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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 c 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/II 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 II study including presymptomatic, 

young patients (NCT02678689), a long-term extension of the phase I/II 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. 
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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]. 
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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 
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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 CLN5 sheep that received AAV9-hCLN5 

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 CLN6 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 
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(MeCP2) promoter or the ubiquitously active chicken β-actin (CAG)/ 

cytomegalovirous (CMV) enhancer promoter to assess the effect of different 

CLN3 dosages in Cln3ex7/8 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 Cln6nclf 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 

CLN6 in photoreceptors neither promoted photoreceptor survival nor preserved 

photoreceptor function in Cln6nclf mice. CLN6 is strongly expressed in bipolar 

cells which degenerate only after photoreceptor cells in Cln6nclf 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 Cln6nclf mouse model [42]. 
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Table 1. Human neuronal ceroid lipofuscinoses  

Mutated genes  Name of disease Protein and 
location 

Age of onset 

palmitoyl protein 
thioesterase 1 

(PPT1) 

CLN1 disease soluble lysosomal 
enzyme 

infantile, late 
infantile, 

juvenile, adult 

tripeptidylpeptidase 
1(TPP1)  

CLN2 disease soluble lysosomal 
enzyme 

infantile, late 
infantile, juvenile 

CLN3 CLN3 disease lysosomal 
membrane protein 

juvenile, adult 

DNAJC5 CLN4 disease synaptic vesicle adult 
CLN5 CLN5 disease soluble lysosomal 

enzyme 
late infantile, 
juvenile, adult 

CLN6 CLN6 disease membrane protein 
endoplasmic 

reticulum 

late infantile, 
juvenile, adult 

MFSD8 CLN7 disease lysosomal 
membrane protein 

late infantile, 
juvenile, adult 

CLN8 CLN8 disease membrane protein 
endoplasmic 

reticulum 

late infantile 

unknown CLN9 disease unknown juvenile 

cathepsin D 
(CTSD) 

CLN10 disease soluble lysosomal 
enzyme 

congenital, 
infantile, late 

infantile, juvenile  

progranulin (GRN) CLN11 disease soluble lysosome 
enzyme  

adult 

ATPase Type 
13A2 (ATP13A2) 

CLN12 disease lysosomal 
membrane protein 

juvenile 

cathepsin F 
(CTSF) 

CLN13 disease soluble lysosomal 
enzyme 

adult 

potassium channel 
tetramerization 

domain-containing 
protein 7 (KCTD7) 

CLN14 disease soluble 
intracytoplasmic 

protein 

infantile 
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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 Müller 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 

model 
Therapeutic 
approaches 

Treatment 
effect 

Reference 

CLN1 PPT1 Mouse 
(knock-out) 

Intravitreal 
injections of AAV-
PPT1 

Improved retinal 
function (ERG) 

Griffey et al. 
(2005) 

CLN1/ 
CLN3 

PPT1/ 
CLN3 

Mouse 
(knock-out)/ 

Mouse 
(knock-out) 

drinking water 
supplemented with 
fingolimod and 
teriflunomide 

Attenuated retinal 
thinning, prevented 
the loss of retinal 
ganglion cells 

Groh et a l. 
(2017) 

 

CLN2 TPP1 Dog 
(spontaneous 

mutation) 

Intravitreal 
injections of 
recombinant TPP1 

Delayed retinal 
degeneration, 
improved retinal 
function (ERG) 

Whiting et al. 
(2020) 

CLN2 TPP1 Dog 
(spontaneous 

mutation) 

Intravitreal 
injections of 
autologous MSCs 
with 
overexpression of 
TPP1 

Delayed retinal 
degeneration, 
improved retinal 
function (ERG) 

Tracy et al. 
(2016) 

CLN6 CLN6 Mouse 
(spontaneous 

mutation) 

Dietary 
supplementation 
with the immune-
regulatory 
compounds 
curcumin and 
docosahexaenoic 
acid 

Ameliorated 
microgliosis and 
reduced retinal 
degeneration 

Mirza et al. 
(2013) 

CLN6 CLN6 Mouse 
(spontaneous 

mutation) 

intravitreal 
transplantation of 
NSCs 
overexpressing 
CNTF 

delayed 
degeneration of 
photoreceptor cells 

Jankowiak et 
al. (2015) 

CLN6 CLN6 Mouse 
(spontaneous 

mutation) 

Intravitreal 
injections of AAV-
CLN6 

Improved retinal 
function (ERG), 
delayed 
degeneration of 
photoreceptor cells 

kleine 
Holthaus et 
al. (2018) 

CLN8 CLN8 Mouse 
(spontaneous 

mutation) 

Intravitreal 
transplantation of 
neuralized 
embryonic stem 
cells 

Reduced 
accumulation of 
storage material, 
improved survival of 
retinal neurons 

Meyer et al. 
(2006) 

CLN10 CTSD Mouse 
(knock-out) 

Intravitreal 
injections of 
recombinant CTSD 

Partial correction of 
lysosomal protein 
dysregulation, 
attenuation of 
reactive 
microgliosis 

Marques et 
al. (2019) 

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 ß-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 α (EF1 α) 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 μg/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 μg/ml streptomycin. Tissue culture 

reagents were obtained from Life Technologies. Briefly, 107 HEK293-AAV cells 

were seeded one day before transfection on 15-cm culture dishes and 

transfected with 7.5 µg packaging plasmid shh10, 10 µg pHelper (Cell Biolabs) 

and 6.4 µg pAAV plasmid scAAV-CMV-CTSD or 7.1 µg 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 MgCl2, 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, Düren, 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´-ctaccgcccatttgcgtc). Real-time PCR was performed in a total volume of 10 

μl with 0.3 μM 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 Ctsd 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 µm FALCON Cell Strainer (Life 

Sciences) and cultivated at a density of 220,000 cells/cm2 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 0.45µm filters 

(Sarstedt, Nümbrecht, Germany) and stored at -80°C. Ko-astrocytes derived 

from ko-NSCs and primary retinal cells from Ctsd 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 × 105 CTSD-NSCs in 1µl PBS or 1µl 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 × 105 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-HCl, 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-HCl, 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 µg of cell lysates 

or 5 µg 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 µM of CTSD and E substrate (Enzo Life Sciences, P-145, Lörrach, Germany) 

and 25 µM 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 µl of purified enzymatically active 

CTSD was used as a positive control. 2µl enzymatically active CTSD in the 

presence of 1.4 µM 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 (PKCα)- and secretagogoin (SCGN)-positive cells were 

counted in 3 equidistant areas each with a width of 250 µm 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 µm thick optical 

sections of entire central retina sections. PKCα-, SCGN- and CD68-positive 

cells were counted in optical sections with a thickness of 0.24 µm, 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)                 

1:5000 (IHC) 
Millipore, Temecula, CA, USA AB15282 

β-tubulin III 1:1000 (ICC) Sigma Aldrich, Deisenhofen, Germany T2200 
cathepsin D (CTSD) 
 

1:2000 (ICC)                 
1:2000 (IHC)                    
1:500 (WB) 

Santa Cruz Biotechnology, Inc. 
 

Sc-6486 
 

cathepsin D (CTSD) 1:4000 (IHC) kind gift of Thomas Braulke, University 
Medical Center Hamburg-Eppendorf 

n.a. 

cathepsin X/ZP 
(CTSZ) 

1:100 (IHC)                          
 

R&D Systems GmbH AF1033 
 

cluster of 
differentiation 68 
(CD68) 

1:1000 (IHC) 
 

Bio Rad Laboratories, Kidlington, UK 
 

MCA1957 
 

glycerinaldehyde 3-
phosphate 
dehydrogenase 
(GAPDH);  

1:20,000 
(WB) 
 

Sigma Aldrich, Deisenhofen, Germany 
 

G3893 
 

glial fibrillary acidic 
protein (GFAP) 

1:500 (ICC)                
1:500 (IHC) 

Dako Cytomation GmbH, Hamburg, 
Germany 

Z0334 
 

green fluorescent 
protein (GFP) 

1:10,000 
(IHC) 

Abcam, Cambridge, UK  Ab290 



 24 

green fluorescent 
protein (GFP) 

1:100 (IHC) R&D Systems GmbH AF4240 

glutamine-synthetase 
(GS) 

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

ionized calcium-
binding adapter 
molecule 1 (IBA1) 

1:500 (IHC) 
 

Wako Chemicals GmbH, Neuss, 
Germany 
 

019-19741 
 

lysosomal-associated 
membrane protein 1 
(LAMP1) 

1:2000 (ICC)                   
1:2000 (IHC)                        
1:500 (WB) 

Santa Cruz Biotechnology, Inc. 
 

Sc-19992 
 

lysosomal-associated 
membrane protein 2 
(LAMP2) 

1:200 (ICC)                     
1:200 (IHC)                          
1:500 (WB) 

Developmental Studies Hybridoma 
Bank, lowa City, IA, USA 
 

Clone ABL93 
 

Microtubule-
associated protein 2 
(MAP2) 

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

m opsin 1:500 (IHC) Millipore, Temecula, CA, USA AB5405 
protein kinase C 
alpha (PKCα) 

1:500 (ICC)                
1:500 (IHC) 

Santa Cruz Biotechnology, Inc. Sc-208 
 

rhodopsin 1:1000 (ICC) Sigma Aldrich, Deisenhofen, Germany O4886 
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, 
Germany 

2018-
SA9052_06 

secretagogin (SCGN) 1:1000 (ICC)               
1:2000 (IHC) 

BioVendor Research and Diagnostic 
Products 

RD184120100 
 

sequestosome 1/p62 
(SQSTM1/p62) 

1:1000 (IHC)       
1:1000 (WB) 

Enzo Life Sciences GmbH, Lörrach, 
Germany 

BML-PW9860 
 

subunit c of 
mitochondrial ATP 
synthase (SCMAS) 

1:1000 (IHC) Abcam, Cambridge, UK  
 

Ab181243 
 

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 

 

 
 
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 Ctsd 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㎛; in (l): 5㎛. 
 

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 iCTSD 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 

iCTSD 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.  

 

 
 
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 Ctsd 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), 
PKCα (e, f), β-tubulin III (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, Ctsd ko primary retinal cell cultures maintained in the presence of 
conditioned medium from CTSD overexpressing astrocytes; PKCα, protein kinase C-
alpha. Scale bar, 20㎛.  
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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), PKCα-positive rod bipolar cells (Figure 2f), β-

tubulin III 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 Müller cells  

    To investigate the tropism of an scAAVshH10 serotype in the murine retina, 

we injected scAAVshH10-GFP (1ul, CMV 2.47 x 1012 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 Müller 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 
bar in (c): 200 ㎛; in (d): 50 ㎛. 
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sections with antibodies to glutamine-synthetase (GS) revealed co-localization 

of GFP and GS, demonstrating efficient transduction of Müller glia. GFP 

expression was also found in RPE cells (Figure 3a, 3b). Similarly, intravitreal 

injections of scAAVshH-GFP (1ul, CMV 2.47 x 1012 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 1012 

v.g./ul) into the left eye and scAAVshH10-CTSD (1ul, CMV 2.46 x 1012 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).  

 

 
 
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 ㎛. 
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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.  

 

 
 
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, l, 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, l) 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 c of mitochondrial ATP synthase; 
SQSTM1/p62, sequestosome 1/p62. Scale bar, 50 ㎛. 
 

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 scAAVshH10-CTSD resulted in significantly higher 

levels of CTSD than intravitreal transplantations of CTSD-NSCs, both in the  

 

 
 
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, l, 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, l) 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 c of mitochondrial ATP 
synthase; SQSTM1/p62, sequestosome 1/p62. Scale bar, 50 ㎛. 

 

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  

 

 
 
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), PKCα (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; 
PKCα, protein kinase C-alpha; RPE, retinal pigment epithelium; SCGN, secretagogin. 
Scale bar, 20 ㎛. 
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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, 

PKCα-positive rod bipolar cells, SCGN-positive cone bipolar cells, Iba1-positive 

microglia and GFAP-positive astrocytes/Müller cells, indicating that a fraction 

of CTSD expressed by Müller 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 Ctsd 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 iCTSD 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  

 

 
 
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 (± 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, Ctsd 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, Ctsd 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 

 

 
 
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 Müller cells and astrocytes (i-l) in NSC-treated (a, b, e, f, i, j) and AAV-treated 
(c, d, g, h, k, l) 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 
(± 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 ㎛. 
 

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, CD68-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 9Bb) 

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 Müller 

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 

  

 
 
 
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), PKCα (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), PKCα-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; PKCα, protein kinase C-alpha; SCGN, 
secretagogin. Scale bar, 50 ㎛. 

 

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 PKCα-

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 Ctsd ko retinas. Injections of 

scAAVshH10-CTSD with a titer of 4,75 x 1011 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 1013 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 1012 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 



 40 

the mouse retina. Data thus demonstrate that the gene therapy approach 

effectively promoted rod photoreceptor survival in Ctsd ko mice. 

 

 
 
 
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), PKCα (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), PKCα-
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; PKCα, protein kinase C-alpha; SCGN, 
secretagogin. Scale bar, 50 ㎛. 

 

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 µm retina length (Figure 11Bb) and 12.10±2.55 arrestin-positive 

cones/250 µm retina length (Figure 11Bc) in scAAVshH10-CTSD treated 

animals as opposed to 0.38±0.21 m+s opsin- positive cones/250 µm retina 

length and 0.17±0.08 arrestin-positive cones/250 µm 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 PKCα-positive rod bipolar cells 

(Figure 11Af) when compared to control retinas (Figure 11Ae). In addition, we 

found a significantly higher number of PKCα-positive rod bipolar cells in 

scAAVshH10-CTSD injected retinas (21.98±1.27 (mean ±SEM) cells/250 µm 

retina length) than in control retinas (17.83±1.21 cells/250 µm 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 µm) was not significantly 

different from that found in control retinas (27.92±1.45 cone bipolar cells/250 

µm; 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 ㎛ 
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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 



 44 

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 Ctsd 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 Ctsd 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, Müller 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 1013 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 c 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]. 

 

 



 48 

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 Ctsd 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 Ctsd 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 scAAVshH10-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 CLN6, 

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-II (LC3-II) [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 LAMP2 in the Ctsd 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-II 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 Ctsd 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 scAAVshH10-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 CLN6 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 Cln3 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 Cln3 

ko mice exerted adverse effects on the morphology and survival of neurons 

from both Cln3 ko and healthy wt mice. Similar effects on Cln3 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]  

 

4.6 The impact of enzyme replacement strategies on 
neuroinflammation 

    In Ctsd 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 Müller 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 Ctsd ko retina, including astrocytes, Müller cells and 

microglia/macrophages. Interestingly, the number of CD68-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 Ctsd ko mice that 

received intravitreal injections of scAAVshH10-CTSD at P5. Retinal microglia, 

Müller 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], 

CLN5 [40], CLN6 [41-43, 182], CLN7 [148] and CLN8 [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 1011 

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 1012 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 Ctsd 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 gehört zu den 
charakteristischen Symptomen der Neuronalen Ceroid-Lipofuszinose (NCL). 
Die Häufigkeit 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 für das lysosomale Enzym Cathepsin 
D (CTSD) kodiert. Um auf molekularer und zellulärer 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 
Phänotyps einer Ctsd knockout (Ctsd ko) Maus durchgeführt, einem Tiermodell 
für die CLN10 Erkrankung. Die retinale Degeneration in dieser Mutante war 
durch eine früh beginnende Akkumulation von Speichermaterial, einer 
signifikanten Dysregulation verschiedener lysosomaler Proteine und einer 
Hochregulation des Autophagie Markers SQSTM1/p62 charakterisiert. Auf der 
zellulären Ebene war ein sehr früher Verlust von Zapfen-Photorezeptoren, und 
eine nachfolgende Degeneration von Stäbchen-Photorezeptoren, Zapfen- und 
Stäbchen-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 phänotypischen Analyse der Ctsd ko Retina wurden in 
der vorliegenden Arbeit als Referenzdaten für 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 überexprimierenden neuralen Stammzelllinie 
(CTSD-NSCs) oder intravitrealen Injektionen eines für 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 für “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 Abschwächung 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 
größere Mengen an CTSD Protein und eine höhere enzymatische Aktivität von 
CTSD nachgewiesen werden. In Einklang mit diesen Daten war die 
Akkumulation von Speichermaterial fast vollständig inhibiert, die 
Expressionsstärken der lysosomalen Proteine fast vollständig 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 
Verzögerung der Degeneration von Zapfen- und Stäbchen-Photorezeptoren 
und Stäbchen-Bipolarzellen erreicht werden. 
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Insgesamt wurden in der vorliegenden Arbeit detaillierte Daten zum 
retinalen Phänotyp eines Mausmodells für die CLN10 Erkrankung auf zellulärer 
und molekularer Ebene erhoben. Die präklinischen Therapieexperimente 
deuten an, dass eine Gentherapie eine vielversprechende Strategie darstellt, 
um eine retinale Degeneration bei der CLN10 Erkrankung - und möglicherweise 
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 β-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 

EF1 α elongation factor1 α 

EGFP enhanced green fluorescent protein 

ERT enzyme replacement therapy 

ERG electroretinogram 

FACS fluorescence activated cell sorting 

FPP fingerprint profiles 

GAPDH Glyceraldehyde 3-phosphate dehydrogenase  
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GC Golgi complex 

gcl ganglion cell layer 

GFAP glial fibrillary acidic protein 

GFP green fluorescent protein 

GRN progranulin 

GRODs granular osmiophilic deposits 

GS glutamine-synthetase 

HEK human embryonic kidney 

HEPES hydroxyethyl piperazineethanesulfonic acid 

HEXB hexosaminidase B 

IBA1 ionized calcium-binding adapter molecule 1 

ICC immunocytochemistry 

iCTSD intermediate cathepsin D 

IHC immunohistochemistry 

inl inner nuclear layer 

IRES internal ribosome entry site 

KCTD7 potassium channel tetramerization domain-

containing protein 7 

ko knockout 

LAMP1 lysosomal-associated membrane protein 1 

LAMP2 lysosomal-associated membrane protein 2 

LC3-II microtubule-associated protein 1 light chain 3-II 

LSDs lysosomal storage disorders 

M6P mannose-6-phosphate 

MAP2 microtubule-associated protein 2 

mCTSD mature cathepsin D 

MeCP2 methyl-CpG-binding protein 2 

mnd motor neuron degeneration 

MRI magnetic resonance imaging 

MSCs mesenchymal stem cells 

mTORC1 mammalian target of rapamycin complex 1 

NCLs neuronal ceroid lipofuscinoses 
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NEAA non-Essential Amino Acids 

NO neurotoxic nitric oxide 

NS neural stem cells 

NSCs neural stem cells 

onl outer nuclear layer 

P postnatal day 

PA paraformaldehyde 

PCR polymerase chain reaction 

pCTSD pro-cathepsinD 

PKCα protein kinase C-alpha 

PMSF phenylmethylsulfonyl fluoride 

PPT1 palmitoyl-protein thioesterase 

RER rough endoplasmic reticulum 

RGCs retinal ganglion cells 

RIPA radioimmunoprecipitation assay 

RLC rectilinear complex 

RPE retinal pigment epithelium 

saposin A sphingolipid activator protein A 

saposin D sphingolipid activator protein D 

sc self-complementary 

SCGN secretagogoin 

SDS sodium dodecyl sulfate 

SCMAS subunit c of mitochondrial ATP synthase 

SQSTM1 sequestosome 1 

TFEB transcription factor EB 

TPP1 tripeptidyl peptidase 1 

WB western blot 

wt wild-type 
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