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A B S T R A C T   

Proteolysis mediated by lysosomal cathepsin proteases maintains a physiological flow in autophagy, phagocy-
tosis and endocytosis. Neuronal Ceroid Lipofuscinosis (NCL) is a childhood neurodegenerative disorder char-
acterized by disturbed autophagic flow and pathological accumulation of proteins. We demonstrated a 
therapeutic clearance of protein aggregates after dosing NCL10 mice with recombinant human pro-cathepsin-D. 
Prompted by these results and speculating that cathepsins may act in a redundant and in an hierarchical manner 
we envisaged that a treatment with human recombinant cysteine proteases pro-cathepsin-L (proCTSL) and pro- 
cathepsin-B (proCTSB) could similarly be used to induce protein degradation. Both enzymes were taken up by 
mannose 6-phosphate receptor- and LRP-receptor-mediated endocytosis and processed to the lysosomal mature 
cathepsins. In murine NCL10 astrocytes an abnormal increase in LAMP1 and saposin expression was revealed. 
Although proCTSB application did not improve this phenotype, proCTSL treatment led to reduced saposin-C 
levels in this model as well as in an acute brain slice model. Intracerebral dosing in a NCL10 mouse model 
revealed cellular and lysosomal uptake of both enzymes. Only proCTSL mildly reduced saposin-C levels and 
attenuated reactive astrogliosis. Application of both proteases did not improve weight loss and mortality of 
mutant mice. Our data reveal that although recombinant lysosomal proteases can be efficiently delivered to 
neuronal lysosomes cysteine proteases are less efficient in protein aggregates clearance as compared to the 
cathepsin-D treatment. Our data including in vitro degradation assays support the idea that bulk proteolysis 
requires a hierarchical process in which both aspartyl and cysteine hydrolases play a role.   

1. Introduction 

Lysosomes are intracellular vesicles involved in protein degradation 
of biological macromolecules [1,2]. Material to be degraded reaches this 
compartment mainly through endocytosis, phagocytosis or autophagy. 
More than 60 acid hydrolases mediate degradation of such macromol-
ecules and accelerate endocytic/autophagic flow [3]. The products of 
these hydrolytic reactions can leave the lysosome by specialized 

membrane transporters. 
Among the enzymes present in the lysosomes, cathepsins represent a 

group of lysosomal proteases which are divided in three different sub-
groups based on the amino acids present within the active site: (i) 
aspartyl proteases (cathepsin D, E), (ii) cysteine proteases (cathepsin B, 
L, C) and iii) serine proteases (cathepsin A, G). Cathepsins are synthe-
sized in the endoplasmic reticulum as inactive proforms. During transit 
to lysosomes they are proteolytically processed to mature forms which 
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become fully active in the lumen of the acidic lysosomes [4]. 
In particular, cathepsin D (CTSD), which is ubiquitously expressed, 

appears as one of the more important lysosomal proteases. Indeed, CTSD 
deficiency leads to a congenital neurodegenerative disease classified as 
Neuronal Ceroid Lipofuscinosis 10 (NCL10). NCL10 is characterized by 
an impaired autophagic flux associated with lysosomal accumulation of 
saposins (Sap), subunit C of the mitochondrial ATPase (SCMAS) and 
lipofuscin. Such aggregates lead to neuronal cell death associated with 
premature death in patients and a NCL10 mouse model [5–7]. 

Less severe phenotypes were found in cathepsin B and cathepsin L- 
deficient mice. Cathepsin B knockout (KO) mice do not show obvious 
pathological alterations under unchallenged conditions [8], while 
cathepsin L KO mice reveal a number of organ-specific phenotypes 
demonstrating that cathepsin L has an important functions in the heart 
[9], skin [10] thymus [11] and thyroid [12]. Cathepsin B/L double- 
deficient mice show many similarities with NCL10 mice including 
autophagic alterations, pathological protein accumulation in neurons 
and neuronal cell death. These mice are characterized by an early-onset 
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Fig. 1. Purification and in vitro testing of recombinant proCTSB and proCTSL. A) Left panel: schematic representation of the enzyme purification process. Right panel: 
maturation process of proCTSB and proCTSL. B) Immunoblot of CTSB KO MEF cells after incubation with 40 μg/mL of proCTSB for, 2 h, 4 h, 8 h, 24 h, 48 h, 72 h. C) 
Immunoblot of CTSL KO MEF cells after incubation with 40 μg/mL of proCTSL for 2 h, 4 h, 8 h, 24 h, 48 h, 72 h. D) Immunoblot of CTSB KO MEF cells after co- 
incubation of proCTSB with 40 mM mannose 6-phospate, 50 mM mannose and 750 nM RAP. E) Immunoblot of CTSL KO MEF cells after co-incubation of proCTSL 
with 40 mM mannose 6-phospate, 50 mM mannose and 750 nM RAP. 
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brain atrophy leading to lethality approximately four weeks after birth 
[13–15]. These observations and other studies suggest a significant de-
gree of redundancy among the cathepsins [16–20]. 

In our previous study, we demonstrated that boosting lysosomal 
protein degradation by applying proCTSD is sufficient to clear protein 
aggregates resulting in reduced gliosis and neurodegeneration and an 
increased life span in the NCL10 preclinical model [21]. The rationale of 
our current study was to analyse in which way cathepsins can act in a 
redundant but also hierarchical manner. To this end we were interested 
if a single or combined application of the proforms of cathepsin B 
(proCTSB) and L (proCTSL) can be used to induce lysosomal degradation 
of protein aggregates. 

2. Results 

2.1. Production of recombinantly expressed proforms of human cathepsin 
B and cathepsin L 

Human embryonic kidney (HEK293) Ebstein-Barr virus nuclear 
antigen-1 expressing (EBNA) cells were stably transfected to express 
either recombinant human proCTSB or proCTSL. A secretion signal 
peptide was inserted to drive the release of the recombinant proteins 
into the cell culture medium. ProCTSB or proCTSL were isolated from 
the medium by nickel affinity chromatography through the poly-
histidine (His)-tag added to the enzyme's N-terminus. An additional size 
exclusion chromatography was used to obtain purified enzymes in PBS 
solution (Fig. 1A, left panel). The fractions resulting from the size 
exclusion chromatography were analysed by SDS-PAGE followed by 
Coomassie staining and western blot analysis. This analysis revealed a 
monomeric 41 kDa band corresponding to the size of proCTSB (Sup-
plementary Fig. 1A, Fig. 1A right panel) and a 39 kDa band corre-
sponding to the size of proCTSL (Supplementary Fig. 1B, Fig. 1A right 
panel). In addition, we observed the single chain CTSL (31 kDa) and 
mature CTSL (heavy chain 24 kDa) forms indicating that proCTSL 
partially undergoes auto-activation under neutral pH conditions (Fig. 1A 
right panel, Supplementary Fig. 1B). 

Following these experimental procedures, we were able to obtain 
purified human proCTSB and proCTSL to study their potential thera-
peutic effect. 

2.2. Cellular uptake of the recombinant cathepsin proteases 

We were first interested to analyse the ability of cells to take up re-
combinant human proCTSB and proCTSL. Mouse embryonic fibroblasts 
(MEF) isolated from CTSB-deficient mice were incubated in the presence 
of recombinant proCTSB. Cellular uptake and intracellular processing of 
proCTSB were studied following time course of 2 h, 4 h, 8 h, 24 h, 48 h 
and 72 h (Fig. 1B). After 2 h incubation with 40 μg/mL of enzyme fol-
lowed by cell lysis and immunoblot analysis, a band corresponding to 
proCTSB was revealed. It took another 48 h of incubation to detect the 
processed and mature form of CTSB (Fig. 1B, Supplementary Fig. 1C). 
Uptake experiments were also performed in human neuroblastoma cells 
SH-SY5Y. Using 40 μg/mL of enzyme for the incubation, SH-SY5Y CTSB 
knockout cells showed efficient uptake of proCTSB while mature CTSB 
was detected after 48 h in cell lysates (Supplementary Fig. 1D). A similar 
approach was used to evaluate the uptake of proCTSL in CTSL-deficient 
MEF cells (Fig. 1C, Supplementary Fig. 1C) and CTSL-deficient SH-SY5Y 
cells (Supplementary Fig. 1E). Also in this case knockout MEF cells were 
incubated in presence of 40 μg/mL proCTSL. The pro- and single chain 
CTSL were detectable in the cell lysate after 2 h of incubation. A gradual 
increase of the mature form of CTSL with time could also be observed, 
indicating the delivery of proCTSL to the lysosomal compartment 
(Fig. 1C, Supplementary Fig. 1C). 

The uptake of lysosomal enzymes is mediated by specific receptors 
[22,23]. To analyse receptor-mediated endocytosis of proCTSB and 
proCTSL, a competition experiment was performed using: i) free 

mannose-6-phosphate (M6P) as competitor for the mannose-6- 
phosphate receptor, ii) mannose as a block of mannose-receptor medi-
ated uptake and, iii) receptor-associated protein (RAP) as competitor of 
low density lipoprotein receptor-related protein (LRP) [24]. We applied 
exogenously proCTSB for 48 h and we observed that uptake and matu-
ration was inhibited by both M6P and RAP protein in CTSB KO MEFs 
(Fig. 1D, Supplementary Fig. 1F). Similar experiment and results were 
obtained for proCTSL in CTSL KO MEFs (Fig. 1E, Supplementary 
Fig. 1G), suggesting that cathepsins follow similar mannose 6-phosphate 
receptor- and LRP-uptake routes towards the lysosomal compartment. 

2.3. Protein aggregate clearance capacity after cathepsin application in 
astrocytes derived from NCL10 mice 

Cathepsin D deficiency leads to impaired autophagy in humans and 
in animal models [5–7]. CTSD KO mice display progressive neuro-
degeneration and serve as a suitable model closely mimicking human 
NCL10 disease [7]. A hallmark of disease pathology is the cellular 
accumulation of undigested macromolecules forming toxic aggregation 
of proteins and hydrophobic molecules such as Saps, SCMAS and lip-
ofuscin. To understand whether boosting proteolysis by application of 
pro-cathepsins is able to reduce such protein aggregates, we tested this 
approach in astrocytes derived from neural stem cells [25] from wild-
type and CTSD KO mice. Neural stem cells from CTSD-deficient and 
wildtype mice were differentiated for two weeks into astrocytes. It is of 
note that unlike to neurons, neural stem cells-derived astrocytes can be 
cultivated for sufficient time to allow the development of a NCL-like 
storage phenotype. CTSD KO astrocytes were characterized by a signif-
icantly elevated number of clustered lysosomal-associated membrane 
protein 1 (LAMP1)-positive vesicles when compared to wildtype astro-
cytes (Fig. 2A, Supplementary Fig. 2). Moreover, immunostaining of 
CTSD KO astrocytes revealed lysosomes abnormally filled with SapD 
(Fig. 2B, Supplementary Fig. 2). The perinuclear lysosomal clusters 
present in the CTSD KO astrocytes were additionally characterized by 
significantly increased levels of SCMAS (Supplementary Fig. 3). 

Immunoblot analysis confirmed that CTSD-deficient astrocytes pre-
sented increased LAMP1 and LC3II levels suggesting an impaired auto-
phagy (Fig. 2C). An additional 1.7-fold increase of LAMP1, a 12-fold 
increase of SapC and a 3.5-fold increase of SapD were also detected by 
immunoblot in lysates from CTSD-deficient astrocytes when compared 
to lysates of wildtype astrocytes. Due to the strong increase in SapC 
levels in the following experiments we made use of this biomarker to 
evaluate the efficacy of cathepsin treatments (Fig. 2C). Altogether, we 
concluded that CTSD KO astrocytes are well suited to study the typical 
NCL10 cellular phenotype as observed in vivo. 

To analyse if application of the pro-enzymes is able to reduce toxic 
protein aggregates, differentiated astrocytes were treated for 1 week 
with either 40 μg/mL of proCTSB, proCTSL or proCTSD. Immunoblot 
analysis revealed that proCTSB treatment was not able to reduce SapC 
accumulation, while proCTSD and proCTSL treatments was more effi-
cient in clearance of SapC aggregates leading to respectively a ~70% 
and ~40% reduction compared to KO control astrocytes (Fig. 2D). Both 
LAMP1 and LC3II levels were only weakly reduced by proCTSB and 
proCTSL treatment compared to CTSD treatment (Fig. 2D and E). 
Remarkably, LAMP1 immunostaining showed that proCTSB treatment 
reduced lysosomal clustering and SCMAS/LAMP1 co-localization, while 
proCTSL treatment had an unexpected impact on the lysosomal 
morphology, i.e. leading to partially enlarged LAMP1 positive vesicles 
(Supplementary Fig. 3). 

2.4. Clearance of protein aggregates in an ex vivo NCL10 model 

We further tested the protein aggregate clearance capacity of 
proCTSB and proCTSL enzymes under ex vivo conditions. Organotypic 
brain slices were generated from 15 days old CTSD KO and wildtype 
mice. First, the capability to take up proCTSD in vibrosections was 
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tested. To this end, we treated the sections for 2 weeks with recombinant 
human proCTSD (40 μg/mL) followed by immunostaining. Microscopy 
revealed that the enzyme was taken up by the brain slices and co- 
localized with LAMP1-positive lysosomes (Supplementary Fig. 4A). 
Immunoblot analysis revealed that in organotypic brain slices besides 
proCTSD also proCTSB and proCTSL were correctly processed into the 
corresponding mature and active forms (Supplementary Fig. 4B). 
Further characterization of these sections revealed that mock treated 
slices derived from the NCL10 mice showed an upregulation of LAMP1, 
p62, SapC and SCMAS compared to wildtype sections. ProCTSL treat-
ment led to a 13% reduction of SapC and a 20% reduction of SCMAS 
compared to control vibrosections. ProCTSB treatment showed a 15% 
SapC reduction and a 26% reduction of SCMAS compared to control 
vibrosections (Supplementary Fig. 4C, D). 

2.5. Dosing NCL10 mice with proCTSB and proCTSL 

Since proCTSL treatment reduced SapC accumulation in NCL10 as-
trocytes and organotypic brain slices, we decided to dose NCL10 mice 
with recombinant human proCTSB and proCTSL and compared the 
therapeutic effect with mice treated with proCTSD [21]. First we asked 
whether mouse tissues are able to take up these recombinant enzymes. 
Cathepsin B- and cathepsin L-deficient mice were dosed intravenously 
with 50 mg/kg of proCTSB and 14 mg/kg of proCTSL, respectively. 
Twenty-four hours after injection, mice were sacrificed and brain and 
liver were harvested and analysed by immunoblot using specific anti 
human-CTSB and anti-human CTSL antibodies. Endogenous CTSB and 
CTSL were poorly detected due to the low cross-reactivity of the anti-
bodies against mouse cysteine proteases. Livers of proCTSB and proCTSL 
injected mice were able to take up and process the recombinant enzymes 
correctly into the mature forms (Fig. 3A and B). However, both proCTSB 
and proCTSL were not able to cross the blood-brain barrier to reach the 
brain (Fig. 3A and B). 

We therefore decided to intracranially deliver the enzymes to 
directly target the central nervous system (CNS). NCL10 mice were 
dosed with either proCTSB, proCTSL or as a comparison with proCTSD 
at post-natal day 1 (P1) and day 19 (P19). Mice were sacrificed 23 days 
after birth (Fig. 3C). Western blot analysis showed that both hydrolases 
were taken up in the brain (Fig. 3E and G), however, neither proCTSB 
nor proCTSL treatment were able to improve the body weight and 
prolong the lifespan of the NCL10 mice (Fig. 3C). Biochemical analysis 
of the brains revealed that proCTSB treatment resulted in a decreased 
LAMP1 and LC3II expression but did not reduce SapC accumulation 
(Fig. 3E and F). In contrast, proCTSL treatment did not reduce the 
LAMP1 levels. However, immunoblot of LC3II and SapC revealed a 
significant reduction of both proteins (LC3II: ~50%, SapC: ~30%) 
compared to the littermate control group (Fig. 3G and H). 

To investigate if autophagy improvement after proCTSL treatment 
had an impact on the reported neuroinflammation [26–28], we per-
formed IBA1/GFAP immunostaining [29,30] on brain sections from 
CTSD KO mice after proCTSB, proCTSL and proCTSD application. We 
could not observe any difference in the intensity of IBA1 or GFAP 
immunoreactivity between PBS treated controls and CTSD KO mice 
treated with proCTSB. However, proCTSL dosed mice showed a reduc-
tion of the GFAP-positive area (Fig. 4) which was also confirmed by 
immunoblot with a 18% reduction compared to the PBS injected NCL10 
control. In mutant mice treated with CTSD reactive astrogliosis was 
clearly attenuated when compared with all other experimental groups 
(Fig. 4). Immunohistochemistry analysis did not reveal difference in cell 

death among neurons, astrocytes and glia cells (data not shown). 
The in vivo dosing data show that in contrast to proCTSD treatment 

the application of proCTSB and proCTSL only mildly improved the pa-
thology in the NCL10 model arguing that cysteine proteases cannot 
significantly contribute to the clearance of pathological protein accu-
mulations in NCL. 

2.6. In vitro cleavage assay reveals redundancy of cathepsin activities 

In order to test if different combination of the proteases may impact 
the proteolytic activity we set up an in vitro cleavage assay. Recombinant 
proCTSD, proCTSB and proCTSL were auto-activated for 90 min at 37 ◦C 
at pH 4.5 (Fig. 5A) [31,32]. Fluorogenic substrates were used to test 
cathepsins activity after in vitro activation. Both CTSD and CTSL are 
characterized by a narrow activity peak at pH 4 and pH 4.5, respectively. 
In contrast, CTSB showed proteolytic activity from pH 7 to pH 4 (Sup-
plementary Fig. 5). Since the lysosomal lumen is characterized by an 
acid environment, the cleavage assay was performed at pH 4.5. There-
fore, increasing amount of activated enzymes was incubated for 30 min 
with fluorescence-conjugated bovine serum albumin (BSA). The assay 
revealed that 100 ng of CTSD or CTSL were able to reduce the intensity 
of the 100 kDa band by 50% and 65%, respectively (Fig. 5B). Corre-
sponding with our previous results activated CTSB only showed minor 
BSA cleavage capacity compared to the other two enzymes. Importantly, 
CTSD proteolytic activity was inhibited using pepstatin A. Leupeptin 
was able to inhibit the cysteine hydrolases CTSB and CTSL (Fig. 5B). 
Using this experimental setting, a mixture of the different cathepsins and 
its ability to promote (the 100 kDa) albumin degradation was tested. 
Activated CTSL showed higher proteolytic activity towards the substrate 
compared to activated CTSB and activated CTSD. Co-incubation of CTSL 
and CTSB did not further increase BSA degradation. Importantly, the 
mixture of the three proteases had the strongest effect and led to an 80% 
decrease of the 100 kDa BSA band and the strongest appearance of an 
about 5 kDa product band (Fig. 5D). Interestingly, the combined 
application of CTSL, CTSB and CTSD caused a different albumin frag-
mentation pattern compared to the single cathepsin applications 
(Fig. 5C). These results suggest that CTSD and CTSL may have synergic 
effects in lysosomal bulk proteolysis and a combination treatment may 
be useful to further improve therapeutic efficacy. 

3. Discussion 

Despite high expression levels in neurons cathepsin B and cathepsin L 
single-deficient mice do not display an overt CNS phenotype. However, 
animals lacking both CTSB and CTSL present with a shortened lifespan 
associated with brain atrophy. Moreover, histological analysis revealed 
the abnormal presence of neuronal autophagic vacuoles, an accumula-
tion of autofluorescence intracellular deposits and SCMAS in the brain of 
the double-deficient mice [13,14]. These are typical hallmarks remi-
niscent of NCL disease in general and specifically similar to the neuronal 
NCL10 disease phenotype (cathepsin D deficiency) suggesting a certain 
degree of redundancy among these cathepsins. A proteomic analysis of 
CTSB/CTSL-deficient mouse brain lysosomes revealed the accumulation 
of at least 19 lysosomal proteins underlining the importance of CTSB and 
CTSL in keeping neuronal homeostasis regulating autophagy [18]. This 
prompted our major hypothesis that next to cathepsin-D at least 
cathepsin-L and cathepsin-B cooperate to digest proteins substrates 
within neuronal lysosomes in the context of NCL disease. It should be 
noted that also mutations in other lysosomal proteases such as 

Fig. 2. Clearance of toxic protein aggregates in vitro. Immunostaining of neural stem cell-derived astrocytes from wildtype (CTSD+/+) and CTSD KO (CTSD− /− ) mice. 
Co-staining of A) LAMP1 (lysosomal marker) and CTSD, B) LAMP1 and SapD (storage material marker). Scale bar 50 μm, scale bar insert 20 μm. C) Immunoblot and 
densitometry analysis of wildtype and CTSD KO astrocytes. D) Immunoblot analysis of astrocytes after 1 week of incubation with 40 μg/mL of proCTSB, proCTSL or 
proCTSD. E) Densitometry analysis of SapC, LAMP1 and LC3II of the immunoblot shown in panel D. Data (n = 4–8, mean ± S.E.M.) were analysed using one-way 
ANOVA followed by Tukey's post hoc comparisons test. * P < 0.05, ** P < 0.01, *** P < 0.005. 
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tripeptidylpeptidase 1 (TPP1) and cathepsin-F are associated with 
different types of NCL, NCL2 and NCL13, respectively [33,34]. NCL2 
and NCL13 patients are characterized by the typical lipofuscin and un-
digested protein accumulations. 

In vitro studies applying different methods were performed to iden-
tify specific substrates or consensus motifs for both cathepsins. The 
glycine in position P3′ is the major determinant for CTSB endoprotease 
specificity. Moreover, CTSB shows a strong preference for glycine in 
position P1, a preference for aromatic and aliphatic amino acids in po-
sition P2 and for glycine, lysine, leucine and proline in P3. CTSL speci-
ficity is mainly guided by aromatic residues in position P2, while the 
enzyme displays mixed selectivity for glutamine and glycine in P1 

[16,20,35]. From these studies it was concluded that cathepsins lack a 
robust substrate consensus motif defining the cleavage site. This may 
explain their rather broad range of specificity towards substrates and a 
major role in lysosomal bulk protein degradation was suggested 
[16,19,20,35]. 

Many neurodegenerative pathologies are characterized by the pres-
ence of intracellular misfolded protein aggregates. These are typical 
pathological cellular hallmarks in Alzheimer's disease (AD), Parkinson's 
disease (PD), Huntington disease, Prion disease and Batten (NCL) dis-
ease. For some of them, such as AD, PD and Prion disease, inducing 
autophagy was sufficient to ameliorate the pathological phenotype in 
mouse models of the diseases [36–38]. 
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Enzyme replacement therapy was shown to be the most used 
approach to treat lysosomal storage disorders. Treatment with recom-
binant human TPP1 was approved for patients affected by CLN2. The 
patients dosed intraventriculary with the recombinant enzyme present 
less motor and language decline than historical controls, demonstrating 
the potential role of proteases in treating lysosomal storage disorders 
[39]. In our previous study, we demonstrated that intracranial enzyme 
replacement with recombinant human proCTSD was sufficient to pro-
long life span of a NCL10 mouse model, and to restore autophagic flux 
and lysosomal proteolytic processes [21]. We were therefore interested 
to examine the possibility to clear toxic protein aggregates by boosting 
lysosomal proteolysis using proCTSB and proCTSL. We were also inter-
ested to test the capability of these cysteine proteases to replace the 
necessity of an aspartyl hydrolase in lysosomal bulk proteolysis. NCL10 

was chosen as a disease model due its rapid disease progression [5], its 
abundant presence of protein aggregates and the impaired autophagic 
flux in the CNS [6]. 

Our strategy was to first obtain sufficient recombinant catalytically 
inactive proCTSB and proCTSL. Like other lysosomal enzymes [4], also 
proCTSB and proCTSL appeared to be taken up by receptor-mediated 
endocytosis, however, proCTSB and proCTSL uptake and maturation 
showed some differences. ProCTSL maturation was 12 times faster as 
compared to the maturation of proCTSB. It has been previously sug-
gested that proCTSB requires CTSD activity to be converted into the 
mature and active form, which might explain the slower rate of proCTSB 
maturation [40]. It was reported that proCTSL also requires CTSD ac-
tivity for maturation [4], but apparently, in our system this did not seem 
to be crucial, as confirmed by the considerable amount of auto- 
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activation in vitro. 
In accordance with our idea that also lysosomal cysteine proteinases 

can contribute to clearance of pathological storage in NCL we found that 
proCTSL treatment was capable to at least partially digest SapC- 
containing aggregates in vitro and in vivo. In contrast the application of 
proCTSB did not show such a beneficial proteolytic effect. 

Despite similar subcellular localization, CTSL and CTSB exert 
different proteolytical activities. It was reported that CTSB has exo-, 
endo- and carboxydi-peptidase activity which works under different pH 
[41]. CTSB endopeptidase activity has an optimal pH between 4 and 6, 
while CTSB exo- and carboxydi-peptidase activity has a pH optimum of 6 
[41]. This suggests that CTSB could work mainly as exopeptidase in the 
acidic lysosomal lumen. In contrast, CTSL shows an endopetidase ac-
tivity similar to CTSD with an activity at an acidic pH optimum between 
3.5 and 6.5 [42,43]. The biochemical similarity between CTSL and CTSD 
could explain the ability of CTSL to cleave SapC aggregates in cells and 
in the in vivo model, while such effect was not observed in CTSB treated 
cells and mice. Our in vitro assays assessing the cathepsin-mediated 
degradation of BSA revealed an efficient degradation capacity of CTSL 
and CTSD. CTSB was less efficient in degrading BSA. At least under these 
lysosome-like (pH 4.5) in vitro conditions the combined application of 
the three enzymes resulted in the most efficient degradative activity and 
an altered cleavage pattern. This indicates that cathepsins act in a 
sequential, redundant and coordinated manner. 

3.1. Conclusion 

Several studies showed that cathepsins have a wide range of sub-
strates in vitro with overlapping specificity. However, our study in-
dicates that there is a complex hierarchy of proteases acting within the 
lysosomal lumen. The partial SapC clearance achieved by CTSL means 
that the enzyme was biochemically able to cleave the peptide, however 
its activity was not sufficient to compensate for the missing aspartyl- 
protease degrading activity. 

Further studies should focus on understanding the hierarchy and 
redundancy present among the cathepsins. This could give us valuable 
information necessary to develop targeted therapeutic strategies to treat 
disorders characterized by massive protein aggregation in the endocytic 
system and to improve an impaired autophagic flux by protease 
replacement strategies. 

The notion that some enzymes could cooperate to digest certain 
substrates could lead to the use of a combination therapy applying 
aspartyl- and cysteine proteinases in parallel. This would bring the 
benefit of lowering the dosage of the therapeutic enzymes, thereby 
decreasing the risk of unwanted side effects. 

4. Material and methods 

4.1. Cathepsins cloning and purification 

Cloning and purification of recombinant proCTSB and proCTSL are 
described in detail in the supplementary methods. Cloning and purifi-
cation of recombinant proCTSD was performed as described previously 
[21]. 

4.2. Neural stem cell derived astrocytes 

Neural stem cells were isolated as previously described [25]. In brief, 
neurospheres were generated from the cerebral cortex of 14-day-old 
wildtype (wt) and CTSD knockout (CTSD KO) mice with a standard 
protocol [44,45]. Once obtained, neurospheres were kept in culture for 
2–3 passages, then enzymatically dissociated, and further cultivated 
under adherent conditions to obtain pure cultures of symmetrically 
dividing neural stem cells [46]. 

4.3. Immunostaining of astrocytes 

Approximately 3 × 105 neural stem cells were seeded on 13 mm 
coverslips coated with 0.1% matrigel matrix (Corning) in a 12 well plate 
and cultivated in Dulbecco's modified Eagle's medium/F12 (DMEM/ 
F12) supplemented with 1% B27, 1% N2 (both from Life Technologies), 
10 ng/mL fibroblast growth factor-2 (FGF-2) and 10 ng/mL epidermal 
growth factor (EGF) (both from Immunotools). After 24 h medium was 
changed to a differentiation medium consisting of DMEM/F12 supple-
mented with 1% fetal bovine serum and 2% B27, and cells were further 
cultivated for 2 weeks during which neural stem cells differentiated into 
astrocytes. These astrocytes were treated with recombinant pro- 
enzymes (40 μg/mL of proCTSB, proCTSL or proCTSD) for 1 week in 
differentiation medium. After treatment with cathepsins, cells were 
washed 3 times with phosphate-buffered saline (PBS) and fixed with 4% 
paraformaldehyde (PFA). Astrocytes were incubated overnight with 
rabbit anti-CTSD (kindly provided by Prof. Andrej Hasilik, Münster, 
Germany), rat anti-LAMP1 (1D4B, DSHB), and rabbit anti-SapD (a kind 
gift from G. Grabowski from University of Cincinnati College of Medi-
cine) antibodies diluted 1:750 in a blocking solution. Then, coverslips 
were incubated with fluorophore conjugated secondary antibodies 
(Alexa Fluor; Thermo Fisher Scientific), finally washed, embedded with 
mounting solution and analysed with an Olympus FV1000D Laser 
Scanning Confocal Microscope (model: FV10-292-115). 

4.4. Immunostaining of tissue 

Mouse brains were fixed in 4% PFA for 4 h to be subsequently 
washed in phosphate buffer (PB) at 4 ◦C overnight, immersed in 30% 
sucrose in PB, and stored at 4 ◦C. Sections (35 μm) were cut sagittally 
with a Leica SM 2000R sliding microtome (Leica Microsystems) with 
dry-ice cooling and stored in PB containing 0.02% (w/v) sodium azide. 
Floating slides were washed 3 times with PB, blocked and permeabilized 
0.5% Triton X-100, 4% normal goat serum (Gibco) and incubated 
overnight with rabbit anti-IBA1 (GTX100042, GeneTex) and mouse anti- 
GFAP (G3893, Sigma) antibodies diluted 1:750 in a blocking solution. 
After 3 washing steps with 0.3% Triton X-100 in PB, sections were 
incubated with Alexa Fluor-conjugated secondary antibodies (A31573 
Donkey anti-rabbit 647, A21203 Donkey anti-mouse 594, Thermo Fisher 
Scientific) for 3 h at room temperature, washed again 3 times in washing 
buffer, and finally coverslipped in Mowiol/DABCO. 

4.5. Western blot 

All studied cells (MEF cells, SH-SY5Y cells, astrocytes) were used for 
western blot analysis. In general, cells were washed 3 times with PBS 
and then collected in 500 μL PBS supplemented with 1× complete 
Protease Inhibitor Cocktail (Roche). Later, cells were centrifuged, su-
pernatant was removed and pellets were lysed by shaking in 50 μL RIPA 
for 1 h at 4 ◦C. Mouse brains were homogenized in PBS with 0.1% (v:v) 
Triton X-100 containing protease inhibitor cocktail using 3 porcelain 
beads (PeqLab) in 2-mL screw-cap microcentrifuge tubes. Samples were 
crushed with a Precellys® 24 homogenizer (Bertin) set at 6 m⋅s− 1 for 20 
s, two times. Obtained cell and tissue lysates were cleared by centrifu-
gation at 4 ◦C for 15 min at 12,000 ×g and protein concentrations were 
determined using the BCA method (Thermo Fisher Scientific, 23,225). 
Samples were denatured with 5× Laemmli buffer (50% (v/v) 1 M Tris- 
HCl, pH 6.8, 50% (v/v) 100% glycerol, 10% (w/v) DTT, 10% (w/v) 
SDS, 0.01% (w/v) bromophenol blue), boiled for 4 min at 100 ◦C and 
separated by electrophoresis on 12.5% (w/v) SDS-PAGE gel or NuPage 
gradient gel (Thermo Fisher Scientific, NP0336BOX) running continu-
ously at 80 V. Then, proteins were transferred to a nitrocellulose 
membrane (Whatman, GE Healthcare, 10,426,994) using a semi− dry 
blotting. The membranes were blocked for 30 min with 5% dry milk in 
TBS-T (20 mM Tris/HCl pH 7.0, 150 mM NaCl, 0.1% (v/v) Tween® 20). 
The following primary antibodies were used: rat anti-LAMP1 (1D4B, 
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Developmental Studies Hybridoma Bank, Iowa City, IA, USA), rabbit 
anti-p62 (BHL-PW-9860, Enzo Life Science, Farmindale, NY, USA), goat 
anti-CTSD (AF1014, R&D Systems), mouse anti-tubulin (E7, DSHB), 
rabbit anti-GAPDH (sc-25778, Santa Cruz Biotechnology), rabbit anti- 
LC3 (PM036, MBL), rabbit anti-SapD (a kind gift from G. Grabowski 
from University of Cincinnati College of Medicine, USA), rabbit anti- 
SapC (Pineda Antibody, Service, Berlin), rabbit anti-SCMAS (a kind 
gift from E. Neufeld from University of California-Los Angeles, USA), 
goat anti-CTSB (AF953, R&D Systems) and goat anti-CTSL (AF952, R&D 
Systems). Afterwards, blots were washed with TBS-T for 30 min and 
incubated for 1 h at RT with secondary antibodies coupled to 
horseradish-peroxidase (HRP) (goat anti-rabbit HRP, rabbit anti-goat 
HRP, goat anti-mouse HRP, goat anti-rat HRP) in a blocking solution. 
Horseradish peroxidase activity was detected by ImageQuant™ LAS 680 
(GEHealthcare) after incubation with Amersham ECL Advanced Western 
Blotting Detection kit (GE Healthcare, RPN2135). 

4.6. Animal experiments 

Animal handling and care were performed in agreement with the 
German animal welfare law according to the guidelines of the Christian- 
Albrechts-University of Kiel. Animal experiment was approved by the 
Ministry of Energy, Agriculture, the Environment and Rural Areas 
Schleswig-Holstein under the reference number V242–40536/2016 
(81–6/16). 

All mice were housed in individually ventilated cage (IVC) under a 
12 h light/12 h dark cycle with free access to food (pellets by Sniff 
Spezialdiäten, V1534) and water. Mice cages were maintained in a room 
with a temperature between 19 and 22 ◦C and humidity of 45–60%. 
CTSD deficient mice (NCL10 model) were obtained from heterozygotes 
matings and genotyped as previously described [5]. CTSB- and CTSL- 
deficient mice were kindly provided by Prof Thomas Reinheckel from 
the University of Freiburg. 

4.7. Intracranial injection 

Intracranial injections were performed as previously described [21]. 
Both male and female mice were used for the experiments. Briefly, mice 
were genotyped at postnatal day 0 (P0). Wildtype or CTSD KO mice were 
selected, dosed at day P1 and P19 with PBS or recombinant enzymes and 
sacrificed at P23. Mice were anaesthetized with isoflurane (2% in 
oxygenated air) and kept on a warm plate for the whole procedure. For 
P1 injection 10 μl containing 100 μg of recombinant protease was 
injected into the cauda putamen (single injection in the right hemi-
sphere), similar injection was performed at P19 (single injection in the 
left hemisphere) using a microsyringe (30 G) carrying a spacing devise 
with an injection depth of 1.15 mm over a period of 3 min. The injection 
of 10 μl of PBS at P1 and P19 did not affect body weight development or 
behaviour of the dosed mice. At P23 mice were anaesthetized by intra- 
peritoneal injection of 10 mg/mL Ketamine (Bremer Pharma GmbH, 
26706) and 6 mg/ml Rompun® (Bayer, KPOCCNU) in 0.9% (w/v) NaCl 
solution and transcardially perfused with phosphate buffer 0.1 M. Brains 
were harvested, the right hemispheres were fixed in 4% PFA and used 
for immunohistochemistry, while the left hemispheres were used for 
western blot analysis. 

4.8. Bovine serum albumin (BSA) in vitro cleavage 

Different amounts of pro enzymes were activated for 90 min at 37 ◦C 
in 20 μL processing buffer (0.1 M Tris-HCl, 3 mM EDTA, 5 mM Cysteine) 
at pH 4.5. Later, 10 ng of Alexa Fluor 647-conjugated BSA (A34785, 
Thermo Fisher) were incubated with the activated enzyme for 30 min at 
37 ◦C. Reaction was stopped placing the samples on ice, samples were 
boiled for 4 min at 100 ◦C with 5× Laemmli buffer and separated by 
electrophoresis on 10% (w/v) SDS-PAGE gel. SDS-PAGE gels were 
analysed with Amersham™ Typhoon™ Biomolecular Imager. 

4.9. Cathepsin activity assay 

Cathepsin activity was tested incubating 400 ng of activated CTSD, 
CTSB and CTSL with activity buffer (50 mM sodium acetate (pH 5.5), 
0.1 M NaCl, 1 mM EDTA, and 0.2% Triton X-100) containing either 10 
μM of CTSD substrate (Enzo Life Sciences, P-145) or 20 μM cathepsin B 
substrate (Enzo Life Sciences, P137) or 20 μM cathepsin L substrate 
(Bachem, 4003379). The fluorescence was measured using a Synergy™ 
HT Multi-Detection microplate reader (exc: 360 nm; em: 440 nm, band 
pass 40). 

4.10. Statistical analysis 

Data are expressed as mean ± S.E.M. For statistical analysis one-way 
ANOVA was employed using GraphPad Prism 5 (Graph Pad Software, 
Inc., San Diego, USA): * P < 0.05; ** P < 0.01; *** P < 0.001; **** P <
0.0001. 
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