two weeks after birth, Ctsd ko mice develop normally. However, this
period is followed by a rapid loss of body weight, progressive intestinal atrophy,
and profound lymphoid cells destruction in thymus and spleen. Ctsd ko mice
manifest progressive neurological symptoms, including repetitive seizures,
tremor, and reductions of escape reactions at the end stage of the disease [48,
137]. In the last a few days, Ctsd ko mice have closed eyelids, and fail to react
to light [48]. Death occurs around postnatal day 26+1 [48, 137]. Similar to
animal models of other NCL forms, pathological characteristics of Ctsd -/- mice
include accumulation of autofluorescent storage material displaying the
ultrastructure of GRODs and fingerprint profiles in neurons, brain atrophy,
widespread neuron loss and activation of microglia and astrocytes [48, 138,
139].
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Table 2. Experimental therapeutic approaches for the treatment of retinal

dystrophies in NCL diseases

Diseases | Protein Animal Therapeutic Treatment Reference
model approaches effect
CLN1 PPT1 Mouse Intravitreal Improved retinal | Griffey et al.
(knock-out) | injections of AAV- | function (ERG) (2005)
PPT1
CLN1/ PPT1/ Mouse drinking water | Attenuated retinal | Grohetal.
CLN3 CLN3 (knock-out)/ | supplemented with | thinning, prevented (2017)
Mouse fingolimod and | the loss of retinal
(knock-out) | teriflunomide ganglion cells
CLN2 TPP1 Dog Intravitreal Delayed retinal | Whiting et al.
(spontaneous | injections of | degeneration, (2020)
mutation) recombinant TPP1 | improved retinal
function (ERG)
CLN2 TPP1 Dog Intravitreal Delayed retinal | Tracy et al.
(spontaneous | injections of | degeneration, (2016)
mutation) autologous MSCs | improved retinal
with function (ERG)
overexpression of
TPP1
CLN6 CLN6 Mouse Dietary Ameliorated Mirza et al.
(spontaneous | supplementation microgliosis and (2013)
mutation) with the immune- | reduced retinal
regulatory degeneration
compounds
curcumin and
docosahexaenoic
acid
CLN6 CLN6 Mouse intravitreal delayed Jankowiak et
(spontaneous | transplantation of | degeneration of al. (2015)
mutation) NSCs photoreceptor cells
overexpressing
CNTF
CLNG6 CLNG6 Mouse Intravitreal Improved retinal kleine
(spontaneous | injections of AAV- | function (ERG), | Holthaus et
mutation) CLN6 delayed al. (2018)
degeneration of
photoreceptor cells
CLN8 CLN8 Mouse Intravitreal Reduced Meyer et al.
(spontaneous | transplantation of | accumulation of (2006)
mutation) neuralized storage  material,
embryonic  stem | improved survival of
cells retinal neurons
CLN10 CTSD Mouse Intravitreal Partial correction of | Marques et
(knock-out) | injections of | lysosomal protein al. (2019)
recombinant CTSD | dysregulation,
attenuation of
reactive
microgliosis

Abbreviations: AAV: Adeno-associated virus; CLN6: ceroid lipofuscinoses neuronal protein 6;
CNTF: ciliary neurotrophic factor; CTSD: Cathepsin D; ERG: electroretinogram; MSCs:
mesenchymal stem cells; NSCs: neural stem cells; PPT1: palmitoyl protein thioesterase 1;
TPP1: tripeptidyl peptidase 1.
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2 Materials and Methods

2.1 Animals

Cathepsin D knockout (Ctsd ko) mice[137] were derived from
heterozygous breeding pairs maintained on a C57BL/6J genetic background.
Genotypes of animals were determined by polymerase chain reaction (PCR)
using forward primer 5-GTC ACC TGC AGC TTT GGT A -3’ and reverse primer
5-TCA GCT GTA GTT GCT CAC ATG-3'. Wild-type (wt) littermates were used
as a control. All animals were housed under standard conditions with ad libitum
access to food and water. All animal experiments were approved by the local
ethic committee (077/2019) and were carried out in accordance with the EU

directive guidelines for animal experiments.

2.2 Generation of neural stem cell lines

To generate CTSD overexpressing neural stem cells (CTSD-NSCs), the
mouse full-length CTSD cDNA was cloned into a polycistronic lentiviral vector
composed of a cytomegalovirus enhancer/chicken 3-actin (CAG) promoter, the
internal ribosome entry site (IRES) of the encephalomyocarditis virus, a
tdTomato reporter gene and a blasticidin (BSD) resistance gene, giving rise to
pCAG-CTSD-IRES-tdTomato-BSD. The same vector but lacking the CTSD
cDNA (pCAG-IRES-tdTomato-BSD) was used to generate a wild-type neural
stem cell (NS cell) line as a control for in vitro experiments (Wt-NSCs). As a
control for in vivo experiments, a clonal Ctsd ko NS cell line was established
using a vector composed of the elongation factor1 a (EF1 a) promoter, an IRES
sequence, a venus reporter gene and a puromycin resistance gene separated
by a the P2A sequence of porcine teschovirus-1 (2A) (ko-NSCs). Lentiviral
particles were prepared by transient transfection of human embryonic kidney
(HEK) 293T cells as described (http://www.LentiGo-Vectors.de). Clonal NS cell
lines were established and cultivated as described (Jung et al., 2013,

Flachsbarth et al., 2014). Successfully transduced cells were expanded in the
presence of either 4ug/ml blasticidin (Life Techonologies, Darmstadt, Germany)
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or 0.6 yg/ml puromycin (Life Techonologies), and single cells with high levels
of reporter gene expression were sorted into 96 well plates by fluorescence
activated cell sorting (FACS; FACS Arialllu, BD Bioscience, San Diego, CA),

followed by clonal expansion.

2.3 AAV vector production

Productions of viral particles were performed in the Vector Facility at the
University Medical Center Eppendorf, Hamburg, Germany as follows:
Production and titration of AAV particles. AAVshH10 pseudotyped
vectors [140] were generated by co-transfection of HEK293-AAV cells (Cell
Biolabs, San Diego, CA) with the AAV transfer plasmid scAAV-CMV-CTSD and
the AAV packaging plasmid shH10 (shH10 was a gift from John Flannery &
David Schaffer, Addgene plasmid # 64867) and pHelper (Cell Biolabs).
HEK293-AAV cells (Cell Biolabs) were cultivated in Dulbecco’s modified
Eagle’s medium (DMEM, High Glucose, Glutamax) supplemented with 10%
(v/v) heat-inactivated fetal calf serum, 0.1 mM MEM Non-Essential Amino Acids
(NEAA), 100 U/ml penicillin and 100 pg/ml streptomycin. Tissue culture
reagents were obtained from Life Technologies. Briefly, 10" HEK293-AAV cells
were seeded one day before transfection on 15-cm culture dishes and
transfected with 7.5 ug packaging plasmid shh10, 10 pg pHelper (Cell Biolabs)
and 6.4 ug pAAV plasmid scAAV-CMV-CTSD or 7.1 ug scAAV-CMV-CTSD-
E2A-GFP per plate complexed with Polyethylenimine “Max” (PEI MAX,
Polysciences, Warrington, PA, USA) at a PEI:DNA ratio (w/w) of 3:1 [141]. After
72 h cells were harvested and resuspended in 5 ml lysis buffer (50 mM Tris
base, 150 mM NaCl, 5 mM MgClI2, pH 8.5). After three freeze-thaw cycles,
benzonase (Merk; final concentration 50 U/ml) was added and the lysates were
incubated for 1 h at 37 °C. Cell debris was pelleted and vector containing
lysates were purified using iodixanol step gradients. Finally, iodixanol was
removed by ultrafiltration using Amicon Ultra Cartridges (10 mwco) and three
washes with DPBS.
The genomic titers of DNAse-resistant recombinant AAV particles were
determined after alkaline treatment of virus particles and subsequent
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neutralization by qPCR using the qPCRBIO SY Green Mix Hi-Rox (Nippon
Genetics Europe GmbH, Duren, Germany) and an ABI PRISM 7900HT cycler
(Applied Biosystems, Waltham, USA). Vectors were quantified using primers
specific for the CMV promoter sequence (5-GGGACTTTCCTACTTGGCA and
5’-ctaccgcccatttgegtc). Real-time PCR was performed in a total volume of 10
pl with 0.3 uM for each primer. The corresponding scAAV transfer plasmid was
used as a copy number standard. A standard curve for quantification was
generated by serial dilutions of the respective plasmid DNA. The cycling
conditions were as follows: 50 °C for 2 min, 95 °C for 10 min, followed by 35
cycles of 95 °C for 15 sec and 60 °C for 60 sec. Calculations were done using
the SDS 2.4 software (Applied Biosystems).

2.4 In vitro differentiation of NSCs and primary retinal cell

culture

Differentiation of CTSD-NSCs, wt-NSCs and ko-NSCs into astrocytes and
neurons were performed as described previously [88]. For primary retinal cell
cultures, eyes from P2 Cisd ko mice were enucleated and immediately
immersed in 80% ethanol for 10 seconds. Retinas were isolated, dissociated
with accutase (Life Technologies) for 5-10 minutes at 37°C, and centrifuged at
1400rpm for 7 minutes. Cell pellets were suspended in DMEM/F12 (Life
Technologies) containing 2 mM glutamine, 0.3% glucose, 5 mM hydroxyethyl
piperazineethanesulfonic acid (HEPES), 3 mM sodium bicarbonate (all from
Sigma-Aldrich, St. Louis, MO), 1% fetal calf serum (Life Technologies) and 2%
B27 (Life Technologies; astrocyte differentiation (AD) medium). Cell
suspensions were filtered through a 40 ym FALCON Cell Strainer (Life
Sciences) and cultivated at a density of 220,000 cells/cm? on matrigel-coated
coverslips in AD medium for 9 days.
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2.5 CTSD uptake experiment

For CTSD uptake experiments, CTSD-NSCs and ko-NSCs were
differentiated into astrocytes (CTSD-astrocytes, ko-astrocytes, respectively),
and supernatants were collected every two days, filtered using 0.45um filters
(Sarstedt, Numbrecht, Germany) and stored at -80°C. Ko-astrocytes derived
from ko-NSCs and primary retinal cells from Cisd ko mice were seeded onto
coverslip and cultured in conditioned media from either CTSD-astrocytes or ko-
astrocytes for 7 days. Conditioned media were changed every second day.

2.6 Intravitreal NSCs transplantations and intravitreal AAV

injections

NSCs and AAV particles were intravitreally injected into 7 and 5 days old
mice, respectively as described (Jung et al., Flachsbarth et al., Jankowiak et
al). About 3.8 x 10° CTSD-NSCs in 1ul PBS or 1yl of scAAVshH10-CMV-CTSD
(scAAVshH10-CTSD) was injected into the right eyes. The contralateral eyes
served as a control and received injections of 3.8 x 10° ko-NSCs or
scAAVshH10-CMV-GFP (scAAVshH10-GFP). Intravitreal injections of AAV
particles were performed in the same manner as intravitreal transplantations of

NS cells [88]. Animals were sacrificed at postnatal day 22.

2.7 Western Blot and enzyme activity assay

Cell pellets or retinas were homogenized in lysis buffer containing 50mM
Tris-HCI, pH 7.5, 150mM NaCl, 0.5% Triton-X100 and protease inhibitors, and
incubated on ice for 15 min. After centrifugation for 10 min at x20,000 g,
supernatants were collected. For detecting SQSTM1/p62 and saposinD, retinas
were sonifiered in radioimmunoprecipitation assay buffer (RIPA buffer)
containing 50 mM Tris-HCI, pH 7.4, 150mM NaCl, 1% Triton-X100, 0.5%
Sodium deoxylcholate (Sigma-Aldrich Corp., St. Louis, MO, USA),
0.1% sodium dodecyl sulfate (SDS, Merck, Darmstadt, Germany), 1mM
ethylenediaminetetraacetic acid (EDTA, Roth, Karlsruhe, Germany), 10mM
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sodium fluoride (Naf, Merck), 1mM phenylmethylsulfonyl fluoride (PMSF, Roth)
and protease inhibitors, centrifuged at 13,000g for 15 minutes at 4 °C and
supernatants were collected. Protein concentrations were determined using the
bicinchoninic acid assay (Roth). Samples were separated by SDS-PAGE,
transferred onto nitrocellulose membranes and processed for immunoblotting
as described [84]. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was
used as a loading control. Blots were visualized using the Odyssey® Fc
Imaging System (LI-COR Biosciences, Lincoln, USA) and quantified using the
Empiria Studio® Software 1.2.0.79 (LI-COR Biosciences). Chameleon Duo
Pre-stained Protein Ladder (LI-COR Biosciences) was used to determine
molecular masses. Each experiment was performed at least in triplicate.

For the determination of CTSD enzyme activity, pellets from the different
cell cultures and untreated and experimentally treated retinas were lysed for 1
h in PBS containing 0.2% Triton X-100 on a shaker. Lysates were clarified by
centrifugation, and protein concentrations were determined with the BCA
Protein Assay (Thermo Fischer Scientific, Waltham, USA). 2.5 ug of cell lysates
or 5 ug of retina lysates were incubated at 37°C in activity buffer (50 mM sodium
acetate, pH 5.5, 0.1 M NaCl, 1 mM EDTA, and 0.2% Triton X-100) containing
10 uM of CTSD and E substrate (Enzo Life Sciences, P-145, Lorrach, Germany)
and 25 uM leupeptin. The AMC released as a result of proteolytic activity was
quantified with a Synergy™ HT Multi-Detection microplate reader (excitation:
360 nm; emission: 440 nm, band pass 40). 2 pl of purified enzymatically active
CTSD was used as a positive control. 2ul enzymatically active CTSD in the

presence of 1.4 yM Pepstatin A was used as a negative control.

2.8 Immunocytochemistry and Immunohistochemistry

For immunocytochemical analyses, cell cultures were fixed in PBS (pH 7.4)
containing 4% paraformaldehyde (PA) for 10-15 min., blocked for 1 hour in PBS
(pH 7.4) containing 0.1% bovine serum albumin (BSA) and 0.3% Triton X-100
(both from Sigma-Aldrich Corp.), and incubated with primary antibodies (Table
3) overnight, followed by incubation with Cy2-, Cy3- or Cy5-conjugated
secondary antibodies (1:200; all from Jackson Immunoresearch Laboratories,
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West Grove, PA, USA) for 4 hrs. Cell nuclei were stained with 4’,6-diamidino-
2-phenylindole (DAPI; Sigma-Aldrich).

Immunohistochemical analyses of retinal sections were performed as
previously described [74]. At least six animals were analyzed for each antigen
and experimental group. To allow for direct comparison of staining intensities,
sections from treated and contralateral control eyes were processed in parallel
in each experiment.

Images from immunostained cell cultures and retinal sections were taken
with an AxioObserverZ.1 microscope equipped with an ApoTome.2 (Zeiss,
Oberkochen, Germany) and ZEN2.3 software. Arrestin-, m+s opsin-, protein
kinase C-alpha (PKCa)- and secretagogoin (SCGN)-positive cells were
counted in 3 equidistant areas each with a width of 250 ym in both the nasal
and the temporal half of central retinal sections. The number of cluster of
differentiation 68 (CD68)-positive cells was determined in 0.24 uym thick optical
sections of entire central retina sections. PKCa-, SCGN- and CD68-positive
cells were counted in optical sections with a thickness of 0.24 ym, while m + s
opsin- or arrestin-positive cone photoreceptor cells were counted in z-stacks

through the entire retina thickness.

Table 3. Primary antibodies.

Antigen Dilution Company/Reference Catalog
Number
arrestin 1:2000 (ICC) Millipore, Temecula, CA, USA AB15282
1:5000 (IHC)
B-tubulin 111 1:1000 (ICC) Sigma Aldrich, Deisenhofen, Germany T2200
cathepsin D (CTSD) 1:2000 (ICC) Santa Cruz Biotechnology, Inc. Sc-6486
1:2000 (IHC)
1:500 (WB)
cathepsin D (CTSD) 1:4000 (IHC) kind gift of Thomas Braulke, University n.a.
Medical Center Hamburg-Eppendorf
cathepsin X/ZP 1:100 (IHC) R&D Systems GmbH AF1033
(CTSZ)
cluster of 1:1000 (IHC) Bio Rad Laboratories, Kidlington, UK MCA1957
differentiation 68
(CD68)
glycerinaldehyde 3- 1:20,000 Sigma Aldrich, Deisenhofen, Germany G3893
phosphate (WB)
dehydrogenase
(GAPDH);
glial fibrillary acidic 1:500 (ICC) Dako Cytomation GmbH, Hamburg, Z0334
protein (GFAP) 1:500 (IHC) Germany
green fluorescent 1:10,000 Abcam, Cambridge, UK Ab290
protein (GFP) (IHC)
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green fluorescent 1:100 (IHC) R&D Systems GmbH AF4240

protein (GFP)

glutamine-synthetase  1:100 (IHC) BD Biosciences, Heidelberg, Germany 610517

(GS)

ionized calcium- 1:500 (IHC) Wako Chemicals GmbH, Neuss, 019-19741

binding adapter Germany

molecule 1 (IBA1)

lysosomal-associated  1:2000 (ICC) Santa Cruz Biotechnology, Inc. Sc-19992

membrane protein 1 1:2000 (IHC)

(LAMP1) 1:500 (WB)

lysosomal-associated  1:200 (ICC) Developmental Studies Hybridoma Clone ABL93

membrane protein 2 1:200 (IHC) Bank, lowa City, IA, USA

(LAMP2) 1:500 (WB)

Microtubule- 1:200 (ICC) Sigma Aldrich, Deisenhofen, Germany M4403

associated protein 2

(MAP2)

m opsin 1:500 (IHC) Millipore, Temecula, CA, USA AB5405

protein kinase C 1:500 (ICC) Santa Cruz Biotechnology, Inc. Sc-208

alpha (PKCa) 1:500 (IHC)

rhodopsin 1:1000 (ICC) Sigma Aldrich, Deisenhofen, Germany 04886

s opsin 1:200 (IHC) Santa Cruz Biotechnology, Inc. Sc-14363

saposin D 1:4000 (IHC) Konrad Sandhoff, Bonn, Germany n.a.

saposin D 1:500 (WB) Synaptic Systems, Goettingen, 2018-

Germany SA9052_ 06

secretagogin (SCGN) 1:1000 (ICC) BioVendor Research and Diagnostic RD184120100
1:2000 (IHC) Products

sequestosome 1/p62 1:1000 (IHC) Enzo Life Sciences GmbH, Lorrach, BML-PW9860

(SQSTM1/p62) 1:1000 (WB) Germany

subunit ¢ of 1:1000 (IHC) Abcam, Cambridge, UK Ab181243

mitochondrial ATP
synthase (SCMAS)

Abbreviations: ICC: Immunocytochemistry, IHC: immunohistochemistry, WB: Western blot.

2.9 Statistical analysis

Statistical analyses of retinal cell numbers were performed with the paired

Student’s t-test. Statistical analyses of immunoblots and CTSD activity assays

were performed with the one-way ANOVA followed by the Newman-Keuls test
using Prism 5.02 software (GraphPad Software, San Diego, CA, USA).
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3 Results

3.1 Expression of CTSD in undifferentiated and differentiated
NSCs and cellular uptake of CTSD in vitro.

To analyze the transgene expression in undifferentiated NSCs and NSC-
derived neural cell types in vitro, immunocytochemical analyses were
performed on Ctsd ko neural stem cells (ko-NSCs), wild-type NSCs (wt-NSCs),
cathepsin D overexpressing NSCs (CTSD-NSCs), and astrocytes and neurons
derived from these stem cells. Ko-NSCs (Figure 1Aa) and GFAP-positive
astrocytes (Figure 1Ad) and MAP2-positive neurons (Figure 1Ag) derived from

ko-NSCs (ko-astrocytes and ko-neurons, respectively) expressed the reporter
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Figure 1. Expression and enzymatic activity of CTSD in undifferentiated and
differentiated neural stem cell (NSC) cultures and uptake of CTSD by NSC-
derived astrocytes. (A) CTSD immunocytochemical staining of undifferentiated NSC
(a-c), NSC-derived GFAP-positive astrocytes (d-f) and NSC-derived MAP2-positive
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neurons (g-i). (B) Localization of CTSD and LAMP1 (a-f) or CTSD and LAMP2 (g-l) in
astrocytes derived from Cisd ko-NSCs and cultured in the presence of conditioned
medium from Ctsd ko (a, g) or CTSD overexpressing (b, h) astrocytes. The boxed
areas in (b) and (h) are shown at higher magnification in (c-f) and (i-l), respectively. (C)
CTSD immunoblot of supernatants from different NSC cultures and NSC-derived
astrocytes (a) or cell pellets from different NSC cultures and NSC-derived astrocytes
(b). (D) CTSD activity assay of Ctsd ko, Ctsd wt and CTSD overexpressing NSCs.
Each bar represents the mean value (+ SEM) of 4 independent cultures. ***, p<0.001,
one-way ANOVA. AS, astrocytes; CTSD, cathepsin D; NS, neural stem cells; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; GFAP, glial fibrillary acidic protein;
iCTSD, intermediate-CTSD; ko, knockout; ko + ko, Ctsd ko neural stem cell-derived
astrocytes maintained in the presence of conditioned medium from Ctsd ko astrocytes;
ko + CTSD, Ctsd ko neural stem cell-derived astrocytes maintained in the presence of
conditioned medium from CTSD overexpressing astrocytes. LAMP1, lysosomal-
associated membrane protein 1; LAMP2, lysosomal-associated membrane protein 2;
MAP2, microtubule-associated protein 2; mCTSD, mature-CTSD; wt, wild-type;
pCTSD, pro-CTSD. Scale bar in (h): 20 um; in (I): 5 ym.

gene Venus, but no detectable levels of CTSD. Wt-NSCs (Figure 1Ab), wt-
astrocytes (Figure 1Ae) and wt-neurons (Figure 1Ah) expressed the reporter
protein tdTomato and were CTSD-positive. tdTomato-positive CTSD-NSCs
(Figure 1Ac) and astrocytes (Figure 1Af) and neurons (Figure 1Ai) derived from
these stem cells (CTSD-astrocytes and CTSD-neurons, respectively)
expressed significantly higher levels of CTSD when compared to corresponding
wt cell types.

To analyze the cellular uptake of CTSD in vitro, ko-NSCs were
differentiated into astrocytes and cultured for 7 days in conditioned medium
from ko-astrocytes or CTSD-astrocytes. Immunocytochemical analysis
revealed that ko-astrocytes cultured in conditioned medium from ko-astrocytes
showed elevated LAMP1 (Figure 1Ba) and LAMP2 (Figure 1Bg) signals, both
in number and in size, when compared to ko-astrocytes cultured in conditioned
medium from CTSD-astrocytes (Figure 1Bb, Bh). Co-localization of CTSD and
LAMP1 (Figure 1Bc-f) or CTSD and LAMP2 (Figure 1Bi-l) in ko-astrocytes
cultured in conditioned medium from CTSD-astrocytes suggested uptake of
CTSD into LAMP1- or LAMP2-positive endolysosomes.

Western blot analyses of culture supernatant (Figure 1Ca) demonstrated
the presence of pro-CTSD (pCTSD) in the media from CTSD-NSCs and CTSD-
astrocytes, and wt-NSCs and wt-astrocytes, indicating secretion of CTSD from
these cells. No signal was detected in supernatants from ko-NSCs and ko-
astrocytes. Western blot analyses of cell pellets (Figure 1Cb) showed that

CTSD-NSCs, wt-NSCs and astrocytes derived from these stem cells expressed
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pCTSD, intermediate-CTSD (iCTSD) and mature-CTSD (mCTSD), with iCTSD
being the predominant form. Intensities of the CTSD signals in CTSD-NSCs
and CTSD-astrocytes were significantly increased when compared to wt-NSCs
and wt- astrocytes, respectively. No CTSD was detected in ko-NSCs and ko-
astrocytes, as expected. An iICTSD signal was detected in ko-astrocytes
cultured in conditioned medium from CTSD-astrocytes, indicating uptake of
pCTSD by ko-astrocytes from the supernatant which was further processed into
iICTSD form. CTSD was not detectable in ko-astrocytes cultured in conditioned
medium from ko-astrocytes.

Analyses of CTSD enzymatic activity in cell pellets from NSC cultures (Fig
1D) revealed a 2.43-fold (+ 0.03; mean + SEM) higher activity in CTSD-NSCs
than in wt-NSCs. CTSD enzymatic activity in cell pellets from ko-NSCs was
almost absent, as expected.

ko + ko-AS ko + CTSD-AS ko + ko-AS ko + CTSD-AS

Figure 2. Uptake of CTSD in primary retinal cell cultures from Ctsd ko mice.
Double-immunostainings of primary retinal cell cultures maintained in conditioned
medium from Cisd ko astrocytes (a, c, e, g, i) or CTSD overexpressing astrocytes (b,
d, f, h, j) with antibodies to CTSD and either cone-arrestin (a, b), rhodopsin (c, d),
PKCa (e, f), B-tubulin 11l (g, h) or GFAP (i, j). CTSD, cathepsin D; GFAP, glial fibrillary
acidic protein; ko, knockout; ko + ko-AS, Ctsd ko primary retinal cell cultures
maintained in the presence of conditioned medium from Ctsd ko astrocytes; ko +
CTSD-AS, Cisd ko primary retinal cell cultures maintained in the presence of
conditioned medium from CTSD overexpressing astrocytes; PKCa, protein kinase C-
alpha. Scale bar, 20 um.
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To further analyze CTSD uptake by various retinal cell types,
immunocytochemistry analyses were performed on primary retinal cells from
Ctsd ko mice cultured either in conditioned media from ko-astrocytes or CTSD-
astrocytes (Figure 2). CTSD labeling was observed in multiple retinal cell types
maintained in conditioned medium from CTSD-astrocytes, including arrestin-
positive cone photoreceptor cells (Figure 2b), rhodopsin-positive rod
photoreceptor cells (Figure 2d), PKCa-positive rod bipolar cells (Figure 2f), -
tubulin 11l positive neurons (Figure 2h) and GFAP-positive astrocytes (Figure
2j). Retinal cells maintained in conditioned media from ko-astrocytes were
CTSD-negative (Figure 2a, c, e, g, i).

3.2 scAAVshH10 transduces RPE cells and Miiller cells

To investigate the tropism of an scAAVshH10 serotype in the murine retina,
we injected scAAVshH10-GFP (1ul, CMV 2.47 x 10'?v.g./ul) intravitreally into
Ctsd wt mice at postnatal day 5. Two weeks post-injection, we observed robust
expression of GFP throughout the retina (Figure 3a, 3b). Immunostainings of

Figure 3. Transgene expression after intravitreal injections of scAAVshH10-GFP
in RPE cells and Miiller cells. scAAVshH10-GFP was intravitreally injected into Ctsd
wt (a, b) and Ctsd ko (c, d) mice at P5, and retinas were double-stained with antibodies
to GFP and GS (a, b) or GFP and GFAP (c, d) at P22. gcl, ganglion cell layer; GFAP,
glial fibrillary acidic protein; GFP, green fluorescent protein; GS, glutamine-synthetase;
inl, inner nuclear layer; onl, outer nuclear layer; RPE, retinal pigment epithelium. Scale
barin (c): 200 ym; in (d): 50 um.

28



sections with antibodies to glutamine-synthetase (GS) revealed co-localization
of GFP and GS, demonstrating efficient transduction of Muller glia. GFP
expression was also found in RPE cells (Figure 3a, 3b). Similarly, intravitreal
injections of sScAAVshH-GFP (1ul, CMV 2.47 x 10"?v.g./ul) into Ctsd ko mice at
P5 and analysis of retinas at P22 revealed GFP in GFAP-positive retinal glial
cells and in RPE cells (Figure 3c, 3d).

To investigate the time course of CTSD transgene expression in Ctsd ko
retinas, we intravitreally injected scAAVshH10-GFP (1ul, CMV 2.47 x 10"
v.g./ul) into the left eye and scAAVshH10-CTSD (1ul, CMV 2.46 x 10"?v.g./ul)
into the right eye at P5, and analyzed the retinas 4 days after injection. At this
time point, transgene expression was detectable but not throughout the entire
length of the retina. Usually, GFP or CTSD expression was more pronounced

in central retina regions when compared to the retina periphery (Figure 4).

central peripheral

AAV-GFP

AAV-CTSD

Figure 4. Rapid expression of GFP or CTSD after intravitreal injections of the
scAAVshH10 serotype in Ctsd ko retinas. Expression of GFP (a, b) and CTSD (c,
d) in central (a, c) and peripheral (b, d) regions of P9 Ctsd ko retinas after intravitreal
injections of scAAVshH10-GFP and scAAVshH10-CTSD, respectively at P5. AAV,
adeno-associated viruses; CTSD, cathepsin D; gcl, ganglion cell layer; GFP, green
fluorescent protein; inl, inner nuclear layer; onl, outer nuclear layer; P, postnatal day;
RPE, retinal pigment epithelium. Scale bar, 100 um.
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3.3 Correction of the biochemical phenotype of Ctsd ko retinas

after intravitreal injections of NSCs or AAV vectors.

Ctsd ko retinas display an early onset accumulation of storage material
and a marked dysregulation of various lysosomal proteins. After intravitreal
transplantations of CTSD-NSCs at P7 and analysis of retinas at P22, CTSD
was detectable in all layers of the treated retinas (Figure 5b). No CTSD
expression was detected in the contralateral eye with injected ko-NSCs, as
expected. Uptake of CTSD after treatment with CTSD-NSCs resulted in partial
correction of various pathological markers. For instance, levels of saposin D
(Figure 5d) and SCMAS (Figure 5f) were reduced in mutant retinas with grafted
CTSD-NSCs when compared to control retinas with grafted ko-NSCs.

control treated control treated

Figure 5. Storage material, lysosomal proteins and the autophagy marker
SQSTM1/p62 in Ctsd retinas treated with CTSD overexpressing neural stem cells.
Immunohistochemical analyses of retinas from P22 Ctsd ko eyes with grafted CTSD-
NSCs (b, d, f, h, j, I, n) or contralateral control eyes with grafted ko-NSCs (a, c, e, g, i,
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k, m) with antibodies to CTSD (a, b), saposin D (c, d), SCMAS (e, f), LAMP1 (g, h),
LAMP2 (i, j), CTSZ (k, I) and SQSTM1/P62 (m, n). CTSD, cathepsin D; CTSZ,
cathepsin X/Z/P; gcl, ganglion cell layer; inl, inner nuclear layer; LAMP1, lysosomal-
associated membrane protein 1; LAMP2, lysosomal-associated membrane protein 2;
onl, outer nuclear layer; SCMAS, subunit ¢ of mitochondrial ATP synthase;
SQSTM1/p62, sequestosome 1/p62. Scale bar, 50 um.

In addition, expression levels of the lysosomal proteins LAMP1 (Figure 5h),
LAMP2 (Figure 5j) and CTSZ (Figure 5l), partially decreased in CTSD-NSCs-
treated Ctsd ko retinas when compared to control retinas, indicating attenuation
of the lysosomal dysfunction. Furthermore, the number of SQSTM1/p62 (Figure
5n) positive punctae decreased after CTSD-NSCs treatment, indicating
amelioration of autophagic dysfunction.

Intravitreal injections of sSCAAVshH10-CTSD resulted in significantly higher
levels of CTSD than intravitreal transplantations of CTSD-NSCs, both in the

control treated control treated

a b gcl c d gcl
onl
inl
f gcl

Figure 6. Storage material, lysosomal proteins and the autophagy marker
SQSTM1/p62 in Ctsd retinas treated with scAAVshH10-CTSD.
Immunohistochemical analyses of retinas from P22 Ctsd ko eyes injected with
scAAVshH10-CTSD (b, d, f, h, j, I, n) or contralateral control eyes injected with
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scAAVshH10-GFP (a, c, e, g, i, k, m) with antibodies to CTSD (a, b), saposin D (c, d),
SCMAS (e, f), LAMP1 (g, h), LAMP2 (i, j), CTSZ (k, I) and SQSTM1/P62 (m, n). CTSD,
cathepsin D; CTSZ, cathepsin X/Z/P; gcl, ganglion cell layer; inl, inner nuclear layer;
LAMP1, lysosomal-associated membrane protein 1; LAMP2, lysosomal-associated
membrane protein 2; onl, outer nuclear layer; SCMAS, subunit ¢ of mitochondrial ATP
synthase; SQSTM1/p62, sequestosome 1/p62. Scale bar, 50 ym.

neuroretina and the RPE (Figure 6b). The correction of biochemical phenotype
was also more pronounced in scAAVshH10-CTSD treated retinas when
compared to CTSD-NSC treated retinas. For instance, the amount of storage
material in scAAVshH10-CTSD treated retinas was more reduced than in
NSCs-treated retinas, as indicated by immunostainings with antibodies to
saposinD (Figure 6d) and SCMAS (Figure 6f). Additionally, expression levels

m.gpsin. s opsin
St Ny, - -
A R R T |

Figure 7. Localization of CTSD in the Ctsd ko retina after intravitreal injections
of scAAVshH10-CTSD. Double-immunostainings on Ctsd ko retinas injected with
scAAVshH10-CTSD at P5 and analyzed at P22 with antibodies to CTSD and either
arrestin (a), m opsin (b), s opsin (c), PKCa (d), SCGN (e), IBA1 (f) or GFAP (g). CTSD,
cathepsin D; gcl, ganglion cell layer; GFAP, glial fibrillary acidic protein; IBA1, ionized
calcium-binding adapter molecule 1; inl, inner nuclear layer; onl, outer nuclear layer;
PKCa, protein kinase C-alpha; RPE, retinal pigment epithelium; SCGN, secretagogin.
Scale bar, 20 ym.
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of LAMP1 (Figure 6h), LAMP2 (Figure 6j) and CTSZ (Figure 6l), were clearly
more reduced after injections of scAAVshH10-CTSD than after transplantations
of CTSD-NSCs. Furthermore and different to control retinas, scAAVshH10-
CTSD treated retinas were completely devoid of SQSTM1/p62-positive punctae
(compare Figure 6n and 6m). Together, immunohistochemical analyses
revealed that reduction of storage material, correction of lysosomal protein
dysregulation and amelioration of autophagic dysfunction was more
pronounced in AAV-treated than in NSCs-treated Ctsd ko retinas.

Double immunostainings on scAAVshH10-CTSD injected retinas with
antibodies to CTSD and various cell type-specific antigens (Figure 7) revealed
the presence of the enzyme in arrestin-, m opsin-, and s opsin-positive cones,
PKCa-positive rod bipolar cells, SCGN-positive cone bipolar cells, Iba1-positive
microglia and GFAP-positive astrocytes/Muller cells, indicating that a fraction
of CTSD expressed by Muller cells and RPE cells was released into the
extracellular space and taken up by various retinal neurons.

Western blot analysis (Figure 8A) revealed pCTSD, iCTSD and mCTSD in
wt retinas, with iCTSD and mCTSD being the predominant forms. Levels of
pCTSD, iCTSD and mCTSD were all increased in CTSD-NSCs and
scAAVshH10-CTSD treated Citsd ko retinas, while untreated Ctsd ko retinas,
ko-NSCs treated retinas and scAAVshH10-GFP treated mutant retinas were
CTSD negative, as expected. Quantitative analysis (Figure 8B) of blots
confirmed elevated levels of CTSD in CTSD-NSCs and scAAVshH10-CTSD
treated Ctsd ko retinas. Compared to wt retinas, around 31% of iCTSD and 40%
of mCTSD were detected in the retina with CTSD-NSCs. However, the amount
of CTSD in the CTSD-NSCs-treated retinas was not significantly above the
background of the ko retinas with grafted ko-NSCs. Different to CTSD-NSCs
treated retinas, levels of iICTSD and mCTSD were significantly elevated in
scAAVshH10-CTSD treated retinas by a factor of 5.22 £1.10 (mean +SEM) and
7.27+1.13 when compared to wt retinas (p<0.001 for both comparisons, one-
way analysis of variance (ANOVA), Figure 8B). Furthermore, saposinD (Figure
8A, 8B) was significantly decreased in eyes with grafted CTSD-NSCs when
compared to control eyes with grafted ko-NSCs (p<0.01, one-way ANOVA,
Figure 8B), but was still markedly elevated compared to wt retina (p<0.001,
one-way ANOVA, Figure 8B). However, saposinD was more significantly
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decreased in ko retinas with scAAVshH10-CTSD injection compared to that
with scAAVshH10-GFP injection (p<0.001, one-way ANOVA, Figure 8B).
Furthermore, the decrease of saposinD level was more pronounced in
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Figure 8. Immunoblot analysis and CTSD activity assay of Ctsd ko retinas
treated with neural stem cells or AAV vectors. (A) Western blot analysis of CTSD,
saposin D, LAMP1, LAMP2, and SQSTM1/p62 in P22 Ctsd ko retinas, Ctsd wt retinas,
Ctsd wt and ko retinas treated with NSCs, and Ctsd ko retinas treated with AAV vectors.
GAPDH was loaded as an internal control. (B) Quantitative analysis of western blots.
Bars represent the mean (x SEM) of 3 independent experiments. Statistical analysis
was performed with the one-way ANOVA. *, p<0.05, **, p<0.01, and ***, p<0.001; n.s.,
not significant. (C) CTSD activity assay of untreated P22 Ctsd ko and Ctsd wt retinas,
and Ctsd ko retinas treated with neural stem cells or AAV vectors. Each bar represents
the mean value (+ SEM) of 6 retinas. Statistical analysis was performed using the one-
way ANOVA. **, p<0.01, ***, p<0.001; n.s., not significant. AAV, adeno-associated
virus; CTSD, cathepsin D; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
GFP, green fluorescent protein; iCTSD, intermediate-CTSD; ko, knockout; ko+ko-NS,
Ctsd ko retinas treated with Ctsd ko neural stem cells; ko+CTSD-NS, Cisd ko retinas
treated with CTSD overexpressing neural stem cells; ko+AAV-GFP, Ctsd ko retinas
treated with scAAVshH10-GFP; ko+AAV-CTSD, Ctsd ko retinas treated with
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scAAVshH10-CTSD; LAMP1, lysosomal-associated membrane protein 1; LAMP2,
lysosomal-associated membrane protein 2; mCTSD, mature-CTSD; NS, neural stem
cells; pCTSD, pro-CTSD; SapD, saposin D; wt, wild-type; wt+ko-NS, Ctsd wt retinas
treated with Ctsd ko neural stem cells; wt+CTSD-NS, Citsd wt retinas treated with
CTSD overexpressing neural stem cells.

scAAVshH10-CTSD treated retinas than in CTSD-NSC treated retinas (p<0.01,
one-way ANOVA, Figure 8B). Of note, the amount of saposinD in scAAVshH10-
CTSD injected retinas was not significantly different from that found in
untreated wt retinas (p>0.05, one-way ANOVA, Figure 8B). Furthermore, levels
of the lysosomal transmembrane proteins LAMP1 and LAMP2 were
significantly decreased in the retinas with grafted CTSD-NSCs when compared
to control retinas with grafted ko-NSCs (p<0.01 and p<0.05, respectively, one-
way ANOVA, Figure 8B), but still markedly increased compared to untreated wt
retinas (p<0.001 for both comparisons, one-way ANOVA, Figure 8B). After
scAAVshH10-CTSD treatment, Ctsd ko retinas showed significantly lower level
of LAMP1 and LAMP2 compared to scAAVshH10-GFP injected retinas
(p<0.001 for both comparisons, one-way ANOVA, Figure 8B). However, also in
scAAVshH10-CTSD treated animals, levels of LAMP1 and LAMP2 were still
significantly higher than in wt retinas (p<0.05 for both comparisons, one-way
ANOVA, Figure 8B). The autophagic dysfunction indicated by SQSTM1/p62
was not significantly attenuated in CTSD-NSCs treated retinas when compared
to ko-NSCs injected retinas. However, in the retinas treated with scAAVshH10-
CTSD, SQSTM1/p62 levels were markedly decreased when compared to the
retinas injected with the control vector (p<0.01, one-way ANOVA, Figure 8B).
Similar to saposinD, there was no significant difference in the amount of
SQSTM1/p62 between untreated wt retinas and scAAVshH10-CTSD treated
Ctsd ko retinas (p>0.05, one-way ANOVA, Figure 8B). Of note, levels of
saposinD, LAMP1, LAMP2 and SQSTM1/p62 in wt retinas treated with CTSD-
NSCs were not significantly different from those in wt retinas with grafted ko-
NSCs (p>0.05, one-way ANOVA, Figure 8A, 8B), demonstrating that
continuous administration of CTSD didn’'t affect the expression level of
saposinD, LAMP1, LAMP2 and SQSTM1/p62 in healthy retinas.

CTSD enzymatic activity in Ctsd ko retinas treated with CTSD-NSCs
accounted for 55.2% of the enzymatic activity measured in untreated wt retinas,
and was significantly lower than in healthy retinas (p<0.001, one-way ANOVA,
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Figure 8C). However, the level of CTSD activity in scAAVshH10-CTSD injected
Ctsd ko retinas accounted for 91.4% of that found in untreated wt retinas, and
was not significantly different from healthy retinas (p>0.05, one-way ANOVA,
Figure 8C).

3.4 Attenuation of neuroinflammation in treated Ctsd ko retinas

Immunohistochemical analyses of retinas injected with CTSD-NSCs or

scAAVshH10-CTSD showed significant attenuation of reactive microgliosis and
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Figure 9. Attenuation of reactive microgliosis and astrogliosis in Ctsd ko retinas
treated with neural stem cells or AAV vectors. (A) Immunostainings of IBA1-
positive microglia cells (a-d), CD68-positive microglia/macrophages (e-h), GFAP-
positive Muller cells and astrocytes (i-1) in NSC-treated (a, b, e, f, i, j) and AAV-treated
(c, d, g, h, k, 1) Ctsd ko retinas. B The density of CD68-positive cells in P22 Ctsd ko
retinas treated with either NSCs (a) or AAV vectors (b). Each bar represents the mean
(x SEM) of 6 animals. Statistical analysis was performed with the paired t-test. *,
p<0.05, ***, p<0.001. CD68, cluster of differentiation 68; gcl, ganglion cell layer; GFAP,
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glial fibrillary acidic protein; IBA1, ionized calcium-binding adapter molecule 1; inl, inner
nuclear layer; onl, outer nuclear layer. Scale bar, 50 ym.

astrogliosis when compared to the corresponding control eyes. Qualitative
analyses of sections revealed a decreased density of IBA1-positive microglia
in mutant retinas with transplanted CTSD-NSCs (Figure 9Ab) when compared
to retinas with transplanted ko-NSCs. However, attenuation of reactive
microgliosis was more pronounced in retinas treated with scAAVshH10-CTSD
(Figure 9Ad). IBA1-positive microglia cells in scAAVshH10-CTSD treated
retinas had a more ramified morphology, and were almost absent from the
subretinal space and outer nuclear layer, different to the contralateral control
retinas (Figure 9Ac). Similarly, CDG68-positive microglia/macrophages
decreased markedly in number and size in CTSD-NSCs-treated retinas (Figure
9Af), but the effect was significantly more pronounced in scAAVshH10-CTSD
injected retinas (Figure 9Ah). Quantitative analyses revealed that the number
of CD68-positive cells was reduced by 25.6% in CTSD-NSCs treated retinas
(Figure 9Ba), and by 67.4% in scAAVshH10-CTSD injected retinas (Figure 9BDb)
when compared to retinas treated with ko-NSCs and scAAVshH10-GFP,
respectively (p<0.05 and p<0.001, respectively, paired t-test).

In addition, the high expression levels of GFAP in astrocytes and Muller
cells observed in control retinas were significantly reduced in eyes with injected
CTSD-NSCs (Figure 9j) or scAAVshH10-CTSD (Figure 9l).

3.5 CTSD supplementation via CTSD-NSCs did not rescue

retinal neurons in Ctsd ko mice.

Immunostainings (Figure 5b) and Western blot analyses (Figure 8A)
demonstrated the presence of CTSD in CTSD-NSCs treated mutant retinas.
However, the treatment did not prevent the rapidly progressing atrophy of the
outer nuclear layer (Figure 10Ab, 10Ad, 10Af, 10Ah). Quantitative analysis
revealed that the number of rows of photoreceptor nuclei in CTSD-NSCs
treated retinas (1.75+0.39; mean +SEM) was not statistically different from that
found in the contralateral eyes treated with ko-NSCs (1.77+0.23; p>0.05, paired
t-test) (Figure 10Ba). Furthermore, immunohistochemical analyses revealed
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the presence of only a few m+s opsin- (1.71+£0.72; Figure 10Ab, 10Bb) or
arrestin- (0.10+0.07; Figure 10Ad, 10Bc) positive cones in CTSD-NSCs treated
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Figure 10. The impact of intravitreally grafted CTSD overexpressing neural stem
cells on the survival of photoreceptors and bipolar cells in Ctsd ko mice. (A)
Immunostainings of P22 Ctsd ko retinas treated with CTSD overexpressing NSCs (b,
d, f, h) and contralateral control retinas treated with Ctsd ko NSCs (a, c, e, g) using
antibodies to m+s opsin (a, b), arrestin (c, d), PKCa (e, f) and SCGN (g, h). (B) The
number of rows of photoreceptor nuclei (a), m+s opsin-positive cells (b), arrestin-
positive cells (c), PKCa-positive cells (d), and SCGN-positive cells (e) in P22 Ctsd ko
retinas treated with Ctsd ko NSCs (control) or CTSD overexpressing NSCs (treated).
Each bar represents the mean (+ SEM) of 7 animals. Statistical analysis was
performed with the paired t-test, n.s., not significant. gcl, ganglion cell layer; inl, inner
nuclear layer; onl, outer nuclear layer; PKCa, protein kinase C-alpha; SCGN,
secretagogin. Scale bar, 50 ym.

retinas, not statistically different from the number of m+s opsin- (0.40+0.17;
Figure 10Aa, 10Bb) or arrestin-(0.02+0.02; Figure 10Ac, 10Bc) positive cones
found in the contralateral control eyes (p>0.05 for all comparisons, paired t-
test). Similarly, we found no significant difference in the number of PKCao-
positive rod bipolar cells or SCGN-positive cone bipolar cells between CTSD-
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NSCs treated retinas (20.79 +0.48 and 29.36 +0.91, respectively; Figure 10Af,
10Ah, 10Bd, 10Be) and ko-NSCs treated retinas (21.21 £0.37 and 29.5 +0.68,
respectively; Figure 10Ae, 10Ag, 10Bd, 10Be; p>0.05 for all comparions, paired
t-test). These experiments demonstrated that NSCs-mediated supplementation
of CTSD did not result in attenuation of the rapidly progressing retinal
degeneration in Ctsd ko mice.

3.6 CTSD supplementation via scAAVshH10-CTSD rescued

retinal neurons in Ctsd ko mice.

CTSD supplementation through a cell based enzyme replacement strategy
resulted in small amount of CTSD in the mutant retinas, which failed to
attenuate retinal degeneration in Ctsd ko mice. To investigate whether
attenuation of retinal degeneration may be achieved through an AAV vector-
mediated gene transfer of CTSD, we explored the impact of various titers of
scAAVshH10-CTSD on the morphology of Cisd ko retinas. Injections of
scAAVshH10-CTSD with a titer of 4,75 x 10" v.g./ul had no significant effects
on photoreceptor survival (data not shown). However, injections of the vector
with a titer of 1.23 x 10" v.g./ul preserved the retina morphology in P22 Ctsd
ko mice as indicated by an almost normal thickness of the outer nuclear layer
and the presence of numerous cone photoreceptors. However, in a fraction of
animals the size of the treated eyes was significantly smaller than that of the
contralateral control eyes (data not shown). When scAAVshH10-CTSD was
injected with a lower titer of 2.46 x 10" v.g./ul, we observed significant
attenuation of retinal degeneration, and normal-sized eyes. DAPI staining
revealed that the outer nuclear layer of these retinas was significantly thicker
(Figure 11Ab, 11Ad, 11Af, 11Ah) when compared to the contralateral control
retinas (Figure 11Aa, 11Ac, 11Ae, 11Ag). Quantitative data showed that the
number of rows of photoreceptor nuclei was significantly higher in
scAAVshH10-CTSD treated eyes (5.60+0.47 rows of nuclei) compared to that
found in the control eyes (1.30+£0.15 rows of nuclei; p<0.001, paired t-test;
Figure 11Ba). Rod photoreceptors comprise about 97% of all photoreceptors in
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the mouse retina. Data thus demonstrate that the gene therapy approach
effectively promoted rod photoreceptor survival in Ctsd ko mice.
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Figure 11. The impact of intravitreally injected scAAVshH10-CTSD on the
survival of photoreceptors and bipolar cells in Ctsd ko mice. (A) Immunostainings
of P22 Ctsd ko retinas treated with scAAVshH10-CTSD (b, d, f, h) and contralateral
control retinas treated with scAAVshH10-GFP (a, c, e, g) using antibodies to m+s opsin
(a, b), arrestin (c, d), PKCa (e, f) and SCGN (g, h). (B) The number of rows of
photoreceptor nuclei (a), m+s opsin-positive cells (b), arrestin-positive cells (c), PKCa-
positive cells (d), and SCGN-positive cells (e) in P22 retinas treated with scAAVshH10-
GFP (control) or scAAVshH10-CTSD (treated). Each bar represents the mean (+
S.E.M.) from 7 animals. Statistical analysis was performed with the paired t-test. *,
p<0.05, **, p<0.01, ***, p<0.001; n.s., not significant. gcl, ganglion cell layer; inl, inner
nuclear layer; onl, outer nuclear layer; PKCa, protein kinase C-alpha; SCGN,
secretagogin. Scale bar, 50 ym.

Further analyses of the retinal histology showed the presence of numerous
m+s opsin-positive (Figure 11Ab) or arrestin-positive (Figure 11Ad) cone
photoreceptors in scAAVshH10-CTSD treated eyes, while cones were

essentially absent from control retinas (Figure 11Aa, 11Ac). Surviving cones
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showed an apparently normal overall morphology, with well-developed inner
and outer segments and presynaptic terminals in the inner nuclear layer (Figure
11Ab, 11Ad, Figure 12b). Quantitative analysis confirmed a significant
protection of cones with 15.74+2.20 (mean *SEM) m+s opsin-positive
cones/250 ym retina length (Figure 11Bb) and 12.10+£2.55 arrestin-positive
cones/250 pm retina length (Figure 11Bc) in scAAVshH10-CTSD treated
animals as opposed to 0.38+£0.21 m+s opsin- positive cones/250 um retina
length and 0.17+0.08 arrestin-positive cones/250 ym in animals that received
injections of scAAVshH10-GFP (p<0.001, p<0.01, respectively; paired t-test).

Immunostaining of scAAVshH10-CTSD treated Ctsd ko retinas at P22
revealed a more organized morphology of PKCa-positive rod bipolar cells
(Figure 11Af) when compared to control retinas (Figure 11Ae). In addition, we
found a significantly higher number of PKCa-positive rod bipolar cells in
scAAVshH10-CTSD injected retinas (21.98+1.27 (mean +SEM) cells/250 pm
retina length) than in control retinas (17.83+1.21 cells/250 pm retina length;
p<0.05, paired t-test; Figure 11Bd). The overall morphology of SCGN-positive
cone bipolar cells also appeared more organized in scAAVshH10-CTSD
treated retinas (Figure 11Ah) than in control retinas (Figure 11Ag). However,
the number of cone bipolar cells in scAAVshH10-CTSD treated retinas at P22
(30.75£1.99 (mean +SEM) cone bipolar cells/250 um) was not significantly
different from that found in control retinas (27.92+1.45 cone bipolar cells/250
pum; p>0.05, paired t-test; Figure 11Be).

Figure 12. Intravitreal injections of scAAVshH10-CTSD attenuate the
degeneration of cone photoreceptors in the Ctsd ko retina. Immunostainings of a
Ctsd ko retina treated with scAAVshH10-CTSD (b) and the contralateral retina treated
with scAAVshH10-GFP using antibodies to m+s opsin. gcl, ganglion cell layer; inl, inner
nuclear layer; onl, outer nuclear layer. Scale bar, 50 um
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In conclusion, intravitreal injections of scAAVshH10-CTSD resulted in a
marked preservation of the retina structure in Ctsd ko mice.
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4 Discussion

4.1 Enzyme replacement strategies

The NCLs caused by mutations in genes encoding soluble lysosomal
enzymes include CLN1, CLN2, CLN5, CLN10, CLN11, and CLN13 [7]. A
promising strategy to treat these NCL forms is to deliver a functional variant of
the dysfunctional or deficient enzyme into the diseased tissue via injections of
recombinantly produced enzymes (“classical ERT”), or via cell- or gene
therapy-based administration methods.

ERT is the most common way to deliver functional lysosomal enzymes into
disease models. According to the target area, the recombinant enzyme might
be directly injected into the diseased tissue such as the brain, or might be
applied systemically. While there are numerous preclinical studies that have
demonstrated the efficacy of this treatment strategy in animal models of
different NCL forms [8, 53], there is currently only one successful study on
patients. Cerliponase alfa, a recombinantly produced TPP1 enzyme has been
shown to delay the progression of motor impairment and language deterioration
after biweekly intracerebroventricular injections into CLN2 patients [62, 63].

CLN10 is caused by dysfunction or deficiency of the lysosomal enzyme
CTSD. A recent study has used rhCTSD to study the therapeutic potential of
an enzyme replacement therapy in Ctsd ko mice. The recombinant pro-CTSD
was produced in human HEK cells and appeared to be stable at 4°C to 37°C.
In Ctsd-/- mice, intracranial injection of rhCTSD at P1 and P19 resulted in
significant amounts of CTSD protein and significant levels of enzymatic activity
in the brain of mutant mice at P23. The treated mice showed good motor
coordination and muscle strength until P33-34, whereas control Ctsd ko mice
died around P27. Furthermore, intravenously administered rhCTSD was quickly
taken up by liver, spleen, and kidney and further processed into mature CTSD,
which partially corrected the pathology in these tissues [74]. However, ERTs
have several limitations which narrow their therapeutic potential. First, NCLs
are primarily neurodegenerative disorders. Because recombinant enzymes can
hardly cross the blood-brain barrier, they cannot be applied systemically but
have to be injected directly into the nervous tissue [2]. Even in case
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therapeutically relevant amounts of an enzyme were delivered to the brain, this
had no effect on the progression of retinal degeneration due to the blood-retina
barrier, as demonstrated e.g. in a CLN2 dog model [67]. Another limitation of
ERT is the short half-life of the recombinant enzymes. Intravitreal injections of
rhTPP1 into CLN2 canine model, for instance, have been shown to result in a
substantial amount of TPP1 in the aqueous and vitreous one day after the
injection. However, in eyes analyzed at longer time intervals after the injection,
TPP1 was hardly detectable in the aqueous and vitreous [73]. In our previous
study, intravitreal injections of rhCTSD at P7 and P14 resulted in small amounts
of CTSD in Citsd ko retina. The injected enzyme was taken up by glia cells,
retinal nerve cells and microglia/macrophages. Of note, several aspects of the
retinal pathology became partially corrected by this treatment, such as a
decrease of storage material, attenuation of reactive microgliosis or
dysregulation of lysosomal proteins. However, the treatment had not impact on
the progression of retinal degeneration, suggesting that the amounts of CTSD
were too small to attenuate this early onset and rapidly progressing retinal
dystrophy. In conclusion, preclinical studies and a clinical trial have
demonstrated that ERT represents a strategy to deliver therapeutically relevant
amounts of lysosomal enzymes to diseased tissues. While the amount of
administered enzyme can be precisely controlled, the treatment strategy
requires local and repeated injections to target nervous tissue, which
subsequently increases the risk of infections and other potential complications.

A continuous administration of lysosomal enzymes to diseased tissues
might be achieved through a cell-based enzyme replacement strategy.
Furthermore, such a treatment strategy can be potentially translated into the
clinic using e.g. the so-called encapsulated cell technology (ECT). ECT was
developed to treat diseases of the CNS and the eye through a continuous
administration of secreted and therapeutically relevant gene products. The
technology uses living cells that are encapsulated in a semipermeable polymer
membrane and supportive matrices. The encapsulated cells are genetically
modified to permanently secrete a specific therapeutic gene product to target a
specific disease. Once surgically implanted into the diseased organ of the
patient, the semipermeable polymer membrane allows diffusion of the
therapeutic substance into the diseased tissue. Furthermore, the encapsulation
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prevents the modified cells from entering host tissues, and in case of
complications the cell implants can be explanted.

The therapeutic potential of a cell-based administration of lysosomal
enzymes has been studied in a CLN2 canine model using non-encapsulated
cells. Intravitreal transplantation of mesenchymal stem cells overexpressing
TPP1 into the mutant dog resulted in the presence of functional enzyme in the
retina. Here, the enzyme attenuated the thinning of retinal layers and
deterioration of retinal function in a dose-dependent manner [87]. In this thesis,
we first analyzed whether CTSD expression, release and enzymatic activity is
increased in CTSD-NSCs when compared to wt-NSCs. In vitro, Ctsd ko
astrocytes derived from Cisd ko-NSCs took up CTSD released from CTSD-
astrocytes, and further processed it to iCTSD in endolysosomes. In primary
retinal cell cultures, Ctsd ko cone- and rod-photoreceptors, rod-bipolar cells,
retinal neurons, and astrocytes also took up CTSD present in the conditioned
medium from CTSD-astrocytes. Together, these in vitro experiments
demonstrate cellular takeup and processing of transgenic CTSD. We therefore
initiated in vivo experiments to study whether intravitreal transplantations of
CTSD-NSCs will result in attenuation of the retinal dystrophy in Ctsd ko mice.
In vivo, we transplanted NSCs overexpressing CTSD into the vitreous cavity of
P7 Ctsd ko mice. Pro-CTSD released from grafted CTSD-NSCs was taken up
by retinal cells and further processed to intermediate CTSD and mature CTSD
in the lysosomes of the mutant’ retina. However, levels of CTSD protein and
CTSD enzyme activity in these CTSD-NSCs treated retinas accounted for only
30% and 55.2% of those found in wt retinas, respectively. Together, data
demonstrate that intravitreal transplantations of genetically modified cells
provide a potential means to continuously deliver lysosomal enzymes to
dystrophic retinas.

Gene therapy based-enzyme replacement strategy aims at genetically
modifying endogenous cells of a diseased tissue to express a functional variant
of the dysfunctional or missing lysosomal enzyme. Some of the transgenic
enzyme released by the modified cells can be taken up by neighboring non-
modified cells where it also might correct the lysosomal dysfunction, a process
called cross correction. Injections of adeno-associated virus (AAV) vectors
encoding CTSD in to the CNS of Ctsd ko mice resulted in a pronounced
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prolongation of the mutant’s lifespan up to 198 days [82], demonstrating the
efficacy of this approach. Furthermore, after intravitreal administration of AAV2-
hPPT1 into Ppt1 ko mice, enzymatic PPT1 activity in the treated eyes was
approximately five times higher than in untreated healthy wild-type eyes, also
showing that a gene therapy approach allows the delivery of large amounts of
enzymes to diseased tissues [26]. As outlined above, cross correction boosts
the therapeutic impact of a gene therapy- enzyme replacement strategy in that
non-modified endogenous cells in the neighborhood of genetically modified
endogenous cells take up some enzyme that is released into the extracellular
space. Co-injections of equal titers of AAV-EGFP and AAV-CTSD into the brain
of Ctsd ko mice, for instance, resulted in large numbers of CTSD
immunoreactive neurons in some distance from EGFP-positive cells, indicating
secretion of CTSD from transduced cells and its uptake by remote neurons in
the contralateral hemisphere and in deeper brain regions like the thalamus and
the hypothalamus [82].

The efficacy of a gene therapy-based enzyme replacement strategy has
been evaluated in the retina of Ppt1 ko mice. In this study, an AAV2 serotype
which shows a tropism to retinal ganglion cells has been used to express PPT1
in the mutant retina. Accordingly, intravitreal injections of AAV2-hPPT1 into the
mutant mice resulted in the expression of large amounts of PPT1 in RGCs. Of
note, deterioration of retinal function as assessed by ERG recordings was
significantly delayed in the treated eyes. However, loss of photoreceptor cells
was not significantly delayed when compared to control retinas, possibly due to
the restricted location of the transgene within ganglion cells and/or diffusion of
only small amounts of the transgene into the photoreceptor cell layer RGCs [26].

In the present thesis, we injected self-complimentary AAVshH10-CTSD
intravitreally into P5 Ctsd wt and ko mice. scAAVshH10 has a tropism to retinal
glial cells and retinal pigment epithelial (RPE cells). Accordingly, we observed
CTSD transgene expression restricted to retinal astrocytes, Muller cells and
RPE cells. Transgene expression was already detectable as early as 4 days
post injection. According to biochemical analyses of treated retinas, the amount
of intermediate CTSD and mature CTSD was 5 times and 7 times higher
respectively than in wt retinas, and massively increased when compared to
CTSD-NSCs treated retinas. In addition, CTSD activity in scAAVshH10-CTSD
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treated retinas was not statisticaly different from untreated wt retinas. However,
eyes injected with the highest titer (1.23 x 10" v.g./ul) of scAAVshH10-CTSD
were atrophied, demonstrating negative side effect of large amounts of CTSD
re-expressing in Ctsd ko retina. In conclusion, gene therapy-based enzyme
replacement strategy provides a means to continuously administer relevant
amounts of lysosomal enzymes to diseased tissues. Since a gene therapy-
based enzyme replacement strategy represents an irreversible therapeutic
approach, the titer of the virus needs to be strictly controlled to avoid harmful
side effects of the transgene.

4.2 A hallmark of NCL: accumulation of storage material

Accumulation of intracellular autofluorescent storage material is
associated with aging and certain diseases, including lysosomal storage
disorders [4]. The storage material in NCLs consists of proteins, lipids, metals
and dolichols [142]. The major protein compounds of the storage material in
NCL diseases are the subunit ¢ of mitochondrial ATP synthase (SCMAS)
and/or the sphingolipid activating proteins A and D (saposinA and saposinD) in
varying compositions in different NCL forms [142-145]. At the ultrastructural
level, storage bodies comprise electron dense structures that are surrounded
by lysosomal membranes. Granular structures within lysosomes are supposed
to be the initial stages of ceroid accumulation, while lamellated structures are
more characteristic for the end stages of storage body formation. Depending
on the specific NCL form, ultrastructural lipopigment structures display one or
a mixture of several of the following features: granular osmiophilic deposits
(GRODs), alternating dark and light short curved thin lamellar stacks
(curvilinear profiles, CLP), loosely stacked membranous bodies (rectilinear
complex, RLC) and similar stacks that have fingerprint like appearance
(fingerprint profiles, FPP) [22, 146]. In general, storage material accumulates
as a result of altered lysosomal function, autophagic disruptions, and
oxidative damage of proteins [4].
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4.3 Storage material and neurodegeneration

While accumulation of storage material is a hallmark of NCLs, it is a matter
of discussion whether the material is a direct cause of neurodegeneration in
these diseases. In fact, some studies reported that there is no strict spatio-
temporal correlation between the appearance of storage material and the loss
of nerve cells. For instance, in a CLN6 sheep model, storage bodies were
evenly distributed throughout all regions of the brain instead of being
concentrated in specific cortical areas where neuronal degeneration occurred
[147]. Furthermore, massive accumulation of storage material was observed in
AAV-CTSD treated brains of Ctsd ko mice that survived long-term after
treatment but did not show significant neurological symptoms [82].

In the Cisd ko retina, we also found no strict correlation between the
appearance of storage material and neurodegeneration. First elevation of
SCMAS and saposinD levels were observed in the inner Ctsd ko retina at P5.
The amount of storage material increased with increasing age of the animals,
and became evident in the outer retina at relatively late stages of the disease.
Loss of neurons, on the contrary, was first evident in the outer nuclear layer,
and only later in the inner nuclear layer and the ganglion cell layer. Furthermore,
intravitreal injections of rhCTSD resulted in a decrease of storage material
accumulation in the Ctsd ko retina, but not in a rescue of retinal cells [74]. All
these data suggest that accumulation of storage material might not be causally
linked to neurodegeneration.

In this thesis work, we found a significant decrease of saposinD and
SCMAS after intravitreal transplantations of CTSD-NSCs. However, the
amount of storage materials in treated Cisd ko retinas was still high when
compared to wt retinas. In addition, decreased amounts of storage material had
no impact on the progression of neurodegeneration in CTSD-NSCs treated
retinas. In comparison, intravitreal injections of sScCAAVshH10-CTSD essentially
prevented accumulation of saposinD and SCMAS in Ctsd ko retinas, and the
marked clearance of storage material coincided with a significant preservation
of retinal neurons. Together, we found no strict spatio-temporal correlation
between storage material accumulation and neurodegeneration in untreated

Ctsd ko retinas, while we observed a coincidence between the amount of
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storage material and the extent of neurodegeneration in treated Ctsd ko retinas.
Clearance of storage material in scAAVshH10-CTSD treated retinas was
markedly more pronounced than in rhCTSD or CTSD-NSCs treated retinas, in

line with the significantly higher levels of CTSD in retinas of the former group.

4.4 Lysosomal and autophagic dysfunction

Abnormal lysosomal biogenesis is another characteristic feature in
dystrophic retinas of mouse models of different NCL forms, including CLNG,
CLN7 and CLN11 disease [41, 84, 148]. Upregulation of various lysosomal
proteins may be regulated by the transcription factor EB (TFEB) as a result of
lysosomal stress due to the accumulation of storage material [149-151]. Under
physiological conditions, TFEB is phosphorylated by the lysosome-associated
mammalian target of rapamycin complex 1 (mTORC1) and is retained as an
inactive form in the cytosol [152]. However, under pathological conditions,
TFEB become actived and is upregulated in several NCL models, resulting in
elevated expression levels of various lysosomal enzymes and blockage of the
autophagic flux [153, 154]. Impaired autophagy is thus a characteristic feature
of many lysosomal storage disorders [74, 155, 156].

Autophagic dysfunction is indicated by elevated levels of autophagic
markers such as SQSTM1/p62 and microtubule-associated protein 1 light chain
3-1I (LC3-1l) [40, 157-162]. Accumulation of extralysosomally located
SQSTM1/p62-positive punctae have been reported in mouse models deficient
in PPT1, TPP1 or arylsulfatase G [84, 163, 164]. The reason for the
extralysosomal location of SQSTM1/p62 is unclear, but may be related to either
an impaired fusion of autophagosomes with lysosomes, or to an increased
permeability of the lysosomal membranes and leakage into the cytosol.

In this thesis, we found an elevated expression of LAMP1, LAMP2 and
CTSX/Z/P in the inner retina of Ctsd ko mice as early as at P5. Levels of these
lysosomal proteins further increased with increasing age of the animals, and
abnormally high levels became also apparent in the outer retina. The
spatiotemporal expression pattern of these lysosomal proteins was similar to
that of storage material accumulation, indicating that it is caused by lysosomal
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stress and implicating TFEB in the control of this upregulation. Different to the
dysregulated expression of LAMP1, LAMP2 or CTSX/Z/P, SQSTM1/p62-
positive punctae became first detectable in the outer retina of P5 Ctsd ko mice,
from where it shifted to the inner retina in older animals. The spatio-temporal
appearance of SQSTM1/p62-positive punctae was similar to that of retinal cell
death, indicating that accumulation of SQSTM1/p62 might be a predictive factor
of retinal degeneration in Ctsd ko mouse model. Interestingly, SQSTM1/p62 did
not colocalize with LAMPZ2 in the Cisd ko retina, suggesting impaired fusion of
autophagosomes and lysosomes.

Intracranial administration of rhCTSD resulted in restoration of
hexosaminidase B (HEXB) activity and LAMP1 levels to wt levels in the brain
of P23 Ctsd ko mice, suggesting a significant attenuation of lysosomal
hypertrophy after ERT. At the same time, SQSTM1/p62 and LC3-Il were also
reduced to WT levels, indicating correction of the autophagic flux after
treatment with recombinant CTSD [74]. Similarly, intravitreal injections of
rhCTSD also decreased the levels of LAMP1 and LAMP2 in Cisd ko retina
when compared to contralateral control eyes. In addition, SQSTM1/p62-
positive punctae were significantly reduced in mutant retinas after treatment
with rhCTSD. The combined data indicate that ERT with human recombinant
CTSD resulted in partial correction of the lysosomal and autophagic dysfunction
in Ctsd ko retinas [74].

In the present study, levels of LAMP1, LAMP2 and CTSX/Z/P were
significantly reduced in retinas from eyes with transplanted CTSD-NSCs when
compared to retinas from contralateral control eyes. However, levels of these
proteins were still significantly higher than in wt retinas. The reduction of LAMP1,
LAMP2 and CTSX/Z/P was more pronounced in scCAAVshH10-CTSD treated
Ctsd ko retinas. In fact, the amount of these proteins was similar to that found
in healthy wt retinas. Similarly, there was a detectable decrease of
SQSTM1/p62 in CTSD-NSCs treated retinas, although it did not reach
statistical significance when compared to contralateral eyes. Intravitreal
scAAVshH10-CTSD injections, in comparison, restored SQSTM1/p62 levels to
those observed in healthy wt retinas. In summary, lysosomal and autophagic
dysfunction in Ctsd ko retinas was partially corrected after ERT or the NSC-
based enzyme replacement strategy. However, the AAV-mediated gene
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therapy approach decreased the expression of the lysosomal proteins and the
autophagy marker to a similar level as found in wt retinas, in line with the higher
amounts of CTSD in Ctsd ko retinas after scAAVshH10-CTSD treatment when

compared to the other two treatment strategies.

4.5 The role of neuroinflammation in disease progression in
NCL

Neuroinflammation as assessed by reactive microgliosis and reactive
astrogliosis accompanies or precedes neurodegeneration in different NCLs,
and has been implicated in the progression of the neuropathological [165] [18].
Results from several studies showed that microglia and astrocytes in their
activated states became evident before the onset of neuron loss, and that their
initial localization more accurately predicted regions of neurodegeneration than
the spatial appearance of storage material accumulation [9, 18] This spatio-
temporal correlation between neuroinflammation and neurodegeneration
raised the question of whether neuroinflammation is, at least in part, a cause of
neuron loss in NCLs, as has been suggested for various other
neurodegenerative disorders [166-169]. Pharmacological inactivation of
microglia/macrophages using the CSF-1R inhibitor PLX3397 resulted in
attenuation of axonal damage and neuron loss in the CNS of Ppt1 ko mice, and
ameliorated motor dysfunction and visual deterioration, and increased lifespan
of the mutant mice [170]. Several other studies on animal models of CLN1,
CLN3 and CLNG disease have also demonstrated a critical role of the innate
and adaptive immune system in the progression of the neuropathology in brain
and retina [42, 95, 171-173].

Some studies have provided data that explain how reactive astrogliosis
and microgliosis affects disease progression in NCL. For instance, studies on
the brain and retina of Ctsd ko mice have demonstrated that reactive
microgliosis is particularly pronounced in brain regions characterised by
significant neurodegeneration, such as the thalamus and the inner retina. Here,
reactive microglia may have an impact on neurodegeneration through the

release of neurotoxic nitric oxide (NO) [49, 139, 174]. Of note, multiple
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intraperitoneal injections of NO inhibitors resulted in a significant decrease of
apoptotic cells in the thalamus and the inner retina of treated Ctsd ko mice [49,
139]. Another study showed that astrocytes and microglia from CIn3 ko mice
showed an attenuated morphological transformation and an altered secretion
of several proteins upon stimulation in vitro. For instance, activated astrocytes
showed decreased secretion levels of several neurotrophic factors,
chemokines, cytokines and mitogens, and impaired clearance of glutamate.
Interestingly, via mixed culture approach, microglia and astrocytes from Cin3
ko mice exerted adverse effects on the morphology and survival of neurons
from both C/n3 ko and healthy wt mice. Similar effects on CIn3 ko neurons were
not observed when cells were co-cultured with glia cells from wt mice [175]. In
addition, reactive astrocytes and microglia cells might negatively affect synaptic
function [169, 176-179]

46 The impact of enzyme replacement strategies on

neuroinflammation

In Cisd ko mice, intracranial injection of rhCTSD resulted in less
pronounced astrogliosis and microgliosis in the cortex and thalamus of 23 days
old mutants. Futhermore, reactive microgliosis as assessed by the number of
CD68-positive  microglia/macrophages was also attenuated in the retina
following intravitreal injections of rhCTSD [74]. An AAV-mediated gene therapy
was even more efficacious in attenuating microglia cell activation than the ERT
approach. Bilateral injections of AAV1/2-CTSD into the brain hemispheres
resulted in complete prevention of reactive microgliosis in P27 or even P62 Ctsd
ko mice. Furthermore, mice that received unilateral AAV-CTSD injections only
showed very mild activation of microglia in the contralateral hemisphere at P27.
However, some AAV-CTSD treated Ctsd ko mice which survived until the fourth
postnatal month showed massive reactive microgliosis but no significant
neurological symptoms. Contrary to the results discussed above, this
observation suggests that reactive microgliosis does not play a critical role for

disease progression [82].
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In the Ctsd ko retina, evidence for reactive microgliosis as assessed by the
appearance of CD68-positive cells became evident as early as at P5 in inner
retinal layers. Early onset microgliosis coincided with the early degeneration of
cone photoreceptor cells at P5. In older mice, reactive microglia cells were
present in all retinal layers and the subretinal space. In addition, reactive retinal
astrocytes and Muller cells became evident at P10 in Ctsd ko retinas, and
expression of GFAP in these cells progressively increased until the late stage
of the disease at P25. Together, these data demonstrate an early-onset
reactive microgliosis and astrogliosis in the mutant retina.

A previous study showed that intravitreal administrations of 3.1mg/ml
(3.1ug) rhCTSD at P7 and P14 resulted in uptake of the enzyme by several cell
types of the Cisd ko retina, including astrocytes, Mduller cells and
microglia/macrophages. Interestingly, the number of CDG68-positive
microglia/macrophages was significantly decreased in rhCTSD treated retinas
at P23 when compared to the contralateral control eyes [74]. In this thesis, we
transplanted NSCs with an overexpression of CTSD into the vitreous of P7 Ctsd
ko mice. In these animals, we found a more pronounced attenuation of reactive
microgliosis and an attenuation of astrogliosis at P22. Of note, reactive
microgliosis and astrogliosis was almost prevented in Cisd ko mice that
received intravitreal injections of sScCAAVshH10-CTSD at P5. Retinal microglia,
Muller cells and astrocytes colocalized with CTSD in Ctsd ko retinas injected
with scAAVshH10-CTSD. While attenuation of reactive microgliosis and
astrogliosis in CTSD-NSCs treated retinas did not coincide with attenuation of
retinal degeneration, almost complete prevention of microgliosis and
astrogliosis coincided with preservation of retinal neurons in AAV-CTSD treated
retinas. However, these data do not solve the question whether reactive
microgliosis and astrogliosis is a cause or merely a consequence of retinal

degeneration in the Ctsd ko retina.

4.7 Loss of photoreceptors and bipolar cells

Retinal degeneration is a characteristic pathological hallmark of most NCL
forms. The progression and severity of the retinal dystrophy, and the affected
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retinal nerve cell types may vary between different NCL forms [180]. In the Ctsd
ko retina, we observed a very early onset and rapidly progressing retinal
dystrophy. Retinal thinning was significant as early as at P15, and progressed
rapidly until the end stage of the disease at P25. The pronounced retinal
thinning of the Ctsd ko retina was mainly the result of a severe and almost
complete atrophy of the outer nuclear layer. Retinal interneurons in the inner
nuclear layer and ganglion cells in the ganglion cell layer were less severely
affected. Of note, cone and rod photoreceptor cells were differentially affected
in the mutant. While cone numbers were already significantly reduced at
postnatal day 5, rod numbers started to decrease at postnatal day 15. At the
end stage of the disease at P25, both cones and rods were almost completely
lost. A significant loss of cone and rod bipolar cells became evident at P20, and
was pronounced at P25. A similar time course of degeneration was observed
for retinal ganglion cells. At the end stage of the disease, horizontal cells were
also reduced in number. CTSD deficiency thus affects all retinal nerve cell types
in the mouse retina, albeit to a different extent and at different time points during
disease progression.

An early-onset and rapidly progressing loss of photoreceptors has also
been observed in mouse models of other NCL forms, such as CLN4 [181],
CLNS5 [40], CLNG6 [41-43, 182], CLN7 [148] and CLNS8 [45-47, 183, 184]. The
frequent involvement of photoreceptor cells indicates that this retinal nerve cell
type is particularly vulnerable to lysosomal dysfunctions. The identification of a
few CLN3 and CLN7 patients presenting with a non-syndromic retinal dystrophy
primarily characterized by a loss of photoreceptor cells is in line with this view
[16, 185-194]. Photoreceptor cells are also the most severely affected cell type
in the Ctsd ko retina, with cones degenerating at a more rapid rate than rods.
As cone numbers were already reduced at P5, the earliest developmental age
analyzed, it remains unclear whether the early decrease in cone number is due
to a very early onset degeneration or a developmental defect or both.

While most studies on retinal degeneration in NCL are focused on
photoreceptor cells, there are also several studies demonstrating that retinal
degeneration initially starts in the inner retina. In CLN1 and CLN3 mouse
models and a CLN2 canine model, for instance, significant neurodegeneration
was first apparent in the inner nuclear layer. Furthermore, ERG recordings
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revealed a reduction of the b wave, suggesting that the first abnormality of
retinal function is related to a defect in bipolar cells [24, 25, 27, 34, 37, 71, 84,
195, 196]. Furthermore, as stated above, photoreceptor cells are the first cells
that are affected in a CLN6 mouse model [41, 42]. However, targeting retinal
photoreceptors with an AAV2/8-CLN6 vector failed to protect photoreceptors
from cell death. In contrast, a CLN6 gene transfer to bipolar cells using an
AAV2/2 variant 7m8 vector resulted in preservation of the morphology and
function of photoreceptors in this mouse model. Results suggest that a defect
in bipolar cells is the cause of photoreceptor degeneration in the CLN6 mouse
models. Of note, degeneration of bipolar cells in this animal model starts only
after a significant percentage of photoreceptor cells is already lost [91].
Intravitreal administration of rhCTSD failed to attenuate retinal
degeneration in the Ctsd ko mouse [74]. In the present thesis, we first studied
the impact of intravitreally grafted CTSD-NSCs on retinal degeneration in Ctsd
ko mice. However, analyses of mutant retinas at P22 revealed no positive
therapeutic effects on retina structure, suggesting that we failed to target
sufficient amounts of CTSD to the dystrophic retina using this treatment
strategy. Anticipating that a gene therapy approach will enable us to administer
higher amounts of CTSD to the mutant retina, we injected scAAVshH10-CTSD
into Ctsd ko eyes. Injections of scAAVshH10-CTSD at low titer (4,75 x 10"
v.g./ul) had similar effects on the biochemical phenotype as observed with ERT
and the CTSD-NSCs treatment strategy, in that pathological marker for
lysosomal and autophagic dysfunction were partially corrected but retinal
degeneration was not prevented. However, after injections of scAAVshH10-
CTSD with a higher titer (2.46 x 10" v.g./ul), cone photoreceptors were found
colocalized with CTSD in the Ctsd ko retinas with scAAVshH10-CTSD injected,
and thinning of the outer nuclear layer was significantly attenuated. More
detailed morphological analyses of these retinas revealed the presence of
significant number of cone and rod photoreceptor cells that displayed an
apparently normal morphology. In the contralateral control eyes injected with a
GFP encoding vector, in comparison, all photoreceptor cells lost. Immunoblot
analyses revealed the presence of about 5 to 7 times more CTSD in
SCAAVshH10-CTSD treated retinas than in wt retinas. Furthermore, the
enzymatic CTSD activity in the treated retina was in the range of the enzymatic
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activity found in untreated healthy wt retinas. Studies on other lysosomal
storage disorders showed that restoration of 10-15% of the enzymatic activity
normally observed in healthy tissues may be sufficient to achieve meaningful
therapeutic effects [197]. For instance, two intravitreal injections of rhTPP1 in a
CLN2 canine model significantly rescued retinal cells in the inner and outer
nuclear layer from cell death and preserved the function of photoreceptors and
bipolar cells, although the amount of TPP1 was low and almost undetectable in
the aqueous and vitreous after an extended time period after the injection [73].
Similarly, intravitreal transplantation of mesenchymal stem cells
overexpressing TPP1 resulted in prevention of disease-related retinal
detachments and attenuation of retinal thinning and ERG amplitude reduction,
but the effect on retinal function in a high dose treatment group was better than
that found in a low dose treatment group [87]. On the contrary, PPT1 ko mice
that received intravitreal injections of AAV2-PPT1 showed improved cone and
mixed rod/cone responses in ERG recordings, but no rescue of photoreceptors
despite the fact that the PPT1 enzymatic activity in treated retinas was about 5
times higher than in wt retinas [26].

Targeting of CTSD specifically to RPE cells might represent a promising
therapeutic strategy for the treatment of retinal degeneration in CLN10 disease.
The detailed analysis of the retinal phenotype of Ctsd ko mice has clearly
shown that neurodegeneration starts in the outer nuclear layer from where it
spreads to the inner retinal layers. While CTSD is expressed in all retinal cell
types, the enzyme is particularly abundant in RPE cells [198], where it plays an
important role in the removal of shed photoreceptor outer segments. Thus,
dysfunction of RPE cells as a result of CTSD deficiency might be the cause for
the early loss of photoreceptors in mutant retina. Of note in this context, the
scAAVshH10 serotype showed a tropism for RPE cells, and the gene therapy
approach resulted in much higher amounts of CTSD in RPE cells than the ERT
or the CTSD-NSCs treatment approach. It will be interesting to test this
hypothesis in future experiments.

Intravitreal injections of rhCTSD or transplantations of CTSD-NSCs had no
effect on the extent of bipolar cell degeneration. scAAVshH10-CTSD injected
Ctsd ko retinas, in comparison, contained significantly more rod bipolar cells,
but not cone bipolar cells, than the corresponding control retinas, although both
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of rod bipolar cells and con bipolar cells colocalized with CTSD in treated
retinas. Data from the phenotypic analysis of the Cisd ko retina provide an
explanation for this apparently limited treatment effect on bipolar cells. In
untreated Ctsd ko retinas, rod bipolar cells are significantly reduced in number
at P20 while the loss of cone bipolar cells is moderate at this age. Massive loss
of cone bipolar cells occurs later between postnatal day 20 and 25. However,
the analysis of scAAVshH10-CTSD was performed on P22 retinas due to
ethical issues in animal experimentation.

In conclusion, intravitreal injections of scAAVshH10-CTSD into Ctsd ko
mice represent a promising strategy to treat retinal degeneration in CLN10
disease, as demonstrated by the remarkable therapy effects on the biochemical
and morphological phenotype of the mutant retina. Treatment effects of the
gene therapy approach were significantly more pronounced than those
observed with either ERT or a cell-based enzyme replacement strategy. It
would have been of interest to additionally assess the impact of the different
treatment strategies on retinal function. However, such experiments were
impossible to perform on the severely affected mice at the end stage of the
disease. Given that a brain-directed gene therapy approach has been
demonstrated to significantly prolong the lifespan of the mutant, a combination
of a brain- and a retina-directed gene therapy might represent a strategy to
analyze the impact of the treatment on retinal function. The limited therapy
effects observed with ERT or the NSC-based enzyme replacement strategy
suggest that relatively large amounts of CTSD need to be administered to
attenuate the progression of the retinal dystrophy in CLN10. However, both
treatment strategies might be applicable to other lysosomal storage disorders
wheree only relatively minor levels of the normal enzyme activity have to be

restored in order to achieve a positive therapy outcome.
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5 Summary

Loss of vision as a result of retinal degeneration is among the characteristic
symptoms of neuronal ceroid lipofuscinosis (NCL). The frequent involvement of
the retina and the identification of NCL patients presenting with non-syndromic
retinal dystrophies indicates a particular sensitivity of the retina to lysosomal
dysfunctions. CLN10 disease, also known as congenital NCL, is the most
severe NCL form and caused by mutations in the gene encoding the lysosomal
enzyme cathepsin D (CTSD). To obtain insights into the retinal dystrophy
associated with mutations in the CTSD gene at the cellular and molecular level,
we performed an in-depth analysis of the retinal phenotype of a Ctsd knockout
(Ctsd ko) mouse, an animal model of CLN10 disease. Retinal degeneration in
this mutant mouse was characterized by an early-onset accumulation of
storage material, a pronounced dysregulation of various lysosomal proteins,
and an upregulation of the autophagy marker sequestosome 1 (SQSTM1)/p62.
At the cellular level, we found an early loss of cone photoreceptor cells which
was followed by the degeneration of rod photoreceptors, rod and cone bipolar
cells, ganglion cells and amacrine cells. Rapid degeneration of multiple retinal
cell types was accompanied by a massive reactive microgliosis and astrogliosis.

Data from the phenotypic analysis of the Ctsd ko retina served as a
reference for experiments aimed at evaluating the impact of a continuous
administration of an enzymatically active CTSD variant on the progression of
the retinal dystrophy. Functional CTSD was administered to the Ctsd ko retina
using intravitreal transplantations of a neural stem cell line overexpressing
CTSD (CTSD-NSCs) or intravitreal injections of an adeno-associated virus
(AAV) vector encoding CTSD (scAAVshH10-CTSD). Injections of a Ctsd ko
NSC line (ko-NSCs) or an AAV encoding green fluorescent protein
(scAAVshH10-GFP) into the contralateral eyes served as controls. CTSD
released from the grafted CTSD-NSCs was taken up by retinal cells, and
partially reduced the amount of storage material, partially corrected the
dysregulation of lysosomal proteins, decreased the expression of SQSTM1/p62
and attenuated reactive microgliosis and astrogliosis. However, the treatment
did not rescue retinal cell types from degeneration. Compared to the cell-based
approach, the gene therapy approach resulted in higher amounts of CTSD
protein and a higher CTSD enzymatic activity in the mutant retinas. In line with
these data, accumulation of storage material was almost completely prevented,
lysosomal proteins were expressed at almost normal levels, and upregulation
of SQSTM1/p62 was prevented. More importantly, we found a significant
preservation of the retinal morphology. The gene therapy treatment significantly
delayed the loss of cone and rod photoreceptor cells and rod bipolar cells.

Together, the present thesis provides detailed data about the retinal
phenotype of a mouse model of CLN10 disease at the cellular and molecular
level. The preclinical therapy experiments suggest that gene therapy
represents a promising strategy to treat retinal degeneration in CLN10 disease,
and possibly retinal dystrophies associated with other lysosomal storage
disorders that are caused by dysfunctions of lysosomal enzymes.
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6 Zusammenfassung

Eine Erblindung als Folge einer retinalen Degeneration gehort zu den
charakteristischen Symptomen der Neuronalen Ceroid-Lipofuszinose (NCL).
Die Haufigkeit von Erblindungen und die Identifizierung von NCL Patienten mit
nicht-syndromalen retinalen Dystrophien zeigt, dass die Netzhaut besonders
empfindlich auf lysosomale Dysfunktionen reagiert. Die CLN10 Erkrankung,
auch als kongenitale NCL bekannt, ist die fatalste NCL Form und wird durch
Mutationen in dem Gen verursacht, das fur das lysosomale Enzym Cathepsin
D (CTSD) kodiert. Um auf molekularer und zellularer Ebene Einblicke in retinale
Dystrophien zu erhalten, die durch Mutationen im CTSD Gen verursacht
werden, wurde in der vorliegenden Arbeit eine detaillierte Analyse des retinalen
Phanotyps einer Ctsd knockout (Ctsd ko) Maus durchgefuhrt, einem Tiermodell
fur die CLN10 Erkrankung. Die retinale Degeneration in dieser Mutante war
durch eine frUh beginnende Akkumulation von Speichermaterial, einer
signifikanten Dysregulation verschiedener lysosomaler Proteine und einer
Hochregulation des Autophagie Markers SQSTM1/p62 charakterisiert. Auf der
zellularen Ebene war ein sehr friher Verlust von Zapfen-Photorezeptoren, und
eine nachfolgende Degeneration von Stabchen-Photorezeptoren, Zapfen- und
Stabchen-Bipolarzellen, Ganglienzellen und Amakrinzellen zu beobachten. Die
schnell fortschreitende Degeneration der verschiedenen retinalen Zelltypen
war von einer massiven reaktiven Mikrogliose und Astrogliose begleitet.

Die Ergebnisse der phanotypischen Analyse der Ctsd ko Retina wurden in
der vorliegenden Arbeit als Referenzdaten fur Experimente genutzt, in denen
die Auswirkungen einer kontinuierlichen Administration einer enzymatisch
aktiven CTSD Variante auf das Fortschreiten der retinalen Dystrophie
untersucht wurde. Eine funktionale CTSD Variante wurde mittels intravitrealer
Transplantationen einer CTSD Uberexprimierenden neuralen Stammzelllinie
(CTSD-NSCs) oder intravitrealen Injektionen eines fur CTSD kodierenden
Adeno-assoziierten Virus (AAV) Vektors (scAAVshH10-CTSD) in die Ctsd ko
Netzhaut eingeschleust. Injektionen einer Ctsd ko NSC Linie (ko-NSCs) oder
eines fur “green fluorescent protein” kodierenden AAVs (scAAVshH10-GFP) in
die kontralateralen Augen dienten als Kontrolle. Das von den transplantierten
CTSD-NSCs abgegebene CTSD wurde von retinalen Zelltypen aufgenommen,
und bewirkte eine partielle Abnahme des Speichermaterials, eine partiell
korrigierte Expression von lysosomalen Proteinen, eine verminderte
Expression von SQSTM1/p62 und eine Abschwachung der reaktiven
Mikrogliose und Astrogliose. Allerdings konnte die Behandlung die
Degeneration retinaler Zellen nicht verhindern. Verglichen zu diesem Zell-
basierten Ansatz konnten mit der Gentherapie in der Retina der Mutante
grolRere Mengen an CTSD Protein und eine hohere enzymatische Aktivitat von
CTSD nachgewiesen werden. In Einklang mit diesen Daten war die
Akkumulation von Speichermaterial fast vollstandig inhibiert, die
Expressionsstarken der lysosomalen Proteine fast vollstandig normalisiert und
die Hochregulation von SQSTM1/p62 nicht mehr nachweisbar.
Interessanterweise war die retinale Morphologie in einem signifikanten Umfang
erhalten. Durch die gentherapeutische Behandlung konnte eine signifikante
Verzogerung der Degeneration von Zapfen- und Stabchen-Photorezeptoren
und Stabchen-Bipolarzellen erreicht werden.
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Insgesamt wurden in der vorliegenden Arbeit detaillierte Daten zum
retinalen Phanotyp eines Mausmodells fur die CLN10 Erkrankung auf zellularer
und molekularer Ebene erhoben. Die praklinischen Therapieexperimente
deuten an, dass eine Gentherapie eine vielversprechende Strategie darstellt,
um eine retinale Degeneration bei der CLN10 Erkrankung - und moglicherweise
bei anderen lysosomalen Speichererkrankungen, die durch Dysfunktionen
lysosomaler Enzyme verursacht werden - zu behandeln.
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7 List of abbreviations

AAV adeno-associated virus

AD astrocyte differentiation

ANOVA analysis of variance

AS astrocytes

ATP13A2 ATPase Type 13A2

BSA bovine serum albumin

BSD blasticidin

CAG chicken B-actin promoter

CD68 cluster of differentiation 68

CLP curvilinear profiles

CMV cytomegalovirus

CNS central nervous systems

CNTF ciliary neurotrophic factor

CSF cerebrospinal fluid

CTG cardiotopography

CTSD cathepsin D

CTSF cathepsin F

CTSZ cathepsin X/ZP

DAPI 4’ 6-diamidino-2-phenylindole
DMEM Dulbecco’s modified Eagle’s medium
ECT encapsulated cell technology
EDTA ethylenediaminetetraacetic acid
EEG electroencephalogram

EF1a elongation factor1 a

EGFP enhanced green fluorescent protein
ERT enzyme replacement therapy
ERG electroretinogram

FACS fluorescence activated cell sorting
FPP fingerprint profiles

GAPDH Glyceraldehyde 3-phosphate dehydrogenase



GC

gcl
GFAP
GFP
GRN
GRODs
GS
HEK
HEPES
HEXB
IBA1
ICC
iCTSD
IHC

inl
IRES
KCTD7

ko
LAMP1
LAMP2
LC3-II
LSDs
M6P
MAP2
mCTSD
MeCP2
mnd
MRI
MSCs
mTORC1
NCLs

Golgi complex

ganglion cell layer

glial fibrillary acidic protein

green fluorescent protein

progranulin

granular osmiophilic deposits
glutamine-synthetase

human embryonic kidney

hydroxyethyl piperazineethanesulfonic acid
hexosaminidase B

ionized calcium-binding adapter molecule 1
immunocytochemistry

intermediate cathepsin D
immunohistochemistry

inner nuclear layer

internal ribosome entry site

potassium channel tetramerization domain-
containing protein 7

knockout

lysosomal-associated membrane protein 1
lysosomal-associated membrane protein 2
microtubule-associated protein 1 light chain 3-I
lysosomal storage disorders
mannose-6-phosphate
microtubule-associated protein 2

mature cathepsin D

methyl-CpG-binding protein 2

motor neuron degeneration

magnetic resonance imaging
mesenchymal stem cells

mammalian target of rapamycin complex 1

neuronal ceroid lipofuscinoses
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NEAA
NO

NS
NSCs
onl

P

PA
PCR
pCTSD
PKCa
PMSF
PPT1
RER
RGCs
RIPA
RLC
RPE
saposin A
saposin D
sc
SCGN
SDS
SCMAS
SQSTM1
TFEB
TPP1
WB

wt

non-Essential Amino Acids
neurotoxic nitric oxide

neural stem cells

neural stem cells

outer nuclear layer

postnatal day
paraformaldehyde

polymerase chain reaction
pro-cathepsinD

protein kinase C-alpha
phenylmethylsulfonyl fluoride
palmitoyl-protein thioesterase
rough endoplasmic reticulum
retinal ganglion cells
radioimmunoprecipitation assay
rectilinear complex

retinal pigment epithelium
sphingolipid activator protein A
sphingolipid activator protein D
self-complementary
secretagogoin

sodium dodecyl sulfate
subunit ¢ of mitochondrial ATP synthase
sequestosome 1

transcription factor EB
tripeptidyl peptidase 1
western blot

wild-type
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Abstract: Vision loss is among the characteristic symptoms of neuronal ceroid lipofuscinosis (NCL),
a fatal neurodegenerative lysosomal storage disorder. Here, we performed an in-depth analysis
of retinal degeneration at the molecular and cellular levels in mice lacking the lysosomal aspartyl
protease cathepsin D, an animal model of congenital CLN10 disease. We observed an early-onset
accumulation of storage material as indicated by elevated levels of saposin D and subunit C of the
mitochondrial ATP synthase. The accumulation of storage material was accompanied by reactive
astrogliosis and microgliosis, elevated expression of the autophagy marker sequestosome 1/p62
and a dysregulated expression of several lysosomal proteins. The number of cone photoreceptor
cells was reduced as early as at postnatal day 5. At the end stage of the disease, the outer nuclear
layer was almost atrophied, and all cones were lost. A significant loss of rod and cone bipolar cells,
amacrine cells and ganglion cells was found at advanced stages of the disease. Results demonstrate
that cathepsin D deficiency results in an early-onset and rapidly progressing retinal dystrophy that
involves all retinal cell types. Data of the present study will serve as a reference for studies aimed at
developing treatments for retinal degeneration in CLN10 disease.

Keywords: bipolar cells; ganglion cells; lysosomal storage disorder; neuronal ceroid lipofuscinosis;
photoreceptor cells; retinal degeneration; storage material

1. Introduction

Neuronal ceroid lipofuscinosis (NCL) comprises a group of mainly recessively in-
herited neurodegenerative lysosomal storage diseases usually starting in childhood [1-3].
While NCLs represent a genetically heterogeneous group of disorders, they are all charac-
terized by the intracellular accumulation of autofluorescent storage material as a result of
lysosomal dysfunction. The storage material, also termed ceroid, is composed of proteins,
lipids, dolichols and metals [4]. Depending on the specific NCL form, the subunit ¢ of
mitochondrial ATP synthase (SCMAS) or sphingolipid activator proteins saposin A and D
are major protein components of the storage material [4,5].

Originally classified mainly by the age at disease onset and ultrastructural characteris-
tics of the storage material, NCLs are now grouped according to the affected gene [2,6,7].
To date, about 500 mutations (https:/ /www.ucl.ac.uk/ncl-disease/mutation-and-patient-
database/mutation-and-patient-datasheets-human-ncl-genes; accessed on 21 March 2021)
in 13 different genes have been shown to cause different NCL forms (CLN1-8 and CLN10-
CLN14) [7,8]. The identification of patients presenting with a NCL-like pathology but
harboring no mutation in any of the currently known NCL-related genes suggests the
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presence of additional genetically distinct forms [9]. The majority of patients affected
by lysosomal storage disorders (LSDs), including NCLs, present with clinical symptoms
that are neuronal in origin, such as brain atrophy, seizures, cognitive deterioration and
retinopathy [10,11].

CLN10 disease is caused by mutations in the gene encoding the lysosomal enzyme
cathepsin D (CTSD), a ubiquitously expressed aspartyl protease [12,13]. To date, at least
12 different pathogenic mutations have been identified in the CTSD gene [14]. In addition
to the critical role of the enzyme in the degradation of autophagic material in lysosomes,
CTSD has been implicated in diverse other functions, including the activation and degra-
dation of hormones and growth factors, activation of enzyme precursors, processing of
brain antigens and regulation of apoptosis [15,16]. Loss-of-function mutations in the CTSD
gene cause congenital NCL, the most severe NCL variant with prenatal disease onset and
death within days or weeks after birth. Affected patients present with a severe phenotype,
including skull and brain deformation, microcephaly, seizures and respiratory insuffi-
ciency [14,17-19]. Patients harbouring mutations in the CTSD gene resulting in decreased
CTSD enzymatic activity, in comparison, present with an infantile or juvenile disease
onset and a milder and more slowly progressing phenotype [20-22]. At the cellular level,
pronounced neurodegeneration in CLN10 patients is accompanied by reactive astrogliosis,
reactive microgliosis and demyelination. The inspection of brain biopsies and extraneural
tissues, such as skin or muscle, revealed the presence of storage material displaying the
ultrastructure of granular osmiophilic deposits (GRODs) [17,185,20,21].

Naturally occurring and transgenic animal models carrying mutations in the Cfsd gene
display many phenotypic similarities to affected patients [23,24]. Similar to CLN10 patients,
the severity of the phenotype correlates with the level of residual enzyme activity [25-28].
Cathepsin D knockout (Ctsd ko) mice are born viable and initially develop normally [25].
However, mutant mice start to accumulate SCMAS- and saposin D-containing storage
material in different tissues early during development [29,30]. At 2 weeks of age, Ctsd
ko mice display a progressive regression of visceral organs. In the brain, pronounced
neurodegeneration becomes apparent during the third postnatal week and is accompanied
by seizures, ataxia and bradykinesia. Reactive astrogliosis and microgliosis and progressive
neuronal loss in different brain regions are accompanied by an accumulation of storage
material with the ultrastructure of GRODs and fingerprint profiles [25,31-33]. The rapidly
progressing phenotype of mutant mice ultimately results in premature death in the fourth
postnatal week [25]. Together, findings demonstrate that the Ctsd ko mouse recapitulates
many of the characteristic pathological features of congenital CLN10 disease.

Progressive visual impairment as a result of retinal degeneration is among the char-
acteristic clinical symptoms of most NCLs [13,34]. Ophthalmic examinations of CLN10
patients with an infantile or juvenile disease onset revealed the deterioration of the retinal
function and retinal structure with similarities to retinitis pigmentosa, as assessed by elec-
troretinogram recordings and fundus examinations, respectively [20-22,35]. A follow-up
examination of one of these patients revealed retinal atrophy at advanced stages of the
disease, demonstrating the progressive nature of retinal degeneration in CLN10 [20]. Reti-
nal degeneration is also among the pathological features of Ctsd ko mice [29,36]. Retinal
degeneration in the mutant starts around postnatal day (P) 12, resulting in almost complete
loss of photoreceptor cells at P25, shortly before the animal’s death [36]. Data on the
progression of the retinal dystrophy, the different retinal cell types affected by the cathepsin
D deficiency, and the molecular changes associated with the severe retinal pathology in this
animal model are, however, limited. We, therefore, performed an in-depth analysis of the
retinal phenotype of Ctsd ko mice, and quantified the thinning of different retinal layers,
the progressive loss of various retinal cell types and the dysregulation of various lysosomal
proteins. Results will serve as a reference for preclinical studies aimed at evaluating the
efficacy of therapeutic strategies for the treatment of retinal degeneration in CLN10 disease.
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2. Materials and Methods
2.1. Animals

Cathepsin D knockout (Ctsd ko) mice [25] on a C57BL/6] genetic background were
obtained from heterozygous breeding pairs. Heterozygous mice displayed no pathological
phenotype, in line with other studies [25,29]. We, therefore, used wild-type and heterozy-
gous littermates as controls. Mice were genotyped using polymerase chain reaction and
housed under standard conditions with ad libitum access to water and food in the animal
facility at the University Medical Center Hamburg-Eppendorf (Hamburg, Germany).

2.2. Immunohistochemistry

Ctsd ko mice have a life expectancy of only around 26 days [25]. In the present study,
we analysed retinas from 5-, 10-, 15-, 20-, 25-day-old Ctsd ko and age-matched wild-type
or heterozygous mice of both sexes. Eyes were enucleated and fixed overnight in 4%
paraformaldehyde (PA; Carl Roth GmbH, Karlsruhe, Germany) in phosphate buffered
saline (PBS; pH 7.4). After cryoprotection with an ascending series of sucrose, eyes were
frozen in Tissue-Tek (Sakura Finetek, Zouterwoude, The Netherlands) and serially sec-
tioned with a cryostat (LEICA CM 1950, Leica Biosystems Nussloch GmbH, Nussloch,
Germany) at a thickness of 25 pm, blocked in PBS (pH 7.4) containing 0.1% bovine serum
albumin (BSA) and 0.3% Triton X-100 (both from Sigma-Aldrich Corp., St. Louis, MO,
USA), incubated with primary antibodies (see Table 1) overnight, washed and incubated
with appropriate Cy3-conjugated secondary antibodies (all diluted 1:200; all from Jack-
son Immunoresearch Laboratories, West Grove, PA, USA; research resource identifiers
(RRIDs): donkey anti-rat Cy3: AB_2340666; donkey anti-rabbit Cy3: AB_2307443; donkey
anti-goat Cy3: AB_2307351; donkey anti-sheep Cy3: AB_2315778; donkey anti-mouse Cy3:
AB_2340813). Cone photoreceptor cells were labelled with biotinylated peanut agglutinin
(PNA; 1:5000; Vector Laboratories, Burlingame, CA, USA) and Cy3-conjugated streptavidin
(1:500; Jackson Immunoresearch Laboratories; RRID: AB_2337244). Preparations of retina
flatmounts and immunostainings of retinal ganglion cells with antibodies to brain-specific
homeobox/POU domain protein-3A (BRN-3A) were performed as described in [37,38].
Sections and flatmounts were stained with 4/, 6-diamidino-2-phenylindole (DAPI; Sigma-
Aldrich) before mounting. Specificity of primary antibodies was controlled in immunoblot
analyses of retina extracts and /or the localization and morphology of labelled cells. To
control the specificity of secondary antibodies, incubation of some retina sections with
primary antibodies was omitted in each experiment.

2.3. Retina Thickness Measurements and Cell Counting

Optical sections with a thickness of 0.24 um were taken from entire central retina
sections using an AxioObserverZ.1 microscope equipped with an ApoTome.2 (Zeiss,
Oberkochen, Germany) and ZEN2.3 software. The thickness of the entire retina, the
outer retina (i.e., from the outer plexiform layer to the retinal pigment epithelium (RPE))
and the inner nuclear layer was measured at 18 equidistant positions between the nasal and
temporal retina periphery using Fiji Image | 1.51 s software (Rasband, W.S., U.S. National
Institutes of Health, Bethesda, MD, USA).
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Table 1. Primary antibodies.
Antigen Dilution Company/Reference Catalog Number RRID
brain-specific homeobox/POU 4 Santa Cruz Biotechnology Inc., Santa
domain protein 3A (BRN-3A) 1200 Cruz, CA, USA Sc-31984 ARZ167511
calbindin 1:2000 Sigma-Aldrich, St. Louis, MO, USA C 9848 AB_476894
cathepsin D (CTSD) 1:2000 Santa Cruz Biotechnology, Inc. Sc-6486 AB_637896
cathepsin X/Z/P (CTSZ) 1:100 R&D Systems GmbH AF1033 AB_2088116
cluster of differentiation 68 i Bio Rad Laboratories, Kidlington,
(CD6R) 1:1000 UK MCA1957 AB 322219
arrestin 1:5000 Millipore, Temecula, CA, USA AB15282 AB_1163387
glial fibrillary acidic protein 1:500 Dako Cytomation GmbH, Hamburg, 70334 AB_ 10013382
(GFAP) Germany
ionized calcium-binding adapter 1:500 Wako Chemicals GmbH, Neuss, 019-19741 AB._839504
molecule 1 (IBA1) Germany
lysosomal-associated membrane ’ :
protein 1 (LAMP1) 1:2000 Santa Cruz Biotechnology, Inc. Sc-19992 AB_2134495
lysosomal-associated membrane 5 Developmental Studies Hybridoma
protein 2 (LAMP2) 1:200 Bank, lowa City, A, USA ABL93 AB_2134767
protein kinase C alpha (PKCa) 1:500 Santa Cruz Biotechnology, Inc. Sc-208 AB_2168668
recoverin 1:3000 Milllipore, Temecula, CA, USA AB5585 AB_2253622
saposin D 1:4000 Konrad Sandhcigf(,)lBo nm; Germany. N/A N/A
secretagogin (SCGN) 1:2000 BioVendor Researchand Disgnostic' . pryg410m09 AB_2034062
Products
sequestosome 1/p62 i Enzo Life Sciences GmbH, Lorrach, ;
(SQSTM1/p62) 1:1000 Germany BML-PW9860 AB_2196009
subunit ¢ of mitochondrial ATP F
synthase (SCMAS) 1:1000 Abcam, Cambridge, UK Ab181243 N/A

N/A, not available; RRID, research resource identifier.

Rows of photoreceptor cell nuclei were counted in both the temporal and nasal retina
close to the optic disc in sections stained with DAPI and antibodies to recoverin. BRN-3A-
positive ganglion cells and calbindin-positive horizontal cells with a clearly visible nucleus
were counted in entire retina sections, and their numbers per 1000 pm retina length were
calculated. The density of ganglion cells in retinal flatmounts was determined as described
in [37,38]. Numbers of arrestin-positive cone photoreceptor cells, protein kinase C alpha
(PKCew)-positive rod bipolar cells and secretagogin (SCGN)-positive cone bipolar cells with
a clearly visible nucleus were determined in three equidistant areas between the retina
periphery and the optic disc in both the temporal and nasal retina, each with a width of 250
um. PNA-labelled cone inner segments in P10 and older retinas were counted in the same
areas, provided they were in direct contact with the outer nuclear layer to exclude obliquely
oriented inner and outer segments from neighbouring optical sections from the analysis.
In P5 retinas, all of the developing and very short PNA-positive inner and outer segments
were considered. The density of ionized calcium-binding adapter molecule 1 (IBA1)-
positive microglia cells was determined in the inner retina (i.e., from the inner nuclear layer
to the vitreal margin) and the outer retina. All thickness measurements and cell counting
were performed in a blinded manner on at least six animals of each genotype and age (i.e.,
10-, 15-, 20- and 25-day-old animals) unless stated otherwise. Statistical analyses of cell
numbers determined in retina sections were performed using the two-way ANOVA with
“age” and “genotype” as between-group factors followed by a Bonferroni post hoc test
using Prism 5.02 software (GraphPad Software, San Diego, CA, USA). Statistical analyses
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of ganglion cell numbers in retinal flatmounts and numbers of PNA-labelled cones in
P5 retina sections were performed with an unpaired Student’s t-test. Retinal thickness
measurements were analysed using a mixed three-way ANOVA with “genotype” and
“age” as between-group factors and “distance from the optic nerve head” as within-group
factor followed by a Bonferroni post hoc test for the interaction between “genotype” and
“age"” using Statistica 7 software (StatSoft, Inc., Tulsa, OK, USA).

3. Results

Ctsd ko mice display an early-onset and rapidly progressing phenotype characterized
by lymphopenia, intestinal necrosis, loss of body weight, brain atrophy, motor impairment
and retinal degeneration, and die around P26 [25,29,36]. To obtain detailed information on
the progression of the retinal pathology, we analysed the retinal phenotype of this mouse
model of CLN10 disease at the molecular and cellular levels.

3.1. Progressive Thinning of Ctsd ko Retinas

The inspection of central retina sections stained with DAPI revealed an apparently
normal histology of the Ctsd ko retina at P5 and P10 (Figure 1Ab,Ac). A significant thinning
of the Ctsd ko retina became evident at P15 (Figure 1Ad), and was pronounced at P20
and P25 (Figure 1Ae Af, respectively). At the latter ages, the outer nuclear layer was
almost completely atrophied when compared with age-matched control retinas (for a P25
control retina, see Figure 1Ag). We next determined the thickness of the entire retina, the
outer retina (i.e., from the outer plexiform layer to the RPE) and the inner nuclear layer
to quantify the progression of the retinal dystrophy in Ctsd ko mice, and to obtain hints
whether retinal cell types other than photoreceptor cells are affected in the mutant retina
(Figure 1B). There was a significant effect of the interaction among the “distance from optic
nerve head”, “genotype” and “age” for the thickness measurements of the entire retina
(F51, 680 = 2.04, p < 0.001) and the outer nuclear layer (Fs;, ¢80 = 3.65, p < 0.001), but not
the inner nuclear layer (Fs;, 650 = 0.94, p > 0.05). Interactions between “genotype and age”
were significant for all thickness measurements (entire retina: (F3 4 = 58.02, p < 0.001);
outer nuclear layer: (F; 40) = 94.17, p < 0.001); inner nuclear layer: (F3 39 = 10.41, p < 0.001).
The Bonferroni post hoc test revealed no significant differences in the thickness of the
entire retina (Figure 1Ba), the outer nuclear layer (Figure 1Bb) or the inner nuclear layer
(Figure 1Bc) between 10-day-old mutant and age-matched wild-type mice. However, the
thickness of the entire retina, outer nuclear layer and inner nuclear layer was significantly
decreased when compared to age-matched wild-type mice at P15 (p < 0.001), P20 (p < 0.001)
and P25 (p < 0.001), as indicated by the Bonferroni post hoc test (Figure 1Ba-Bc).
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Figure 1. Progressive thinning of the Ctsd ko retina. (A) Retina sections from Ctsd ko mice at different ages (b—f) demonstrate
a rapidly progressing retinal dystrophy in the mutant. Retinas from 5- (a) and 25-day-old control mice (g) are shown for
comparison. (B) Quantitative analyses revealed no significant thinning of the entire retina (Ba), outer retina (Bb) or inner
nuclear layer (Bc) in 10-day-old Ctsd ko mice when compared with age-matched control mice. Significant thinning of
the entire retina (Ba), outer retina (Bb) and inner nuclear layer became apparent in 15-day-old Ctsd ko mice and further
progressed with increasing age of the mutants (i.e., P20 and P25). For reasons of clarity, only data for selected ages are
shown in (B). cn, control; gcl, ganglion cell layer; inl, inner nuclear layer; ko, knock-out; ONH, optic nerve head; onl, outer
nuclear layer; P, postnatal day. Scale bar: 50 um.

3.2. Reactive Microgliosis and Astrogliosis

To investigate the impact of CTSD deficiency on microglia cells/macrophages, retina
sections were stained with anti-IBA1 and anti-cluster of differentiation 68 (CD68) antibodies.
In the inner retina of 5-day-old control retinas (Figure 2Aa), the density of IBA1-positive
cells was higher than in age-matched Ctsd ko retinas (Figure 2Ab). Quantitative analyses
showed that the density of IBAT1-positive cells in control mice was also increased in the
inner retina, but not in the outer retina, at P10 (Figure 2B). At P15, we found a pronounced
increase in the number of IBA1-positive cells in the mutant, with 362.7 + 21.8 (mean + SEM)
positive cells/mm? in the outer retina and 380.6 + 28.4 positive cells/mm? in the inner
retina compared to 41.8 + 2.5 and 98.2 -+ 4.6 positive cells/mm? in the outer and inner retina
of the control mice, respectively (Figure 2Ac,Ad,B; p < 0.001 for both comparisons; two-way
ANOVA). Similar numbers of IBA1-positive cells were found in the retinas of older Ctsd
ko mice with the only exception of the outer retina, where the density of IBA1-positive
cells decreased significantly between P20 and P25 (p < 0.001; Figure 2Ae,Af,B). CD68-
positive microglia/macrophages became detectable in the inner retina of 5-day-old mutants
(Figure 2Ah). In older mutants, CD68-positive cells were found throughout all retinal
layers, including the outer nuclear layer, and were also frequently found in the subretinal
space (for P15 and P25 Ctsd ko retinas, see Figure 2Aj,Al, respectively). CD68-positive cells
were essentially absent from control retinas at all ages analysed (Figure 2Ag,Ai,Ak).
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Figure 2. Reactive microgliosis and astrogliosis in Ctsd ko retinas. (A) At P5, IBAl-positive microglia cells were more
numerous in control retinas (Aa) than in mutant retinas (Ab), while at P15 and P25, the density of IBAl-positive cells was
markedly increased in mutant retinas (Ad and Af, respectively) when compared with age-matched control retinas (Ac,Ae,
respectively). CD68-positive cells were confined to the inner retina of mutant mice at P5 (Ah), and increased in number and
became additionally detectable in the outer nuclear layer and subretinal space of P15 (Aj) and P25 (Al). Control retinas
were almost devoid of CD68-positive cells at all ages analysed (Ag,Ai,Ak). Expression of GFAP in control (Am,Ao0,Aq) and
P5 mutant retinas (An) was confined to retinal astrocytes. In P15 (Ap) and P25 (Ar) Cfsd ko retinas, expression levels of
GFAP were markedly elevated in retinal astrocytes, and Miiller cells were strongly GFAP-immunoreactive. (B) The density
of IBA1-positive cells in the outer and inner retina of control (open bars) and Cfsd ko mice (filled bars) at different ages.
Each bar represents the mean value (SEM) of 6 animals. n.s., not significant; **, p < 0.01; ***, p < 0.001, two-way ANOVA.
CD68, cluster of differentiation 68; cn, control; gcl, ganglion cell layer; GFAP, glial fibrillary acidic protein; IBA1, ionized
calcium-binding adapter molecule 1; inl, inner nuclear layer; ko, knock-out; onl, outer nuclear layer; P, postnatal day. Scale
bar: 100 pm.

The expression of glial fibrillary acidic protein (GFAP) in the control retinas was
confined to retinal astrocytes at all ages analysed (Figure 2Am,A0,Aq). A similar expression
pattern of GFAP was observed in 5-day-old mutant retinas (Figure 2An). In P10 Ctsd ko
retinas, a few Miiller cell processes were GFAP-positive, and GFAP expression in retinal
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astrocytes was elevated compared to the control retinas (Figure S1). In older Cisd ko
mice, the expression levels of GFAP in retinal astrocytes were massively increased, and
Miiller cells were strongly GFAP-immunoreactive (for 15- and 25-day-old retinas; see
Figure 2Ap,Ar, respectively).

3.3. Accumulation of Storage Material and Dysrequlation of Lysosomal Proteins

To analyse the accumulation of storage material in Ctsd ko retinas, we performed
immunostainings with antibodies to SCMAS and saposin D (Figure 3). The levels of both
SCMAS (Figure 3b) and saposin D (Figure 3h) were elevated in Ctsd ko mice as early as at
P5 when compared with the age-matched control retinas (Figure 3a,g, respectively), and fur-
ther increased with the increasing age of the animals (Figure 3). SCMAS-immunoreactivity
gradually shifted from inner retinal layers at P5 (Figure 3b) towards the outer retina at P15
(Figure 3d) and P25 (Figure 3f). The accumulation of saposin D also started preferentially in
the inner retina and was particularly pronounced in the ganglion cell layer (Figure 3h). In
older mutants, high levels of saposin D immunoreactivity were also observed in outer reti-
nal layers (Figure 3j,1). Elevated levels of saposin D in mutant RPE cells were particularly
evident at P25 (Figure S2). Compared to Ctsd ko retinas, levels of SCMAS- and saposin
D-immunoreactivity in the control retinas were low at all ages analysed (Figure 3).

cn, P5 | Ctsd ko, P5 |cn, P15 Ctsd ko, P15 |cn, P25 | Ctsd ko, P25

SCMAS

saposin D

.-.-. gd
f

onl
inl

Figure 3. Accumulation of SCMAS and saposin D in Ctfsd ko retinas. Levels of SCMAS and saposin D were moderately

increased in P5 Ctsd ko retinas (b,h, respectively) when compared with age-matched control mice (a,g, respectively). A
marked increase in SCMAS- and saposin D-immunoreactivity was observed in 15- (d,j, respectively) and 25-day-old mutant

retinas (f,1, respectively) when compared to the corresponding control retinas (¢,e,i k). cn, control; gel, ganglion cell layer;

inl, inner nuclear layer; ko, knock-out; onl, outer nuclear layer; P, postnatal day; SCMAS, subunit ¢ of mitochondrial ATP

synthase. Scale bar: 100 um.

Next, we analysed the expression of the lysosomal proteins, lysosomal-associated
membrane protein 1 (LAMP1) and lysosomal-associated membrane protein 2 (LAMP2;
Figure 4). Elevated levels of LAMP1 and LAMP2 in Ctsd ko mice were evident as early
as at P5 when compared with the control mice (compare Figure 4b with Figures 4a and
4h with Figure 4g, respectively). At this age, prominent LAMP1 and LAMP2 expression
was particularly evident in the inner retina. In older Ctsd ko retinas, increased expression
levels of both proteins were also apparent in outer retinal layers (for 15- and 25-day-old
Ctsd ko retinas; see Figure 4d,j and Figure 4f,1, respectively). In addition, there was a
pronounced increase in LAMP2 in P25 Ctsd ko RPE cells (Figure S2). The expression levels
of the lysosomal enzyme cathepsin X/Z/P (CTSZ) were also elevated in Cisd ko retinas
at P5, particularly in the inner retina (compare Figure 4m,n). As the retinal pathology
advanced, levels of CTSZ further increased, and also became prominent in the outer retina
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(Figure 4p,r) and the RPE (Figure S2). Age-matched control retinas were almost devoid of
CTSZ immunoreactivity (Figure 40,q).

cn, P5 | Ctsd ko, P5 |cn, P15 | Ctsd ko, P15 |cn, P25 | Ctsd ko, P25
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LAMP2 LAMP1

CTSZ

Figure 4. Dysregulation of lysosomal proteins in the Ctsd ko retina. LAMP1 (b), LAMP2 (h) and CTSZ (n) were moderately
upregulated mainly in the ganglion cell layer and inner plexiform layer of P5 Ctsd ko mice when compared with age-
matched control retinas (a,g,m, respectively). Expression levels of LAMP1, LAMP2 and CTSZ were further increased in P15
Ctsd ko retinas (d,j,p, respectively), and were prominent in all retinal layers of P25 mutant mice (f,1r, respectively) when
compared with the corresponding control retinas (c,e,i,k,0,q). Note the presence of strongly CTSZ-immunoreactive cells in
mutant retinas at all ages analysed. cn, control; CTSZ, cathepsin X/Z/P; gcl, ganglion cell laver; inl, inner nuclear layer; ko,
knock-out; LAMP1, lysosomal-associated membrane protein 1; LAMP2, lysosomal-associated membrane protein 2; onl,

outer nuclear layer; I, postnatal day. Scale bar: 100 pm.

3.4. Expression of the Autophagy Marker SQSTM1/p62

In 5- and 10-day-old Ctsd ko retinas, sequestosome 1/p62 (SQSTM1/p62)-positive
punctae were mainly confined to the outer nuclear layer (Figure 5a,b). In older Ctsd
ko mice, in comparison, the expression of SQSTM1/p62 was mainly restricted to the
inner nuclear layer (Figure 5¢c-€), where immunoreactive punctae became progressively
more prominent with the increasing age of the animals. At P25, SQSTM1/p62 became
additionally detectable in the ganglion cell layer (Figure 5e). No SQSTM1/p62 expression
was found in the control retinas at any age analysed (for a P25 control retina, see Figure 5f).
Of note, double immunostainings with antibodies to SQSTM1/p62 and LAMP2 revealed
negligible co-localization of both proteins (Figure 5g-i), suggesting the localization of
SQSTM1/p62 in early autophagic vesicles which have not yet fused with lysosomes.
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Figure 5. Expression of SQSTM1/p62 in Ctsd ko retinas. SQSTM1/p62-immunoreactive punctae in P53 (a) and P10 Ctsd ko

retinas (b) were mainly restricted to the outer nuclear layer. In 15- (¢), 20- (d) and 25- (e) day-old mutants, in comparison,

expression of the autophagy marker was mainly confined to the inner nuclear layer. SQSTM1/p62-positive punctae were
not detectable in retinas from control mice (for a P25 retina, see (f)). SQSTM1/p62 (g) and LAMP2 (h) showed hardly any

co-localization (white arrowheads in g-i) in P15 Ctsd ko retinas. cn, control; gcl, ganglion cell layer; inl, inner nuclear layer;

ko, knock-out; LAMP2, lysosomal-associated membrane protein 2; onl, outer nuclear layer; P, postnatal day; SQSTM1/p62,

sequestosome 1/p62. Scale bar in (f): 100 pm; in (i): 50 pm.

3.5. Progressive Loss of Multiple Retinal Cell Types

Morphometric analyses of Ctsd ko retinas revealed a pronounced and rapidly pro-
gressing thinning of all retinal layers (Figure 1), suggesting the degeneration of multiple
retinal cell types in the mutant retina. We, therefore, used a panel of cell type-specific
markers to identify the retinal cell types affected by the CTSD deficiency and determined
the time course of their degeneration.

3.5.1. Rod and Cone Photoreceptor Cells

In the mouse retina, cone photoreceptor cells comprise only about 3% of all photore-
ceptors, while the rest are rod photoreceptors [40]. To analyse whether cones and rods
are differentially affected in the mutant, we stained retina sections with antibodies to
cone-arrestin or with the lectin peanut agglutinin to specifically visualize cones. Remark-
ably, PNA staining revealed a significantly reduced number of cones in Ctsd ko retinas
already at P5, with 29.8 + 3.5 (mean 4 SEM) cones/250 pm retina length in mutant retinas
compared to 42.4 & 3.4 cones /250 um in age-matched control retinas (p < 0.05, Student’s
t-test; Figure S3). The determination of cone numbers in P5 retinas with anti-cone-arrestin
antibodies was impossible due to the weak expression of the antigen at this early age. How-
ever, immunostainings of 10-day-old Ctsd ko retinas with anti-cone-arrestin antibodies
confirmed a reduced density of cones (Figure 6Ab) when compared with age-matched
control retinas (Figure 6Aa). Quantitative analyses revealed that the number of cones
was reduced by more than 50% in the mutant at this age, with 9.0 £ 0.8 cones/250 um
retina length in Cfsd ko retinas as compared to 19.1 = 0.6 cones /250 pm in control retinas
(p < 0.001; two-way ANOVA; Figure 6Ba). Of note, Cfsd ko retinas were completely devoid
of arrestin-positive cones at P25 (Figure 6Ad,Ba). Analyses of PNA-labelled retinas at P10
and P15 (Figure S4A) confirmed the data obtained with anti-arrestin antibodies. At P10 and
P15, mutant retinas contained 8.4 + 0.9 and 1.6 &+ 0.4 PNA-labelled cones /250 um retina
length, respectively, while control retinas contained 17.8 = 0.6 and 16.1 £ 0.5 PNA-labelled
cones /250 pum, respectively (p < 0.001 for both comparisons; Figure S4B). In older retinas,
the lectin produced a pronounced background, which made the reliable quantification of
cones impossible.
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Figure 6. Degeneration of cone and rod photoreceptor cells. (A) The density of arrestin-positive cone photoreceptor cells

was markedly reduced in Ctsd ko retinas at P10 (Ab) when compared with age-matched control retinas (Aa). At P25, mutant

retinas were devoid of arrestin-positive cones (Ad; for a control retina, see Ac). (B) Quantitative analyses of mutant (filled
bars) and control retinas (open bars) confirmed a significantly reduced density of cones in 10-day-old Ctsd ko mouse retinas,

and a progressive loss of cones until P25 (Ba). The number of rows of photoreceptor nuclei was similar in Clsd ko (filled

bars) and control retinas (open bars) at P10, but then decreased rapidly in the mutant retinas with increasing age of the

animals (Bb). Each bar represents the mean value (=SEM) of at least 6 animals. n.s., not significant; ***, p < 0.001, two-way

ANOVA. cn, control; gel, ganglion cell layer; inl, inner nuclear layer; ko, knock-out; n.s., not significant; onl, outer nuclear
layer; P, postnatal day. Scale bar: 100 um.

Pronounced thinning of the outer nuclear layer (Figure 1A) additionally indicated a
rapidly progressing loss of rod photoreceptors in the mutant. As rods comprise the vast
majority of photoreceptor cells in the mouse retina, we determined the number of rows of
photoreceptor nuclei at different ages to estimate the time course of rod degeneration. No
significant difference in the number of photoreceptor nuclei was apparent between P10
mutant (10.6 & 0.2 (mean £ SEM) rows) and control retinas (10.6 =+ 0.2 rows; Figure 6Bb).
However, in older mutants, the number of rows of photoreceptor nuclei decreased rapidly,
with only 1.2 + 0.1 rows remaining in mutants at P25 compared to 11.3 + 0.3 rows in
the age-matched control (p < 0.001, two-way ANOVA; Figure 6Bb). The morphological
organization of the RPE as assessed by light microscopy was indistinguishable between
the mutant and control mice until the terminal stage of the disease (Figure S2).

3.5.2. Rod and Cone Bipolar Cells

Significant thinning of the inner nuclear layer of mutant mice (Figure 1Bc) additionally
suggested the degeneration of retinal interneurons. We, therefore, determined the number
of PKCux-positive rod bipolar cells and SCGN-positive cone bipolar cells (Figure 7), and
calbindin-positive horizontal cells (Figure S5) in the mutant and control retinas at different
ages. At P10 and P15, we found similar numbers of rod and cone bipolar cells in the mutant
and control retinas (Figure 7). However, the density of both cell types was significantly
decreased in 20-day-old mutants, with 21.2 = 0.6 (mean = SEM) rod bipolar cells /250 pum
retina length and 29.4 + 1.6 cone bipolar cells/250 um in Ctsd ko retinas compared to
26.8 + 0.8 rod bipolar cells/250 um and 34.5 + 0.4 cone bipolar cells/250 um in control
retinas (p < 0.001 and p < 0.05, respectively, two-way ANOVA; Figure 7B). At P25, rod
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and cone bipolar cell numbers in mutant retinas accounted for only 33.5% and 14.1%,
respectively, of the rod and cone bipolar cell numbers observed in the age-matched control
retinas (Figure 7B). Different to bipolar cells, the number of calbindin-positive horizontal
cells was not significantly altered in mutant retinas at P20 (Figure S5). At this age, Ctsd ko
retinas contained 11.0 & 0.8 (mean + SEM) horizontal cells/mm retina length compared
to 12.0 & 0.5 horizontal cells/mm in control retinas. However, at P25, the density of
horizontal cells was significantly reduced in the mutant (9.2 £ 0.4 horizontal cells/mm)
when compared with the control mice (12.8 = 0.6 horizontal cells/mm; p < 0.001, two-way
ANOVA).
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Figure 7. Degeneration of rod and cone bipolar cells. (A) The density of PKCax-positive rod bipolar cells and SCGN-
positive cone bipolar cells in P10 Ctsd ko mice (Ab,Af, respectively) was similar to that in age-matched control mice
(Aa,Ae, respectively). A pronounced loss of rod and cone bipolar cells was evident in 25-day-old mutant retinas (Ad,Ah,
respectively) when compared with control retinas (Ac,Ag, respectively). (B) Quantitative analyses of mutant (filled bars)
and control retinas (open bars) revealed a significant loss of rod (Ba) and cone bipolar cells (Bb) starting from P20. Each bar
represents the mean value (+-SEM) of 6 animals. n.s., not significant; *, p < 0.05; ***, p < 0.001, two-way ANOVA. cn, control;
gcl, ganglion cell layer; inl, inner nuclear layer; ko, knock-out; onl, outer nuclear layer; I, postnatal day; PKC, protein

kinase C alpha; SCGN, secretagogin. Scale bar: 100 pm.

3.5.3. Retinal Ganglion Cells

Finally, we analysed the impact of CTSD deficiency on retinal ganglion cell (RGC)
survival using anti-BRN-3A antibodies. At P10 (Figure 8Aa,Ab) and P15, the control
and mutant retinas contained similar numbers of ganglion cells (Figure 8Ae). However,
starting from P20, there was a significant loss of ganglion cells of ~12% in Ctsd ko retinas
(37.6 = 1.1 (mean + SEM) RGCs/mm retina length) when compared with the control retinas
(42.8 + 1.8 RGCs/mm; p < 0.05, two-way ANOVA; Figure 8Ae). At P25, the density of
ganglion cells in the mutant was decreased by ~20% (35.0 + 1.1 RGCs/mm) when compared
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with the control (43.7 & 2.2 RGCs/mm; p < 0.001; compare Figure 8Ac-e). These findings
were in line with results obtained from analyses of BRN-3A-stained retinal flatmounts from
25-day-old animals, where we found 3165.1 + 84.9 (mean +SEM) RGCs/ mm? in Ctsd ko
retinas as compared to 4032.3 + 88.6 RGCs/mm? in control retinas, corresponding to a loss
of 21.5% ganglion cells in Ctsd ko mice (p < 0.001; Student’s t-test; Figure 8B).
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Figure 8. Degeneration of retinal ganglion cells. (A) Retina sections from Clsd ko mice contained normal numbers of BRN-

3A-positive ganglion cells at P10 (Ab) but reduced ganglion cell numbers at P25 (Ad) when compared with age-matched

control retinas (Aa,Ac, respectively). Quantitative analyses of retina sections confirmed a significantly decreased RGC
density in Cfsd ko retinas (filled bars in Ae) starting from P20 when compared with age-matched control retinas (open bars in
Ae). n.s., not significant; ¥, p < 0.05; ***, p < 0.001, two-way ANOVA. (B) Analyses of retinal flatmounts from P25 Ctsd ko (Bb)
and control mice (Ba) confirmed a significant loss of ganglion cells in the mutant at this age (Bc). ***, p < 0.001, Student’s
f-test. Each bar in (A,B) represents the mean value (£SEM) of at least 6 animals. BRN-3A, brain-specific homeobox/POU
domain protein 3A; ¢n, control; gel, ganglion cell layer; inl, inner nuclear layer; ko, knock-out; onl, outer nuclear layer; I,

postnatal day. Scale bars: 100 pm.

4. Discussion

CLN10 disease, the most severe NCL form, is caused by dysfunctions of the lysosomal
aspartyl protease CTSD [17,20]. Ctsd ko mice [25] faithfully recapitulate many of the
pathological features observed in CLN10 patients, including retinal degeneration [29,36].
In the present study, we performed a detailed analysis of the retinal dystrophy in Cisd ko
mice to obtain insights into the pathological alterations associated with CTSD deficiency.
Specifically, we studied the molecular changes associated with retinal degeneration in this
mutant mouse, identified the cell types affected in the Ctsd ko retina and quantified their
degeneration during the course of the disease. A retinal pathology was already evident in
young postnatal Ctsd ko mice, as indicated by an accumulation of storage material and a
significant loss of cone photoreceptor cells. Reactive astrogliosis, reactive microgliosis and
degeneration of rod photoreceptor cells became evident slightly later, while a significant
loss of retinal interneurons and ganglion cells was observed at the end stage of the disease.

Neuroinflammation characterized by reactive microgliosis and reactive astrogliosis
closely accompanies or even precedes neurodegeneration in different NCLs, and has been
implicated in the progression of the neuropathology [41,42]. In the Ctsd ko retina, we
found a few CD68-positive microglia/macrophages as early as at P5, and elevated levels
of GFAP expression in retinal astrocytes and some Miiller cells at P10. In older animals
and coincident with the massive loss of photoreceptor cells, the density of microglial cells
increased dramatically when compared with control mice, in line with a previous report [36].
Microglia had an amoeboid morphology indicative of an activated state. Of note, previous
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studies on the brain and retina of Ctsd ko mice have implicated activated microglia in the
progression of neurodegeneration through the production of neurotoxic levels of nitric
oxide. In support of this view, multiple intraperitoneal injections of nitric oxide inhibitors
were shown to result in the significant attenuation of neuron loss in the thalamus and
the inner retina of the mutant mouse [33,36,43]. A critical role of inflammatory immune
responses in the progression of retinal dystrophies in NCL has also been demonstrated in
mouse models of CLN1, CLN3 and CLN6 disease. Attenuation of the retinal pathology
in these animal models was observed upon treatment with various immunomodulatory
compounds, such as fingolimod, teriflunomide, minocyclin, curcumin or docosahexaenoic
acid, and in genetic models with a compromised immune system [44-48].

The accumulation of storage material is a hallmark of all NCL. forms, and was among
the earliest pathological alterations observed in the developing Ctsd ko retina. The preva-
lence of two of the major components of lysosomal storage material, SCMAS and the sphin-
golipid activator proteins saposin A and D, differs between different NCL forms [5,13,34,49].
In the Ctsd ko retina, we detected elevated levels of SCMAS and saposin D as early as at P5.
At this age, the accumulation of both proteins was mainly confined to the inner retina, from
which they spread to the outer retina later during disease progression. The loss of retinal
neurons, in comparison, was first apparent in the outer nuclear layer, subsequently in the
inner nuclear layer and finally in the ganglion cell layer (see below). Thus, we observed
no strict spatio-temporal correlation between the accumulation of storage material and
neurodegeneration, similar to findings in the brain of a CLN6 sheep model [50,51]. Results
from preclinical therapy experiments also suggest that the accumulation of storage material
and neurodegeneration may not be causally linked. For instance, an AAV vector-mediated
gene transfer of CTSD to the brain of Ctsd ko mice resulted in an attenuation of the neuro-
logical deficits and a pronounced extension of the mutant’s lifespan, despite the presence
of high amounts of storage material in the brain [52]. Moreover, we recently showed that
intravitreally injected human recombinant pro-CTSD significantly reduced the amount of
storage material in the Ctsd ko retina without, however, attenuating retinal degeneration in
the treated animals [53].

Similar to our observations in the dystrophic retinas of CLN1, CLN6 and CLN7 mouse
models [54-56], we found an early and pronounced upregulation of lysosomal biogenesis
in Ctsd ko retinas, as indicated by the increased expression levels of LAMP1, LAMP2
and the lysosomal cysteine protease CTSX/P/Z. The elevated expression of lysosomal
proteins followed a spatiotemporal pattern closely resembling that of storage material
accumulation, suggesting a link to lysosomal stress and activation of the transcription factor
EB (TFEB) [57-59]. Impaired autophagy is a pathological hallmark of many lysosomal
storage disorders [60-62], including CLN10 disease [53,63]. Accordingly, we found a
striking accumulation of SQSTM1/p62, a receptor for autophagic cargo involved in the
degradation of ubiquitinated proteins via the autophagosome-lysosome pathway [64,65].
SQSTM1/p62-positive aggregates were already apparent at P5, indicating early autophagic
dysfunction in the mutant retina. In older animals, aggregates became detectable in a
pattern that was similar to, but slightly preceded, that of retinal cell death. The lack
of colocalization with LAMP2 suggested the impaired fusion of autophagosomes and
lysosomes [66].

Morphometric analyses revealed a progressive thinning of the Ctsd ko retina starting
at P15. Retina thinning was mainly the result of a rapidly progressing atrophy of the
outer nuclear layer, in agreement with another report [36]. However, the thinning of other
retinal layers was also observed. To identify the different cell types that are affected in
the mutant retina and to quantify the progression of their degeneration, we analysed the
retinal dystrophy at cellular level.

Of note, we found a significantly reduced density of cone photoreceptors in Ctsd ko
retinas as early as at P5, slightly before a pronounced reactive microgliosis or astrogliosis
became evident. In the mouse retina, cones are generated prenatally [67,68], suggesting
that cones in the Ctsd ko retina start to degenerate shortly after they are born. However,
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it is also possible that the reduced number of cones is the result of a developmental de-
fect. In older mutants, the loss of cones progressed rapidly, with no cones remaining at
P25. Cones constitute only 3% of the total photoreceptor population [40]. The majority of
photoreceptors are rods, which started to degenerate at P15. Similar to cones, the degenera-
tion of rods progressed rapidly resulting in the loss of 90% of rods at P25. Together, the
results demonstrate that the Ctsd ko mouse suffers from a cone-rod dystrophy. Early-onset
photoreceptor degeneration has also been observed in mouse models of other NCLs, such
as CLN4 [69], CLN5 [70], CLN6 [47,54,71], CLN7 [55] and CLNS8 [72-74], indicating that
photoreceptors are particularly sensitive to lysosomal dysfunctions. The identification
of a few CLN3 and CLN7 patients presenting with visual impairment due to the loss of
photoreceptors but without other neurological symptoms characteristic for these disorders
is in line with this view [75-81]. Retinal pigment epithelial cells are essential for photore-
ceptor survival and function [82]. Disruption of the autophagy-lysosomal pathway and
dysfunction of these phagocytically active cells may thus provide an explanation for the
frequent involvement of photoreceptor cells in lysosomal storage disorders. While several
studies have demonstrated the morphological, molecular and/or functional defects of
RPE cells in different NCL forms, the precise impact of these pathological alterations on
photoreceptor cell survival in these conditions is unknown [70,83-87]. The most prominent
pathological alterations of Ctsd ko RPE cells found in the present study were significantly
elevated levels of LAMP2 and saposin D, while the morphological organization of the
retinal pigment epithelium, as assessed by light microscopy, was indistinguishable between
the mutant and control mice until the terminal stages of the disease.

Another prominent feature of the retinal pathology of Ctsd ko mice was a significant
thinning of the inner nuclear layer, although it was not as pronounced as that observed
for the outer nuclear layer. At the cellular level, the thinning of this layer was mainly
the result of a progressive degeneration of rod and cone bipolar cells. The loss of rod
and bipolar cells was moderate at P20 (~21% and ~15%, respectively), but pronounced
at P25 (~66% and ~86%, respectively). At the end stage of the disease, we additionally
observed a significantly reduced number of horizontal cells. The degeneration of retinal
interneurons has also been observed in animal models of other NCL forms. In fact, in
some NCL forms, the retinal pathology has been reported to start mainly in the inner
retina with the outer retina being only mildly affected. In a canine CLN2 model and
in murine CLN1 and CLN3 models, for example, the retinal phenotype is characterized
by a thinning of the inner nuclear layer and a relative preservation of the outer nuclear
layer, a significant neurodegeneration in the inner nuclear layer and/or reduced b/a
wave ratios in electroretinogram recordings [56,84,88-91]. Furthermore, results from a
recent study suggest that the loss of photoreceptor cells in the CIn6"! mouse is caused
by defects in bipolar cells, which, however, start to degenerate only after a significant
number of photoreceptors is lost [92]. Finally, we found a moderate loss of about 12%
RGCs in the Ctsd ko retina at P20, which increased to ~20% at P25. The accumulation of
high amounts of storage material in these large projection neurons already at initial stages
of the disease, but the onset of RGC degeneration at relatively late stages of the retinal
pathology, has also been observed in animal models of other NCL forms [55,56,93,94]. The
loss of RGCs might be a direct consequence of lysosomal dysfunction in these neurons, or
might occur secondary to pathological alterations in visual target centres in the brain or
the myelinated optic nerve and tract [44,95,96]. Of interest in this context is that the lack of
CTSD resulted in reduced levels of proteolipid protein and myelin basic protein, impaired
lipid homeostasis, delayed the maturation of oligodendrocytes and disrupted central
nervous system myelination [97,98]. Together, data demonstrate a striking variability of
the retinal pathologies at the structural and functional levels between different NCL forms
and highlight the need for precise knowledge of the retinal pathology of each NCL form in
order to develop effective treatments.

Results from preclinical studies suggest that enzyme replacement strategies represent
promising treatment options for NCLs caused by the dysfunction of soluble lysosomal
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enzymes, such as palmitoyl-protein thioesterase 1 (PPT1) in CLN1 disease, tripeptidyl
peptidase 1 (TPP1) in CLN2 disease or CTSD in CLN10 disease [8,99-102]. Of note, the
significant attenuation of disease progression has also been observed in a recent clinical trial
on CLN2 patients treated biweekly with intracerebroventricular injections of recombinant
TPP1 [103]. Remarkable therapeutic outcomes have also been achieved in the Ctsd ko
mouse, despite the rapid disease progression using an adeno-associated virus (AAV) vector-
mediated gene transfer to the brain and/or the viscera [52,104]. Furthermore, we recently
showed that injections of recombinant human pro-CTSD (rhCTSD) resulted in the partial
correction of various pathological markers in the brain, the attenuation of the visceral
pathology and a prolonged life span of treated mice [53]. In addition, we also showed that
intravitreal injections of rhCTSD resulted in a partial correction of several pathological
markers and the attenuation of reactive microgliosis in the retina. However, the treatment
had no significant impact on the progression of retinal degeneration [53]. Results from the
present study will serve as a reference for ongoing work aimed at establishing treatments
for retinal degeneration in CLN10 disease using AAV- and cell-based enzyme replacement
strategies. Of interest in this context is that CLN10 patients carrying mutations in the CTSD
gene that impair, but not completely abolish, the enzymatic activity of CTSD present with
an infantile or juvenile disease onset and progressive retinal degeneration [20,21,35].
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Supplementary Materials

cn, P10 l Ctsd ko, P10

Figure S1. Expression of GFAP in 10-day-old Cisd ko retinas. Expression of GFAP in retinal astrocytes was elevated in
Ctsd ko retinas at P10 (b) when compared with age-matched control retinas (a). In addition, some Miiller cell processes
were GFAP-positive in mutant retinas at this age (b). cn, control; gel, ganglion cell layer; GFAP, glial fibrillary acidic pro-
tein; inl, inner nuclear layer; ko, knock-out; onl, outer nuclear layer; P, postnatal day. Scale bar: 50 um.
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Figure S2. The retinal pigment epithelium of the degenerated Ctsd ko retina. Levels of saposin D (b), LAMP2 (d) and CTSZ
(f) were significantly elevated in the RPE (marked with arrowheads in a-h) of Ctsd ko mice at P25 when compared with
age-matched control animals (a, ¢ and e, respectively). The morphological organization of the RPE at this age was indis-
tinguishable between mutant (h) and control (g) retinas. cn, control; CTSZ, cathepsin X/Z/P; inl, inner nuclear layer; ko,
knock-out; LAMP2, lysosomal-associated membrane protein 2; onl, outer nuclear layer; P, postnatal day. Scale bar: 50 um.
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Figure S3. Reduced number of cone photoreceptor cells in 5 days old Ctsd ko mice. A) A markedly reduced number of

PNA-labelled cones was detected in Ctsd ko retinas as early as at P5 (b) when compared to age-matched control retinas
(a). B) Quantitative analyses confirmed a significantly reduced number of cones in the mutant retina. Each bar represents
the mean value (+SEM) of 4 animals. *: p<0.05, Student’s t-test. cn, control; gcl, ganglion cell layer; inl, inner nuclear layer;
ko, knock-out; onl, outer nuclear layer; P, postnatal day; PNA, peanut agglutinin. Scale bar: 50 pum.
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Figure S4. Degeneration of PNA-labelled cones. A) The number of PNA-labelled cones in Ctsd ko retinas was markedly
reduced at P10 (Ab) when compared to control retinas (Aa). P15 mutant retinas were almost devoid of PN A-labelled cones
(Ad). B) Quantitative analysis confirmed a pronounced and rapidly progressing loss of cones in mutant retinas. Each bar
represents the mean value (£SEM) of 6 animals. ***, p<0.001, two-way ANOVA. cn, control; gcl, ganglion cell layer; inl,
inner nuclear layer; ko, knock-out; onl, outer nuclear layer; P, postnatal day; PNA, peanut agglutinin. Scale bar: 100 um.
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Figure S5. Degeneration of horizontal cells. A) The density of calbindin-positive horizontal cells was markedly decreased
in Ctsd ko retinas at P25 when compared to age-matched control retinas. B) Quantitative analyses revealed that the number
of horizontal cells was similar in mutant (filled bars) and control retinas (open bars) until P20, but significantly reduced
in Ctsd ko retinas at P25. Each bar in (B) represents the mean value (£SEM) of 6 animals. n.s., not significant; ***, p<0.001,
two-way ANOVA. cn, control; gel, ganglion cell layer; inl, inner nuclear layer; ko, knock-out; onl, outer nuclear layer; P,
postnatal day. Scale bar: 100 um.
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Die neuronalen Ceroid-Lipofus-
zinosen (NCLs) sind eine Gruppe
von seltenen lysosomalen Spei-
chererkrankungen, die durch eine
progrediente Neurodegeneration im
Gehirn und der Netzhaut charakte-
risiert sind. Bei der CLN2-Krankheit
konnte durch eine inzwischen zu-
gelassene Enzymersatztherapie am
Gehirn das Fortschreiten der neu-
rologischen Symptome verzégert
werden. Behandlungsmoglichkei-
ten fiir die retinalen Dystrophien
bei NCL-Patienten existieren da-
gegen bisher nicht. In diesem
Beitrag werden praklinische Studien
zusammengefasst, in denen Behand-
lungsmaglichkeiten fiir die retinalen
Dystrophien bei verschiedenen NCL-
Formen untersucht wurden.

Ein fortschreitender Sehverlust aufgrund
einer retinalen Degeneration gehort zu
den charakteristischen klinischen Symp-
tomen bei fast allen der 13 genetisch di-
stinkten Formen der neuronalen Ceroid-
Lipofuszinose (NCL; s. Beitrag von Atis-
kova et al.). Die hiufige Beteiligung der
Netzhaut zusammen mit der Identifizie-
rung von Patienten mit nichtsyndroma-
len Netzhautdystrophien bei bestimm-
ten NCL-Formen zeigt, dass die Reti-
na besonders empfindlich auf lysosoma-
le Dysfunktionen reagiert. Bisher existie-
ren keine Behandlungsméglichkeiten fiir
diese retinalen Dystrophien. Fir NCL-
Formen, die durch Dysfunktionen ly-
sosomaler Enzyme verursacht werden,
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Experimentelle Therapieansatze
fur die Behandlung retinaler
Dystrophien bei neuronalen
Ceroid-Lipofuszinosen

stellen Enzymersatzstrategien eine viel-
versprechende Therapieoption dar. Fiir
NCL-Formen, die durch Dysfunktionen
transmembraner Proteine in Lysosomen
oder dem endoplasmatischen Retikulum
verursacht werden, stellt der Aufbau von
moglichen Therapien eine ungleich gré-
Bere Herausforderung dar. In zahlreichen
Studien an Tiermodellen fir verschiede-
ne NCL-Formen werden Therapiemog-
lichkeiten entwickelt, um die Neurode-
generation im Gehirn zu verlangsamen
oder aufzuhalten. Fiir eine dieser fatalen
Erkrankungen - die CLN2-Krankheit -
konnten in einer klinischen Studie mit ei-
ner Enzymersatztherapie am Gehirn der
Patienten signifikante Therapieerfolge er-
zielt werden. Bisher verfiigbare Daten zei-
gen jedoch, dass spezifisch fiir das Ge-
hirn etablierte Therapiestrategien keinen
therapeutischen Effekt auf die Netzhaut
haben. Es ist daher erforderlich, spezifi-
sche Behandlungsmoglichkeiten fiir das
Auge zu etablieren. In diesem Beitrag ge-
ben wir eine Ubersicht iiber priklinische
Arbeiten, in denen die Effektivitit ver-
schiedener Therapiestrategien fiir die Be-
handlung retinaler Dystrophien an Tier-
modellen fiir die CLN1-, CLN2-, CLN6-
und CLN10-Krankheit untersucht wurde
(siehe @ Tab. 1).

Tiermodelle fiir neuronale
Ceroid-Lipofuszinosen

Die neuronale Ceroid-Lipofuszinose
wird in 13 genetisch distinkte Erkran-

kungen unterteilt, bei denen es aufgrund

lysosomaler Dysfunktionen zu einer in-
trazelluldren Ansammlung von autofluo-
reszierendem Speichermaterial und einer
Neurodegeneration im Gehirn und in
der Netzhaut kommt. Je nach NCL-Form
entwickeln sich schwere neurologische
Symptome in unterschiedlicher Abfolge,
und betroffene Patienten versterben vor-
zeitig an diesen fatalen Erkrankungen
[1, 14]. Fiir die verschiedenen NCL-
Formen existieren spontan entstandene
oder transgene Tiermodelle wie Miuse,
Zebrafische, Hunde oder Schafe, die viele
charakteristische Krankheitsmerkmale
der jeweiligen Erkrankungen rekapitu-
lieren [4, 7]. Diese Tiermodelle werden
genutzt, um die Pathophysiologie der Er-
krankungen aufzukldren und um Thera-
piestrategien zu etablieren. So wurden an
diesen Tiermodellen in den letzten Jah-
ren verschiedene Therapiestrategien fiir
die Behandlung der Neurodegeneration
im Gehirn (z.B. Enzymersatztherapie,
Gentherapie, Stammzelltherapie oder
Small-molecule-Therapie) mit zum Teil
beeindruckenden Erfolgen entwickelt
[11, 14].

Am Gehirn eines Hundemodells fiir
die CLN2-Krankheit, die durch Dysfunk-
tionen des lysosomalen Enzyms Tripepti-
dyl-Peptidase 1 (TPP1) verursacht wird,
wurde beispielsweise die Effektivitit ei-
ner Enzymersatztherapie gezeigt. Durch
2-wochentliche Infusionen eines rekom-
binant hergestellten TPP1-Enzyms in
die Zerebrospinalfliissigkeit konnte das
Fortschreiten der Erkrankung deutlich
verzogert und die Lebenserwartung der
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Tab.1 Experimentelle Therapieansatze

Erkrankungen

fur die Behandlung retinaler Dystrophien an Tiermodellen fiir NCL(neuronale Ceroid-Lipofuszinosen)

Erkrankung  Protein Ti dell Therapi gie Therapieeffekt Literatur

CLN1 PPT1 Maus Intravitreale Injektionen von AAV-PPT1  Verbesserte retinale Funktion (ERG) Griffey et al. [8]
(,knock-out”)

CLN2 TPP1 Hund (sponta-  Intravitreale Injektionen von autologen  Verbesserte retinale Funktion (ERG), Ver- Tracy etal. [21]
ne Mutation) MSCs mit einer Uberexpression von 0gi g der retinalen Degeneration

TPP1

CLN2 TPP1 Hund (sponta-  Intravitreale Injektionen von rekombi- Verbesserte retinale Funktion (ERG), Ver- Whiting etal.
ne Mutation) nantem TPP1 zogerung der retinalen Degeneration [23,24]

CLN6 CLN6 Maus (spontane  Intravitreale Injektionen von NSCs mit Verbesserte Uberlebensrate der Photo-  Jankowiak et al.
Mutation) einer Uberexpression von CNTF rezeptoren [10]

CLN6 CLN6 Maus (spontane Intravitreale Injektionen von AAV-CLN6  Verbesserte retinale Funktion (ERG), Kleine Holthaus
Mutation) verbesserte Uberlebensrate der Photo-  etal.[13]

rezeptoren und Bipolarzellen

CLN10 CTSD Maus Intravitreale Injektionen von rekombi-  Partielle Korrektur der Dysregulati- Marques et al.

(.knock-out”) nantem CTSD on von lysosomalen Proteinen, abge- [15]

schwachte reaktive Mikrogliose

AAV adenoassoziierter Virus, CNTF ciliary neurotrophic factor’, CTSD Cathepsin D, ERG Elektroretinogramm, MSCs mesenchymale Stammzellen,
NSCs neurale Stammzellen, PPT1 Palmitoyl-Protein Thioesterase 1, TPP1 Tripeptidyl-Peptidase 1

Tiere signifikant verlangert werden [12].
Bemerkenswerterweise wurde dieser auf
das Gehirn ausgerichtete Therapieansatz
in einer kirzlich publizierten klinischen
Studie erfolgreich an CLN2-Patienten
angewandt [19]. Eindrucksvolle The-
rapieeffekte konnten auch an einem
Mausmodell fir die CLN10-Krankheit
erzielt werden, die durch Dysfunktionen
des lysosomalen Enzyms Cathepsin D
(CTSD) verursacht wird. Durch einen
adenoassoziierten Virus(AAV)-Vektor-
vermittelten Ctsd-Gentransfer in das
Gehirn einer Ctsd-Knock-out(ko)-Maus
konnten die neuropathologischen Ver-
inderungen deutlich abgeschwécht und
die Lebensspanne der Tiere signifikant
verlingert werden [20]. Allerdings konn-
ten trotz dieser Behandlungserfolge mit
den am Gehirn angewandten Enzymer-
satzstrategien weder bei CLN2-Patienten
nochim CLN2-Hundemodell oder in der
Ctsd-ko-Maus positive Therapieeffekte
in der Netzhaut nachgewiesen werden
[20-22, 24].

» Die Netzhaut profitiert
nicht von Therapiestrategien,
die spezifisch am Gehirn
angewendet werden

Diese Ergebnisse zeigen, dass fiir die
Behandlung retinaler Dystrophien netz-
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hautspezifische Therapiestrategien ent-
wickelt werden miissen. Im Folgenden
werden priklinische Arbeiten disku-
tiert, die die Effektivitit verschiedener
Therapiestrategien (Enzymersatzstrate-
gien, Neuroprotektion und korrektive
Gentherapie) fiir die Behandlung retina-
ler Dystrophien an Tiermodellen fiir
verschiedene NCL-Formen untersucht
haben (B Tab. 1). Die Rolle des Immun-
systems und die Wirksamkeit immun-
modulatorischer Therapieansitze fiir die
Behandlung dieser Dystrophien werden
in dem Beitrag von Verena Behnke und
Thomas Langmann diskutiert.

Therapieansatze fiir NCL-
Formen: dysfunktionale
lysosomale Enzyme

Wie bereits fiir die CLN2- und die
CLN10-Krankheit diskutiert, stellt das
Einschleusen von funktionalen Enzy-
men in erkrankte Gewebe einen vielver-
sprechenden Therapieansatz fiur NCL-
Formen dar, die durch Dysfunktionen
von lysosomalen Enzymen verursacht
werden. Die Effektivitit dieser Strate-
gie beruht darauf, dass die Mannose-6-
Phosphat(M6P)-modifizierten Enzyme
von erkrankten Zellen iiber eine M6P-
Rezeptor-vermittelte Endozytose auf-
genommen und anschlieflend zu den
Lysosomen transportiert werden kon-
nen, wo sie dann die lysosomale Dys-

funktion korrigieren. Bei lysosomalen
Speichererkrankungen mit iiberwiegend
neurologischen Symptomen sind syste-
mische Applikationen von funktionellen
Enzymen in das erkrankte Nervenge-
webe aufgrund der Blut-Hirn-Schranke
und der Blut-Retina-Schranke nicht
maoglich. Vielmehr miissen die Enzyme
lokal appliziert werden. Dieses Ziel kann
erreicht werden durch
= wiederholte Injektionen rekombinant
hergestellter Enzyme.
= ¢inen virusvermittelten Gentransfer
oder
= Transplantationen von Zellen mit
einer Uberexpression des jeweiligen
Enzyms.

Enzymersatzstrategie bei der
CLN1-Krankheit: Gentherapie

Die CLN1-Krankheit wird durch Muta-
tionen im Gen verursacht, das fiir das
lysosomale Enzym Palmitoyl-Protein
Thioesterase 1 (PPT1) kodiert. Transge-
ne Mausmodelle fiir diese NCL-Form
entwickeln alle wesentlichen Krankheits-
merkmale, die auch CLN1-Patienten auf-
weisen. Dazu gehort eine fortschreitende
retinale Degeneration. Wir haben kiirz-
lich gezeigt, dass nahezu alle retinalen
Nervenzelltypen in einer PptI-ko-Maus
[9] vom Zelltod betroffen sind. So findet
man im Spatstadium der Erkrankung
einen signifikanten Verlust von Stib-
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chen- und Zapfenphotorezeptoren, von
Stibchen- und Zapfenbipolarzellen und
von retinalen Ganglienzellen [2]. In die-
se Mausmutante haben Griffey et al. vor
Beginn der retinalen Degeneration intra-
vitreal einen fir humanes PPT1 kodie-
renden AAV-Vektor (Serotyp 2; AAV2-
PPT1) injiziert [8]. AAVs vom Serotyp 2
zeigen einen Tropismus fiir retinale
Ganglienzellen. Entsprechend konnte in
den behandelten Augen der Pptl-ko-
Miiuse in einem Grofiteil der Ganglien-
zellen eine starke Expression des Enzyms
nachgewiesen werden. Bemerkenswer-
terweise war die enzymatische Aktivitit
von PPT1 in den behandelten PptI-ko-
Netzhauten sogar deutlich hoher als in
Netzhduten gesunder Wildtyptiere. Im
Vergleich zu Kontrollaugen waren in den
behandelten Augen die Antworten im
skotopischen und photopischen Elek-
troretinogramm - signifikant verbessert.
Eine signifikant verbesserte Uberlebens-
rate der Photorezeptoren konnte jedoch
nicht nachgewiesen werden, und még-
liche Therapieeffekte auf andere retinale
Nervenzelltypen wurden nicht unter-
sucht. Zu den moglichen Griinden fiir
diesen nur begrenzten Therapieerfolg
gehoren
== ¢ine unzureichende Sezernierung
des transgenen PPT1 durch die
transduzierten Ganglienzellen und/
oder
== eine unzureichende Verteilung des
Enzyms in der Ppti-ko-Retina [8].

Enzymersatzstrategie bei der
CLN2-Krankheit: genetisch
modifizierte Zellen und
rekombinantes TPP1-Enzym

Wie oben diskutiert, verzogern repe-
titive Infusionen von rekombinantem
humanem TPP1 in die Zerebrospinal-
flassigkeit eines CLN2-Hundemodells
das Auftreten der fiir diese Erkrankung
charakteristischen schweren neurologi-
schen Symptome [12]. Positive Effekte
auf die Morphologie oder Funktion der
Netzhaut konnten in den behandel-
ten Tieren jedoch nicht nachgewiesen
werden. Um die Effekte einer konti-
nuierlichen intraokuldren Applikation
des Enzyms auf die retinale Pathologie
in diesem Tiermodell zu untersuchen,
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Zusammenfassung

Hintergrund. Neuronale Ceroid-Lipofuszino-
sen (NCLs) sind seltene neurodegenerative
lysosomale Speichererkrankungen mit einem
fatalen Verlauf. Eine fortschreitende retinale
Degeneration und ein Visusverlust gehoren
zum typischen Krankheitsbild betroffener
Patienten. Das Auftreten neurologischer Sym-
ptome bei CLN2-Patienten kann durch eine
inzwischen zugelassene Enzymersatztherapie
am Gehirn signifikant verzogert werden. Fiir
die retinalen Dystrophien bei diesen Erkran-
kungen existieren dagegen gegenwartig
keine Behandlungsmoglichkeiten.

Ziel. Der Beitrag soll einen Uberblick tiber
verschiedene praklinische Arbeiten geben, in
denen Therapiestrategien fur die Behandlung
der retinalen Degeneration an Tiermodellen
fiir verschiedene NCL-Formen entwickelt und
evaluiert wurden.

Material und Methoden. Die wichtigs-

ten Ergebnisse von Studien, in denen
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Experimentelle Therapieansatze fiir die Behandlung retinaler
Dystrophien bei neuronalen Ceroid-Lipofuszinosen

therapeutische Effekte verschiedener
Behandlungsstrategien auf die retinale Mor-
phologie und/oder Funktion nachgewiesen
werden konnten, wurden zusammengefasst
und diskutiert.
Ergebnisse und Disk Die bisher
publizierten praklinischen Arbeiten zeigen,
dass die retinale Degeneration und der
damit verbundene Funktionsverlust in
Tiermodellen fur verschiedene NCL-Formen
iiber unterschiedliche Therapiestrategien
signifikant verzogert werden konnte. Es ist zu
hoffen, dass die zum Teil beeindruckenden
Therapieerfolge in zukiinftigen klinischen
Studien bestatigt werden konnen.

Schliisselwdrter

Enzymersatztherapie - Gentherapie -
Neuroprotektion - Tiermodelle - Retinale
Degeneration

Abstract

Background. Neuronal ceroid lipofuscinosis
(NCL) is a group of rare and fatal neuro-
degenerative lysosomal storage diseases.
Progressive retinal deg; ion and loss of
vision are among the characteristic symptoms
of affected patients. A brain-directed enzyme
replacement therapy has been shown to
significantly attenuate the neurological
symptoms in CLN2 patients and is currently
the only approved therapy for NCL; however,
there is presently no treatment option for
retinal dystrophy in NCL.

Objective. This short review aims to give

an overview of preclinical studies that

have developed and evaluated therapeutic
strategies for the treatment of retinal
dystrophy in animal models of different NCL
forms.

Experimental therapeutic approaches for the treatment of retinal
dystrophy in neuronal ceroid lipofuscinosis

Material and methods. The key findings of
preclinical studies that have achieved positive
therapeutic effects on retinal structure and/or
function using different treatment strategies
are summarized and discussed.

Results and conclusion. The published

data on preclinical studies demonstrate the
efficacy of different therapeutic strategies to
attenuate retinal degeneration and vision loss
in animal models for different NCL forms. it
remains to be seen whether these promising
results can be confirmed in future clinical
studies.

Keywords

Enzyme replacement therapy - Gene therapy -
Neuroprotection - Animal models - Retinal
degeneration

wurde humanes TPP1 in autologen me-
senchymalen Stammzellen mittels AAV-
Vektoren iiberexprimiert [21]. Durch
eine einmalige intravitreale Injektion
dieser modifizierten Stammzellen zu
Beginn der retinalen Dystrophie konnte
die Entstehung der normalerweise vor-

handenen lokal begrenzten Netzhaut-
ablosungen verhindert oder deutlich
reduziert werden. Zudem war in Spit-
stadien der Erkrankung die Atrophie der
Netzhautschichten in den behandelten
Augen deutlich geringer ausgeprigt als
in den Kontrollaugen. Schliefllich konnte
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iber Elektroretinogramm(ERG)-Ablei-
tungen ein therapeutischer Effekt der
zellbasierten kontinuierlichen intraoku-
liren Applikation des Enzyms auf die
retinale Funktion gezeigt werden [21].
Wie unten diskutiert (s. Abschn. ,,Neu-
roprotektion bei der CLN6-Krankheit*),
ist es denkbar, zellbasierte Therapie-
strategien fiir die Behandlung retinaler
Erkrankungen in eine klinische Anwen-
dung zu bringen.

In einer weiteren Studie wurde vor
Beginn der retinalen Pathologie in im-
munsupprimierte TPP1-defiziente Hun-
dein Abstdnden von wenigen Wochen in
1 Auge intravitreal rekombinantes huma-
nes TPP1 (rhTPP1) injiziert [23]. In die
jeweils kontralateralen Augen wurde als
Kontrolle die Vehikellbsung injiziert. In
den behandelten Augen war die norma-
lerweise zu beobachtende fortschreiten-
deReduktionder ERG-Antwortenerheb-
lich verzogert. Aulerdem konnte durch
die Behandlung die Degeneration von
Zellen in der inneren nukledren Schicht
- nicht aber von Photorezeptoren - sig-
nifikant verzogert sowie die Ausbildung
der lokal begrenzten Netzhautablosun-
gen verhindert werden. Als Komplikati-
onderintravitrealen rhTPP1-Injektionen
wurden allerdings deutliche intraokula-
re Entziindungen beobachtet [23]. Ahnli-
che Therapieeffekte wurden erzielt, wenn
mit der Enzymersatztherapie erst nach
Beginn der retinalen Pathologie begon-
nen wurde [24].

Enzymersatzstrategie bei der
CLN10-Krankheit: rekombinantes
CTSD-Enzym

Die Ctsd-ko-Maus ist ein Tiermodell
fur die CLN10-Krankheit, die aufgrund
von schweren pathologischen Verin-
derungen im zentralen Nervensystem
und in den inneren Organen lediglich
eine Lebenserwartung von weniger als
4 Wochen hat [18]. Im Endstadium
der Erkrankung am postnatalen Tag 25
sind die Photorezeptoren fast vollstin-
dig und andere retinale Zelltypen in
einem erheblichen Umfang degeneriert
(@ Abb. 1). Um die Effektivitit einer En-
zymersatztherapie fiir die Behandlung
dieser massiven retinalen Degeneration
zu untersuchen, wurde zu Beginn und
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ein zweites Mal im Verlauf der retinalen
Degeneration in 1 Auge intravitreal re-
kombinantes humanes CTSD (rhCTSD)
injiziert. In das kontralaterale Auge
wurde als Kontrolle die Vehikellosung
injiziert [15]. Immunhistochemische
Untersuchungen zeigten, dass das intra-
vitreal injizierte Enzym in die Netzhaut
diffundiert war und von verschiedenen
retinalen Zelltypen aufgenommen wur-
de (B Abb. 1). Interessanterweise war in
den behandelten Augen im Vergleich zu
den kontralateralen Kontrollaugen die
Dysregulation verschiedener lysosoma-
ler Proteine teilweise korrigiert und die
reaktive Mikrogliose signifikant abge-
schwicht (& Abb. 1). Diese Daten zeigen,
dass mit der Enzymersatztherapie die
lysosomale Dysfunktion in der Ctsd-
ko-Retina zumindest partiell korrigiert
werden konnte. Eine signifikante Verzo-
gerung der retinalen Degeneration war
allerdings nicht nachweisbar [15].

» Enzymersatzstrategien
sind vielversprechende
Behandlungsmaglichkeiten fir
retinale Dystrophien

Ahnlich wie bei den Experimenten an
dem CLNI1-Mausmodell sind auch bei
diesen Versuchen eine unzureichende
Menge und/oder eine unzureichende
Verteilung des Enzyms innerhalb der
Netzhaut eine mégliche Erklirung fir
die begrenzten Therapiceffekte.

Therapieansatze fiir NCL-
Formen: transmembrane
Proteine

Wie oben diskutiert, beruht die Effekti-
vitit von Enzymersatzstrategien auf der
Tatsache, dass erkrankte Zellen iiber ei-
ne M6P-Rezeptor-vermittelte Endozyto-
se funktionale lysosomale Enzyme aus
ihrer Umgebung aufnehmen und so die
lysosomale Dysfunktion zumindest teil-
weise korrigieren konnen. Fir diese kau-
salen Therapieansitze ist es daher ,le-
diglich” erforderlich, geniigend funktio-
nales Enzym in das erkrankte Gewebe
einzuschleusen, z.B. durch einen virus-
vermittelten Gentransfer in — im Prin-

zip - beliebige Zelltypen innerhalb dieses
Gewebes. Die Etablierung kausaler The-
rapiestrategien fiir die Behandlung von
NCL-Formen, die durch Dysfunktionen
von transmembranen Proteinen verur-
sacht werden, stellt dagegen eine ungleich
groflere Herausforderung dar. Bei diesen
NCL-Formen ist es notig, z. B. iiber einen
virusvermittelten Gentransfer maglichst
viele der erkrankten Zellen so zu modifi-
zieren, dass sie eine funktionale Variante
des Proteins exprimieren. Um bei diesen
NCL-Formen die Neurodegeneration im
Gehirn zu verlangsamen oder aufzuhal-
ten, werden auch hier in priklinischen
Studien verschiedene Therapiestrategien
verfolgt, von denen einige bereits in klini-
schen Studien evaluiert werden [11, 14,
17). An der Netzhaut wurde fiir diese
NCL-Formen das therapeutische Poten-
zial einer zellbasierten Neuroprotektion
[10] und einer korrektiven Gentherapie
[13] untersucht (@ Tab. 1). Die Wirksam-
keit beider Therapiestrategien wurde an
einem Mausmodell fiir die CLN6-Krank-
heit durchgefiihrt.

Neuroprotektion bei der CLN6-
Krankheit

Neuroprotektive Therapieansitze haben
zum Ziel, das Fortschreiten einer Neu-
rodegeneration zu verlangsamen oder
aufzuhalten. Es handelt sich zwar nicht
um eine kausale Therapiestrategie, sie
kann aber potenziell bei verschiedenen
neurodegenerativen Erkrankungen un-
abhiingig von der jeweiligen spezifischen
Ursache angewandt werden. Die nclf-
Maus ist ein Mausmodell fiir die CLN6-
Krankheit mit einer spontan aufgetre-
tenen Mutation im Cin6-Gen [5], das
fir ein transmembranes Protein im en-
doplasmatischen Retikulum mit noch
unbekannter Funktion kodiert. Ahnlich
wie bei CLN6-Patienten findet man bei
dieser Mutante eine retinale Degenera-
tion, die durch einen friih einsetzenden
Verlust von Photorezeptoren und einen
spiter einsetzenden Verlust von Bipo-
larzellen charakterisiert ist 3, 13, 16].
Um signifikante neuroprotektive Ef-
fekte in der Netzhaut zu erreichen, ist
es aufgrund der kurzen Halbwertszeiten
von neurotrophen Faktoren und der Blut-
Retina-Schranke erforderlich, die Fakto-
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Abb. 1 A Die Ctsd-ko-Maus ist ein Tiermodel| fir die CLN10-Krankheit mit einer extrem schnell fortschreitenden retinalen
Degeneration. Im Endstadium der Erkrankung am postnatalen Tag 25 sind die duBere (on/) und innere nukleare Schicht (in/)
massivatrophiert (b). Zapfen sind in diesem Alter nicht mehr nachweisbar (b). Zum Vergleich ist die Netzhaut einer altersglei-
chen gesunden Maus gezeigt (a). Nach intravitrealen Injektionen von rekombinantem humanen Cathepsin D findet man das
Enzymin verschiedenenretinalen Zelltypen, wie beispielsweise Calretinin-positiven Amakrinzellen und Ganglienzellen{(d).In
unbehandelten Netzhauten der Ctsd-ko-Maus ist CTSD wie erwartet nicht nachweisbar (c). Durch die intravitrealen Injektio-
nendes Enzyms werden verschiedene pathologische Verdanderungenin der Ctsd-ko-Retina abgemildert. So ist beispielsweise
die Zahl von CD68-positiven Mikrogliazellen/Makrophagen in behandelten Netzhauten (f) im Vergleich zu Kontrollnetzhau-
ten (e) signifikant reduziert. Ein signifikanter Effekt der Enzymersatztherapie auf die retinale Morphologie istjedoch nicht
nachweisbar (vergleiche e mit f). CD68 , cluster of differentiation 68, CTSD Cathepsin D, gc/ Ganglienzellschicht, ip/innere ple-
xiforme Schicht, ko knock-out”, Balken in b fiira und b: 100 um; in d fiir cund d: 25 pm; in f fiire und f: 50 um
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ren kontinuierlich und lokal zu applizie-
ren. Um dieses Ziel zu erreichen, wur-
den neurale Stammzelllinien mit einer
stabilen Uberexpression des neurotro-
phen Faktors ,ciliary neurotrophic fac-
tor® (CNTF) etabliert [10]. CNTF ist ein
Zytokin, das eine ausgeprigte neuropro-
tektive Wirkung auf Photorezeptoren hat.
Die CNTF exprimierenden Stammzel-
len wurden intravitreal in 1 Auge und
Kontrollzellen in das kontralaterale Au-
ge von nclf-Mutanten zu Beginn der re-
tinalen Degeneration injiziert. Die Zel-
len iiberlebten fiir mindestens 6 Wo-
chen, exprimierten stabil den neurotro-
phen Faktor und bewirkten eine signifi-
kante Verzogerung der Photorezeptorde-
generation. Allerdings wurde die Dege-
neration der Photorezeptoren nur ver-
langsamt, nicht aber aufgehalten [10].
Prinzipiell kénnen zellbasierte neuropro-
tektive Therapieansitze in die Klinik ge-
bracht werden. So wird das therapeuti-
sche Potenzial von intravitreal implan-
tierten CNTF tberexprimierenden Zel-
len mittels der sog. ,encapsulated cell
technology*” bei Patienten mit makularer
Teleangiektasie Typ 2 [6] oder Glaukom
(www.clinicaltrials.gov, NCT02862938)
untersucht.

Korrektive Gentherapie bei der
CLN6-Krankheit

Ander Netzhaut der nclf-Maus wurde au-
Berdem das therapeutische Potenzial ei-
ner korrektiven Gentherapie untersucht.
Uberraschenderweise konnte durch eine
AAV-Vektor-vermittelte Expression von
humanem CLNG6 spezifisch in Photore-
zeptoren weder die fortschreitende De-
generation der Photorezeptoren noch die
fortschreitende Verschlechterung der re-
tinalen Funktion verzdgert oder aufge-
halten werden [13]. Basierend auf der Be-
obachtung, dass Bipolarzellen eine hohe
Expression von CLN6 aufweisen, wur-
de das Protein auflerdem mittels AAV-
Vektoren unter Kontrolle geeigneter Pro-
motoren spezifisch in diesen Interneu-
ronen exprimiert. Obwohl Bipolarzellen
in der nclf-Netzhaut deutlich spiter als
Photorezeptoren degenerieren, resultier-
te die bipolarzellspezifische Expression
von CLN6 in einer signifikant verbesser-
ten Uberlebensrate der Photorezeptoren
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und in signifikant verbesserten Antwor-
ten in skotopischen ERGs [13]. Aufler-
dem wurde in den behandelten Netzhiu-
ten eine deutlich verzogerte Degenerati-
on der Bipolarzellen selber beobachtet
[13]. Insgesamt deuten diese Daten an,
dass Defekte in Bipolarzellen die Ursa-
che fiir die Photorezeptordegeneration in
der nclf-Netzhaut sind. Die Daten zeigen
zudem, dass eine korrektive Genthera-
pie ein vielversprechender Therapiean-
satz ist, um Behandlungen fiir retinale
Degenerationenbei NCL-Formen zuent-
wickeln, die durch Dysfunktionen trans-
membraner Proteine verursacht werden.

Fazit fiir die Praxis

== Eine fortschreitende retinale Degene-
rationist ein charakteristisches Symp-
tom der meisten NCL(neuronalen
Ceroid-Lipofuszinosen)-Formen.

== Wirksame Behandlungsmdglichkei-
ten fiir diese retinalen Dystrophien
existieren bisher nicht.

== Es werden verschiedene Therapie-
strategien verfolgt, um den Verlauf
der Neurodegeneration im Gehirn
abzumildern. Bei CLN2-Patienten
ist man inzwischen in der Lage, das
Fortschreiten des neurologischen
Krankheitsbildes durch eine zuge-
lassene Enzymersatztherapie zu
verzogern.

= Es ist zu hoffen, dass in verschiede-
nen, aktuell laufenden klinischen
Therapiestudien am Gehirn dhnliche
Erfolge bei anderen NCL-Formen
erzielt werden kénnen.

== Eine retinale Degeneration ist bei
einigen NCL-Formen das Initialsym-
ptom, und NCL-Patienten kénnen
in seltenen Féllen nichtsyndromale
Netzhautdystrophien aufweisen.

= Insgesamt erscheint damit ein Auf-
bau retinaspezifischer Behandlungs-
moglichkeiten fiir verschiedene NCL-
Formen nicht nur sinnvoll, sondern
dringend erforderlich.
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