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Introduction

1 Introduction

1.1 Proteolysis

The concept of protein turnover, a continuous synthesis and degradation of proteins
by proteolysis, was originally proposed by Rudolf Schoenheimer in
1943 (Schoenheimer 1943). First, Schoenheimer’s revolutionary finding was neglected
but Christian de Duve’s discovery of the lysosome in the late 1950s brought proteolysis
back in focus (Bond 2019; Duve et al. 1955). Lysosomes were identified as degrading
organelles containing hydrolyzing enzymes. However, how proteins and peptides
reached these compartments remained an essential question in the field. Blocking
lysosomal proteolysis did not significantly prevent the intracellular breakdown of all
proteins (Poole et al. 1978). This suggested that a proteolytic system apart from the
lysosome existed. In 1978, Hershko and Ciechanover discovered the ATP-dependent
proteolysis factor (APF-1) which was later identified as ubiquitin (Ciechanover et al.
1980). The ubiquitin-proteasome system was classified as a proteolytic degradation
machinery in the following years (Wolf and Menssen 2018). A significant role for
proteolysis in cellular protein quality control has been discovered in recent years. This
essential process occurs in all living cells and regulates several functions including the
regulation of protein function and the removal of damaged or unnecessary
proteins (Berg et al. 2018). Subsequently, dysregulation in the proteolysis can cause
various diseases like cancer, inflammation, and neurological disorders (Bhagwat et al.
2018). The hydrolysis of peptide bonds is catalyzed by proteases as it usually is an
extremely slow process and the lifetimes of proteins and peptides range from a few
minutes to weeks (Voet and Voet op. 2011; Chepyala et al. 2021; Hammond et al.
2022; Eden et al. 2011). In humans, there are 641 genes encoding for proteases which

account for 3% of the overall human genome (Bond 2019).

1.2 The Biological function of proteolysis

To maintain protein homeostasis eukaryotic cells have established a range of
pathways to control the protein conformation, concentration, and subcellular
localization (L6pez-Otin and Bond 2008). Among them, there is a huge set of complex
processes regulating protein synthesis, folding, translocation, and clearance (L6pez-

Otin and Bond 2008). Proteolysis is one of the fundamental processes that increases
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the variety of the available proteins encoded by the genome and is involved in the
regulation of the cellular metabolism (L6pez-Otin and Bond 2008). The breakdown of
proteins into smaller polypeptides is an often underappreciated post-translational
modification (PTM) which is irreversible yet also requiring to be strictly
controlled (Rogers and Overall 2013; Bhagwat et al. 2018; Lopez-Otin and Bond
2008). Regulated proteolytic processing plays a key role in cellular functions like
protein quality control, cell cycle and cell division, apoptosis, and modulation of
metabolic pathways (Ciechanover 2005). Almost all proteins are subject to proteolysis

as they eventually get co- and post-translationally hydrolyzed or degraded.

1.2.1 Post-translational proteolytic processing

Post-translational modifications (PTMs) extend the complexity and functional diversity
of proteins. These processes may involve the removal of amino(N)-terminal methionine
to determine the half-life of proteins or the cleavage of signal peptides or pro-peptides
for translocation, activation or inactivation of certain proteins (Dissmeyer et al. 2017;
Murcha et al. 2012; Dalbey et al. 2017).

Proteins destined for a certain cellular location contain a cleavable N-terminal signal
sequence (Dalbey et al. 2017). Signal peptides of newly synthesized proteins are
recognized and bound by the signal recognition particle (SRP) immediately after
leaving the ribosome (Berg et al. 2018). By binding to the SRP-receptor at the
membrane of the endoplasmic reticulum (ER) the ribosome-SRP-complex is
transferred to the translocon which translocates the newly synthesized protein with its
signal peptide to the ER lumen (Berg et al. 2018). A signal peptidase residing within
the ER cleaves off the signal sequence inducing the protein folding into its quaternary
structure within the ER lumen (Berg et al. 2018).

Proteases are often synthesized as inactive forms called preproteins or zymogens. By
expressing proteases in their inactive conformation, but available for a fast activation
cells can adjust their metabolism rapidly. On the other hand, a premature activation
can lead to fatal consequences as a variety of proteases are determined for specific
organelles only. To convert pre-proteins or zymogens into active and mature proteases
they need to get (auto)proteolytically processed (Raju 2019; Lopez-Otin and Bond

2008). Usually, inactive precursor proteins are composed of additional polypeptide
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chains that upon cleavage ensure maturation and correct folding of the proteases into
their active form (Mller-Esterl 2018).

1.2.2 Protein degradation

Proteolysis plays an important role in the disposal of proteins. In general, proteins can
be hydrolyzed by the proteasome or lysosomal enzymes. In eukaryotes, these two
major pathways are independent but inter-connected processes (Zhao et al. 2022).
The proteasome is fundamentally responsible for the degradation of short-lived and
soluble misfolded proteins by the ubiquitin-proteasome system (UPS). Lysosomes
degrade long-lived proteins, insoluble aggregates, macromolecular compounds, entire
organelles and intracellular pathogens via endocytosis, phagocytosis or

macroautophagy pathways (Zhao et al. 2022; Dikic 2017).

1.2.2.1 The ubiquitin-proteasomal system (UPS)

Damaged and unfolded proteins are degraded by proteasomes, which are part of the
ubiquitin-proteasome system (UPS). The UPS includes a number of ubiquitin ligases
and de-ubiquitinating enzymes (DUBs) (Majumder and Baumeister 2019). The
substrate is polyubiquitinated through repeated actions of three ubiquitinated enzymes
Ub ligase (E3), Ub conjugating enzyme (E2), and Ub activating enzyme (E1) (Ravid
and Hochstrasser 2008). Proteins labeled with ubiquitin are then targeted to the
proteasome complex (Molineaux 2012). The proteasome consists of two subunits: two
terminal regulatory particles (19S proteasome) bound to both ends of the catalytic core
particle (20S proteasome) (Tanaka 2009). The 19S compartment recognizes
ubiquitylated proteins and assists in their unfolding and translocation into the core of
the 20S particle (Tanaka 2009). The 20S proteasome consists of three subunits which
are associated with caspase-like, trypsin-like, and chymotrypsin-like activities (Tanaka
2009). Utilizing these subunits the proteasome can cleave peptide bonds respectively
at the C-terminal side of acidic, basic and hydrophobic amino acid residues (Tanaka
2009).
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1.2.2.2 The lysosomal pathway

In recent years, the function of lysosomes have moved from being the simple “garbage
bags” of the cells to more fundamental organelles involved in secretion, signaling, and

energy metabolism (Duve et al. 1955; Settembre et al. 2013; Bouhamdani et al. 2021).

Lysosomes are cellular organelles with an acidic lumen (pH 4.5-5), limited by a single-
lipid bilayer membrane (Ohkuma and Poole 1978; Settembre et al. 2013). To maintain
the acidic pH the vacuolar ATPase (v-ATPase) is located within the lysosomal
membrane and translocates protons from the cytosol to the lysosomal lumen (Forgac
1999). The low pH ensures optimal conditions for more than 60 different types of
hydrolases residing in the lysosomal lumen (Saftig and Klumperman 2009; Rudnik and
Damme 2021). The lysosomal membrane harbors more than 50 transmembrane
proteins which are often highly glycosylated (Rudnik and Damme 2021; Saftig and
Klumperman 2009; Xu and Ren 2015; Eskelinen et al. 2003). The most abundant ones
are lysosomal integral membrane proteins (LIMPs) and lysosomal associated
membrane proteins (LAMPs). They play a pivotal role in preventing lysosomal
hydrolases from destroying other membrane proteins and the lysosome membrane by
forming a glycocalyx with their large, carbohydrate-rich luminal domains, which cover
the entire inner membrane (Wilke et al. 2012; Fukuda 1991). Additionally, transiently
associated cytosolic proteins are recruited to the lysosomal membrane to interact with
lysosomal membrane proteins and lipids to mediate cell responses or aid the
organelle’s movement throughout the cell via the cytoskeleton (Cabukusta and Neefjes
2018). Cargo destined for degradation via the lysosomal pathway is transported to the
lysosomes by endocytosis and phagocytosis, and autophagy (Xu and Ren
2015) (Figure 1).

1.2.2.2.1 Endocytosis

Endocytosis (Figure 1) is a cellular process to internalize extracellular molecules from
the plasma membrane (Sigismund et al. 2021). The cargo consists of fluids, nutrients
or parts of the plasma membrane and is distributed throughout the cell in vesicles
called endosomes (Kaksonen and Roux 2018). Endocytosis is necessary for nutrient
uptake, extracellular sensing, homeostasis of the plasma membrane and maintaining
the surface area and tension of the cell (Thottacherry et al. 2019). The process can be

divided in two major types: clathrin-mediated and clathrin-independent endocytosis
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(Thottacherry et al. 2019; Casamento and Boucrot 2020). The best studied endocytic
pathway is clathrin-mediated endocytosis. It is initiated by the clustering of cargo at the
plasma membrane followed by assembly of clathrin. Clathrin forms a pit around the
cargo followed by the plasma membrane shaping into an invagination (Thottacherry et
al. 2019; Kaksonen and Roux 2018). Finally, an early endosome is separated from the
plasma membrane by vesicle scission by dynamin, a large GTPase (Kaksonen and
Roux 2018).

These vesicles mature or fuse with early endosomes while it is decided whether the
cargo is recycled to the plasma membrane or is designated for degradation. The
Endosomal sorting complex required for transport (ESCRT) sorts membrane proteins
marked by ubiquitination into intraluminal vesicles, which form late endosomes or

multivesicular bodies (Henne et al. 2013).

Endocytosis Phagocytosis Autophagy

phagophore

phagosome
endosome
autop@

autophagolysosome

endolysosome

lysosome

Figure 1: Schematic overview of endocytosis, phagocytosis and autophagy. Cargo destined for
degradation is transported to lysosomes via three major pathways. Endocytosis and phagocytosis
enclose extracellular material like receptors or pathogens into endosomes or phagosomes. Intracellular
material like misfolded or aggregated proteins are engulfed into autophagosomes. All vesicles fuse with
lysosomes where lysosomal proteases degrade the protein cargo.
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1.2.2.2.2 Phagocytosis

Phagocytosis (Figure 1) is responsible for taking up particles larger than 0.5 pm,
pathogens or apoptotic cells (Uribe-Querol and Rosales 2020). Various receptors at
the cell’s plasma membrane are able to recognize and bind pathogens (Brubaker et al.
2015). The cargo is enclosed into vesicles derived from plasma membrane called
phagosomes (Vernon and Tang 2013). Phagosomes fuse with lysosomes to form
phagolysosomes, in which the engulfed pathogens are inactivated and degraded by

lysosomal proteases (Uribe-Querol and Rosales 2020).

1.2.2.2.3 Autophagy

The intracellular bulk degradation system is called macroautophagy (hereafter called
autophagy, [Figure 2]) (Settembre et al. 2013; Myerowitz et al. 2021). Cytoplasmic
components like damaged, dysfunctional, aged or long-lived proteins as well as
organelles (e.g. mitochondria) are enwrapped in double-membrane vesicles called
autophagosomes that later fuse with lysosomes to be degraded or recycled (Tanida et
al. 2005; Lopez et al. 2018; Kobayashi 2015). Autophagy plays a pivotal role in
maintaining cell homeostasis as it protects cells from damaged proteins but also
provides nutrients like amino acids or free fatty acids under starvation conditions
(Lopez et al. 2018; Kobayashi 2015). Defects in this pathway can have critical effects
on the cell’'s metabolism and survival and is often associated with diseases like cancer
or neurodegenerative disorders and aging (Tanida et al. 2005). The process is induced
by intracellular or extracellular signals and starts with the formation of a phagophore.
For instance, one signal can be the inactivation of the mammalian target of rapamycin
complex 1 (mMTORC1) caused by a lack of nutrients (Kobayashi 2015). Upon
autophagy induction the Unc-51 like autophagy activating kinase (ULK1)-complex
(ULK1, Atgl3, FIP200, Atgl01) is activated and translocated to the ER. The ULK1-
complex activates the phosphoinositide 3-kinases (PI3K)-complex leading to the
assembly and elongation of the autophagosome membrane and sequestration of
labeled intracellular components recognized by adaptor proteins (Kobayashi 2015;
Kageyama et al. 2021).

Two ubiquitin-conjugation systems are involved in the elongation process. One protein,
microtubule-associated proteins 1A/1B light chain 3B (MAP1LC3A/LC3), is part of one
of these systems and becomes cleaved into LC3-I followed by a covalent attachment

6
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of a phosphatidylethanolamine (PE) molecule to form LC3-1l (Kageyama et al. 2021).
LC3-ll is recruited to the phagophore membrane assisted by a complex of Atg5, Atg12
and Atglé (Kageyama et al. 2021). The determination of cytosolic LC3-I and
membrane-bound lipidated LC3-1l by immunostainings or -blots is frequently used to
analyze autophagy activation or the autophagic flux (Elbialy 2021; Klionsky et al.
2016). Another autophagy marker is sequestosome 1 (SQSTM1/p62) which can
directly interact with LC3 and ubiquitinated cargo engulfed by the phagophore (Bjgrkay
et al. 2009; Schl&fli et al. 2016). When autophagy is active, p62 is constantly degraded
and serves as a surrogate for autophagic degradation (Schl&fli et al. 2016; Klionsky et
al. 2016).

To complete the maturation the nutrient-sensitive regulator Atg9 is essential
(Zavodszky et al. 2013). Only matured autophagosomes or endosomes can fuse with
lysosomes promoted by membrane trafficking small Ras-like GTPase Rab proteins
and a soluble NSF attachment protein receptor (SNARE) complex (Ao et al. 2014;
Mizushima 2014). Autolysosomes are formed and after degradation of the
autophagosomal membrane by a so far unidentified mammalian lipase the lysosomal
hydrolases gain access to the autophagic substrates (Yim and Mizushima 2020). The
final step of autophagy is the autophagic lysosome reformation (ALR) resulting in the
restoration of lysosomes from autolysosomes (Yim and Mizushima 2020). ALR is
initiated after reactivation of mTORC1 caused by a negative feedback loop resulting
from the restoration of amino acid levels released from the autolysosomes (Mizushima
and Komatsu 2011; Yim and Mizushima 2020).

Tubules are formed depending on an optimal balance between PI3P and PI14P and are
severed by the GTPase Dynamin 2 (Yim and Mizushima 2020). After acidification, the
newly formed lysosomes become able to activate lysosomal hydrolases and fuse again

with late endosomes.



Introduction

Alg7 < LC3HII
@ LC3 — LC3
ULK1 — Loadl
--- D P N
mTORC1 >
complex complex @ AlgS

Atg12
4 Alg16_ (gay

." . phagophore

. ® . misfolded proteins, v l’ @
o \.o damaged organelles m 0
. . . Ub.
free amino acids, ' b
small peptides < v
__.—.*
“ ALR
— .
_\\ LC3I
(o gy
protolysosome o
. LC3-lI

lysosome

lysosome \@

ez autophagosome

autophagolysosome

Figure 2. Macroautophagy pathway. (1) Starvation can inactivate mTORC1 which in turn activates
the Unc-51 like autophagy activating kinase (ULK1)-complex followed by (2) activation of
Phosphoinositide 3-kinases (P13K)-complex. (3) LC3-1 gets lipidated to form LC3-Il by covalent binding
to a phosphatidylethanolamine (PE) molecule with the help of Atg9. Atg5, Atgl2 and Atgl6 assist to
form a phagophore and LC3-1l is recruited to its membrane. (4) Cargo destined for degradation is
ubiquitinated. P62 can bind to the ubiquitinated proteins and to LC3-ll residing in the phagophore’s
membrane. The phagophore closes. (5) Maturated autophagosomes can fuse with lysosomes with the
help of Rab proteins, Atg9, and a soluble NSF attachment protein receptor (SNARE) complex. (6) The
vesicle acidifies and lysosomal hydrolases are able to (7) degrade the cargo, p62 and LC3-11. (8a) Amino
acids and small peptides are released from the lysosome. A negative feedback loop can activate
mMTORCL1 to inactivate the autophagic pathway and (8b) to initiate the autophagic lysosome
reformation (ALR).

1.3 Lysosomal proteases

Extra- and intracellular material destined for degradation is transported to lysosomes
by endocytosis, phagocytosis and autophagy (Figure 1). Lysosomes contain more than
60 different acidic hydrolytic enzymes including phosphatases (e.g. lysosomal acid
phosphatase 2), glycolytic enzymes (e.g. [-galactosidase, [(-glucuronidase,
B-hexosaminidase), and proteolytic enzymes (e.g. cathepsins, legumain) (Ishidoh and
Kominami 2002; Ashtari et al. 2016).
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The most abundant hydrolases residing in the lysosome belong to the family of
cathepsins (CTSs) (Turk et al. 2012; Yadati et al. 2020). CTSs are differently
distributed throughout cell types and tissues and can be assigned into three
subgroups: aspartic-, cysteine- and serine-type CTSs depending on their catalytic
mechanism (Stoka et al. 2016; Patel et al. 2018). In humans, there are 15 different
CTSs present in the lysosome which act as important regulators in physiological
functions like digestion, autophagy, innate immunity, proliferation, or apoptosis (Turk
et al. 2012; Patel et al. 2018). Mostly synthesized in the ER as inactive pre-pro-
enzymes, CTSs are subjected to several proteolytic cleavage events (Figure 3) to
become fully active and matured enrooted to the lysosome (Stoka et al. 2016). The N-
terminal signal peptide is cleaved off in the lumen of the ER. The pro-enzyme becomes
N-glycosylated to form a zymogen (Guay et al. 2000; Stoka et al. 2016). The pro-
peptide supports the correct folding of the zymogen and targets it to the endosomes
and lysosomes in a mannose-6-phosphate-dependent or -independent matter (Figura
and Hasilik 1986). The pro-peptide is removed from the zymogen which in turn is
released into its active mature form either autocatalytically or with the help of another
protease (Ménard et al. 1998; Caglic et al. 2007; Turk et al. 2012). This last step is
further supported by the low pH within the late endosome and lysosome (Turk et al.
1993; Turk et al. 2012; Stoka et al. 2016). The pH serves as an activity regulator of
CTSs since a neutral pH (cytoplasm, endosomes) keeps the enzyme mainly in an
inactive state while an acidic pH as present in lysosomes activates the enzymes (Stoka
et al. 2016).

The cysteine proteases CTSB and CTSL and the aspartic protease CTSD are the most
abundant lysosomal hydrolases and are often linked to autophagy as well as lysosomal
or neurodegenerative diseases (Hook et al. 2011; Marques et al. 2020; lwama et al.
2021; Prieto Huarcaya et al. 2022). They also interact and regulate each other as
CTSB and CTSL assist in the maturation process of CTSD while CTSD is able to
proteolytically cleave CTSL (Turk et al. 1999; Laurent-Matha et al. 2006; Zheng et al.
2008).
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Figure 3: Maturation process of Cathepsin B, Cathepsin D and Cathepsin L. CTSB, D and L are
synthesized as pre-pro-peptides. Upon maturation they are transported through the endoplasmic
reticulum where the signal peptide is cleaved off. The pro-peptides are transported to the Golgi network
and further processed to single chain peptides in the late endosomes. After transport to the lysosomes
the mature double chain forms represent active proteases.

1.3.1 The cysteine-type proteases CTSB and CTSL

The cysteine proteases CTSB and CTSL are ubiquitously expressed in human tissues
indicating a contribution to normal protein degradation and turnover (Turk et al. 2012).
In humans, CTSB is mainly expressed in the thyroid, uterus and spleen while CTSL is
mainly found in the placenta, liver, and adipose tissue (Uhlén et al. 2015). Both CTSB
and CTSL are endopeptidases while CTSB also presents peptidyl-dipeptidasen activity
(Brix et al. 2008; Yoon et al. 2022). The optimal pH for both CTSB and CTSL is found
within the lysosomes (Turk et al. 2012). However, there is also evidence that cysteine
CTSs have specific intra- and extracellular functions and that these enzymes are also
active proteases under neutral pH conditions (Vasiljeva et al. 2007; Yoon et al. 2022).
There have been several approaches to identify their individual roles and substrate
specificities as they show redundant functions and a high similarity in their substrate
recognition pattern (Poreba et al. 2018; Poreba et al. 2019). Both CTSB and CTSL
share a conserved S1 pocket favoring basic amino acids like arginine and lysine for
the P1 position (Puzer et al. 2004; Poreba et al. 2018; Poreba et al. 2019; Schmitz et
al. 2019). Both enzymes recognize valine as the most suitable residue at position P2
(Turk et al. 2012; Poreba et al. 2018; Poreba et al. 2019). These similarities indicate
redundant functions for CTSB and CTSL. However, Table 1 provides an overview of

prioritized amino acids for positions P2-P4 demonstrating different preferences and
10
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individual target specificities for the cleavage pattern of CTSB and CTSL (Turk et al.
2012; Poreba et al. 2018; Poreba et al. 2019; Schmitz et al. 2019). Only a few known
substrates of either CTSB or CTSL are known including the Amyloid Precursor Protein
(APP) for CTSB or collagen and elastine for CTSL (Brix et al. 2008; Kitamoto et al.
2007).

position P4 P3 P2 P1 P71’ P2’ P3’ P4’
lle
Arg Val Arg
CTSB Leu Ala
His Tyr Lys
Lys
Val
His Arg Arg
CTSL Phe
Lys Lys Lys
Tyr

Table 1: Favorable amino acids for P4-P1’ positions of CTSB and CTSL (Turk et al. 2012; Poreba
et al. 2018; Poreba et al. 2019)

CTSB-deficient mice do not show an obvious phenotype and they are fertile and viable
(Deussing et al. 1998). These mice have a high resistance towards tumor necrosis
factor-a-mediated hepatocyte apoptosis and show a reduction of trypsinogen
activation in the pancreas (Deussing et al. 1998; Halangk et al. 2000). A knockout of
CTSL in mice leads to a reduced hair growth and hair loss but the overall lifespan or
fertility is not affected when compared to wildtype mice (Roth et al. 2000). Interestingly,
a double-deficiency in CTSB and CTSL leads to a severe phenotype in mice (Felbor
et al. 2002). These mice suffer from high apoptosis of neurons within the brain resulting
in severe neurodegeneration accompanied by accumulation of lysosomal bodies
(Felbor et al. 2002; Stahl et al. 2007). The double-deficiency in CTSB and CTSL also
alters the autophagic flux (Koike 2000). Despite, both CTSB and CTSL being
ubiquitously expressed throughout cell types and tissues, severe damages are found
mainly within the brain. Therefore, CTSB and CTSL appear to be necessary for the
development and homeostasis of the central nervous system (CNS) (Felbor et al.
2002). These findings indicate compensation effects or redundant functions of CTSB

and CTSL as only the double deficiency leads to severe malfunction within the brain
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and a strongly reduced lifespan of about 4 weeks (Felbor et al. 2002; Di Spiezio et al.
2021).

The neurodegeneration seen in CTSB and CTSL-double deficient mice is comparable
to another lysosomal storage disease (LSD) found in mice and humans called
Neuronal Lipofuscinosis 10 (CLN10) caused by a deficiency in CTSD (Koike 2000).

1.3.2 The aspartic-type protease CTSD

CTSD is an aspartic protease which constitutes about 10% of the total soluble
lysosomal proteins with concentrations measured in the liver lysosomes from up to
0.7 mM making it the most abundant lysosomal hydrolase (Dean and Barrett 1976).
The enzyme is distributed in almost all cell types and tissues but is mainly found within
the brain, lung, and gall bladder (Uhlén et al. 2015). CTSD is an endopeptidase stable
at an acidic pH and found in lysosomes (Morris 1978; Mijanovic et al. 2021). CTSD is
known to cleave substrates between Phe-Phe bonds (Pimenta et al. 2001; Sun et al.
2013). In addition, other amino acids like tyrosine, leucine, and methionine are favored
at the P1 position (Pimenta et al. 2001). In Table 2 the amino acids preferred for P3 to
P1’ by CTSD are listed.

position P4 P3 P2 P1 P1’ P2’ P3’ P4’
Leu Phe Phe
Val Lys Tyr Tyr
CTSD

Glu Ser Leu Phe

Pro Met Met

Table 2: Favorable amino acids for P3-P1’ positions of CTSD (Pimenta et al. 2001; Sun et al. 2013)

CTSD has important functions in the brain and in the clearance of proteins produced
by neurons e.g. APP, a-synuclein or huntingtin (Vidoni et al. 2016). Subsequentially,
mutations of the CTSD gene affecting its maturation, activity, and localization are linked
to the development of severe neurodegenerative disorders such as Alzheimer’s
disease (AD) or CLN10 (Koike 2000; Suire et al. 2020). Neurons depend on the
proteolytic activity of CTSD to maintain neuronal cell homeostasis by degrading
unfolded or aggregated proteins reaching the lysosome via autophagy or endocytosis

(Vidoni et al. 2016). In mice, a CTSD-deficiency leads to a severe phenotype
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characterized by seizures, neurodegeneration and early death after approximately
three weeks (Saftig et al. 1995). Additionally, the lack of CTSD causes an impairment
in the autophagic flux resulting in the accumulation of storage material including

lipofuscin and saposins (Marques et al. 2020).

There have been approaches to analyze if other CTSs like CTSB or CTSL can clear
those accumulated material or repair the autophagic impairments (Di Spiezio et al.
2021). Evidences suggest that lysosomal CTSs act in concert and might function in a
hierarchical and redundant manner. However, there is no intensive knowledge of how
lysosomal protein storage is degraded and which enzymes or CTSs hydrolyzes the
respective substrates first. It is speculated that certain substrates have to be cleaved

by specific enzymes first in order to be further degraded by other hydrolases.

1.4 Proteolysis malfunctions in diseases

Proteolysis plays a major role in maintaining cell homeostasis. Abnormalities in the
transport, maturation or activation of enzymes relying on proteolytic modifications can
cause severe consequences for the cell’'s metabolism, organ function, and the overall
status of human health (Raju 2019). Deficiencies or malfunctions of lysosomal
hydrolases are associated with many diseases. Autoimmune diseases like rheumatoid
arthritis are caused by pathological release of lysosomal hydrolases into the
extracellular space (Cuda et al. 2016). Once released active hydrolases digest proteins
in the tissues resulting in chronic inflammation (Cuda et al. 2016). Lysosomal storage
disorders (LSD) and neurodegenerative diseases like CLN10 , Alzheimer’s disease
(AD), and Parkinson’s disease (PD) are associated with malfunctions in lysosomal
hydrolases and autophagy (Raju 2019; Suire et al. 2020; Prieto Huarcaya et al. 2022).

1.4.1 Lysosomal storage disorders (LSDs)

Accumulation of non-degraded substrates within lysosomes due to malfunctioning
hydrolases is the cause of a group of inherited metabolic disorders or lysosomal
storage disorders (LSDs) (Sun 2018; Platt et al. 2018). LSDs comprise about 70
monogenic disorders of lysosomal metabolism originating from mutations in genes
encoding lysosomal proteases, integral membrane proteins, transporters, enzyme

modifiers, and activators (Platt et al. 2018). Many LSDs are pediatric
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neurodegenerative disorders as lysosomal hydrolases play a key role in the
development of the CNS. Pulmonary and heart problems, skeletal abnormalities,
dementia, deafness, blindness, and movement problems are exemplary clinical

symptoms of LSDs (Marques and Saftig 2019).

With a worldwide incidence ranging from 1:12,500 to 1:100,000 patients, Neuronal
Ceroid Lipofuscinosis (CLN) is the most common neurodegenerative disorder in
childhood (Vesa et al. 2002; Schulz et al. 2013; Trivedi et al. 2020). CLN is a family of
LSDs characterized by the accumulation of lipofuscin and symptoms including
dementia, motor decline, epilepsy, and visual failures (Dyken and Wisniewski 1995;
Schulz et al. 2013). The classification of CLN is based on the age of onset and genetic
mutation (Schulz et al. 2013; Platt et al. 2018). In the past years, enzyme replacement
therapy has been proven to efficiently treat many LSDs and selected CLN (Marques
and Saftig 2019).

1.4.1.1 Ceroid Lipofuscinosis 10 (CLN10)

With an onset before or around birth CLN10 is the earliest and most severe form of
CLN caused by a deficiency in CTSD (Marques and Saftig 2019). CLN10 leads to
microcephaly, neonatal epilepsy, later on to ataxia, visual loss, cognitive decline, and
eventually to early death (Fritchie et al. 2009; Platt et al. 2018). Pathomorphological
characteristics are damage and loss of neurons in the retina and brain,
neuroinflammation, and accumulation of autofluorescent ceroid lipofuscin (Marques et
al. 2020). Autophagic markers including LC3 and p62 are accumulating indicating

impairment in the autophagic pathway (Marques et al. 2020).

A possible and promising treatment might be enzyme replacement therapy (ERT)
where the missing enzyme is infused to patients (Marques and Saftig 2019;
Kohlschutter et al. 2019). However, the beneficial effects of ERT in LSDs or CLN are
limited. For instance, the therapeutic enzyme cannot cross the blood-brain barrier
(BBB) to reach the central nervous system (CNS), which is affected by two-thirds of all
LSDs (Marques and Saftig 2019). On note, intracerebroventricular infusion of the
recombinant human proenzyme Tripeptidyl peptidase 1 (TPP1) (Cerliponase alfa,
Brineura™) in CLN2 patients was approved in 2017 (Markham 2017). Patients that
receive this treatment once a week profit from reduced lysosomal storage material

resulting in improved motor and language functions (Kohlschitter et al. 2019).
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Recently, intracerebroventricular injection of recombinant-pro-CTSD to a CLN10
mouse model could increase the lifespan and reduce pathophysiological
and -morphological symptoms of these mice indicating beneficial treatment of the

disease (Marques et al. 2020; Prieto Huarcaya et al. 2022).

1.4.2 Alzheimer’s disease (AD)

Alzheimer’s disease is the most common form of dementia with 50 million patients
worldwide (Knopman et al. 2021). This neurodegenerative disorder shows symptoms
like short-term memory deficits, impairment in communication, and reduction in mental
agility (Knopman et al. 2021). Other behavioral and cognitive disturbances like

dementia, anxiety, apathy, psychosis, or aggression can also occur (Golde 2022).

The most important non-genetic risk factor is age but also genetic risk factors can
cause the outbreak of symptoms since AD has strong heritable components (Tanzi
2012; Dourlen et al. 2019), although the heritability of AD is only 5% (Tanzi 2012).
Dominant mutation in Amyloid Precursor Protein (APP), Presenilin 1 (PS1), and PS2
or Apolipoprotein E (APOE) contribute to almost all dominantly inherited AD cases
(Haass et al. 2012). Interestingly, also protective mutants like the Islandic mutation in
APP (A673T) exist (Jonsson et al. 2012).

There are two main hypotheses addressing the critical molecules that could be causal
to the initiation and progression of AD: the Amyloid hypothesis and the Tau hypothesis
(Knopman et al. 2021; Golde 2022). In the past decades, research has mainly focused
on the Amyloid cascade hypothesis but therapeutics addressing Tau and ApoE just
entered early stages of development as well (Long and Holtzman 2019).
Amyloid-B (AB) is a small peptide derived from APP. A was first described in 1984
and found to be the main constituent of neuritic plaques (Wong et al. 1985; Masters et
al. 1985). AR emerges only during the amyloidogenic pathway as APP can be cleaved
in mainly two different pathways (Figure 4) (Knopman et al. 2021).

Many pharmacological approaches are being suggested but only two classes of
therapeutics are available for AD patients at present (Weller and Budson 2018;
Knopman et al. 2021). There are three cholinesterase inhibitors recommended for the
treatment of severe AD and one NMDA (N-methyl-D-aspartic acid) receptor antagonist
for moderate-to-severe AD patients (Weller and Budson 2018). Current research also

focuses on treatments targeting Tau and AR directly (Weller and Budson 2018). A
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might be cleared after being targeted with an antibody to improve removal from the
brain. To reduce the AB plague burden, there are approaches to inhibit APP degrading
enzymes to prevent AB production and accumulation (Weller and Budson 2018).
Although AB and Tau alterations have a significant influence in the induction of
neurotoxicity and neuronal death, another hypothesis has been proposed recently
(L6pez-Ornelas et al. 2022). The disruption of the BBB followed by the activation of the
innate immune system might have a strong potential in the onset and progression of
AD (Zlokovic 2011). Accumulation of various molecules as consequence can, among
other things, suppress capillary blood flow, promote neurotoxicity and memory
impairment or increase neuronal injuries (Zlokovic 2011). There are approaches to
enhance BBB integrity by different delivery strategies of growth factors like Vascular
endothelial growth factor (VEGF) or Insulin-like growth factor 2 (IGF2) to reduce the
AB burden within the brain (Zlokovic 2011).

1.4.2.1 APP processing

APP is transported through the secretory pathway from the Trans-Golgi network (TGN)
to the plasma membrane (Capell et al. 2000). From there, over 50% of APP can be
reinternalized to the endosomes dependent on the Low-density Lipoprotein Receptor
(LDL-R) (Capell et al. 2000). Only small amounts of APP are transported back to the
plasma membrane while the majority is transported to the lysosomes (Zhang and Song
2013; Wang et al. 2017). APP is first cleaved by the B-secretase (BACE1), that is
mainly located in the TGN and endosomes but also at the plasma membrane (Vassar
et al. 1999; Whyte et al. 2020). BACEL1 cleaves APP at its N-terminal part resulting in
a soluble fragment (sAPPB) and the membrane bound C-terminal fragment (CTF)
called C99 (Kumar-Singh 2008). The APP-C99-fragment can be further processed by
the y-secretase complex (Thinakaran and Koo 2008; Holtzman et al. 2011; Whyte et
al. 2020). The APP intracellular domain (AICD) and AB are the results after cleavage
by the y-secretase (Knopman et al. 2021). The AICD is released into the cytosol and
supposed to be transported to the nucleus where it may function as a transcription
factor (Muller et al. 2008; Konietzko 2012). AB can be secreted as monomer into the
extracellular space or is degraded by endocytosis after fusion of endosomes with
lysosomes (Kumar-Singh 2008). Due to its sequence and its hydrophobicity AR is

prone to form aggregates in dependence of its concentration (Knopman et al. 2021).
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AP also exist in different lengths depending on the processing protease (Andrew et al.
2016). In addition to a-, B- and y-secretases other APP processing proteases are
known. For example, n-secretase processing creates sAPPn and Ana fragments
(Willem et al. 2015). Meprin B releases shorter forms of AR starting from position 2

forming AB2-x fragments (Becker-Pauly and Pietrzik 2016).

APP

trans-golgi network

endosome

sAPPa - SAPPB AB-plaque
: AB'
y-secretase ?’etﬁase :  B-secretase y-secretase
i b :
‘ ; \ AICD
; c8s3 B : \‘ C99 :
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Figure 4: Major cleavage events on the Amyloid Precursor Protein (APP). APP is transported from
the Golgi network to the plasma membrane. Over 50% of the protein is internalized to endosomes. APP
can be proteolytically processed via two different pathways. The non-amyloidogenic pathway (left) is
initiated by cleavage of the a-secretase (ADAM10) at the plasma membrane to form the soluble APPa
(sAPPa) and the membrane bound C-terminal APP-C83. APP-C83 can be further cleaved by the y-
secretase complex into the p3 peptide and the APP intracellular domain (AICD). The amyloidogenic
pathway (right) begins with cleavage of APP by the (3-secretase (BACE1) at the plasma membrane or
at the endosome. sAPP and the APP-C99 fragment are formed. The y-secretase complex cleaves
APP-C99 into AICD and AB. AB is released into the extracellular space after cleavage of sAPPf at the
plasma membrane or after exocytosis. Due to its hydrophobicity, AB is prone to form aggregates — the
AB-plaques.

The other pathway how APP can be processed is the non-amyloidogenic pathway
where no A is released. Here, the a-secretase ADAM10 generates the soluble sAPPa
and the membrane-bound C-terminal fragment APP-C83 at the plasma membrane
(Jorissen et al. 2010; Haass and Willem 2019). The APP-C83-fragment is further

processed by the y-secretase resulting in a soluble p3 fragment and the AICD (Haass
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and Willem 2019). P3 is released into the extracellular space and is believed to exert

neurotoxic characteristics (Mller et al. 2008; Nhan et al. 2015).

1.4.2.2 Consequences of the production of Ap

A pathological hallmark of AD are Amyloid plaques derived from fibrils forms by Ap
peptides (Brown et al. 2020). AB is constantly produced within the brain.

It is believed that the etiology of AD is linked to a malfunction in the clearance of AB
from the brain (Wang et al. 2021). However, the influence of AR accumulation on the
development of AD is poorly understood. The main studies focus on AB1-40 and
AB1-42, however AR peptides can differ in length with N- or C-terminally truncated
species (Nhan et al. 2015; Gireud-Goss et al. 2021). AB1-40 is believed to be less toxic
than AB1-42 and makes up 90% of the total AB (Kumar et al. 2018; Sharda et al. 2021).
The highly toxic AB1-42 accounts for the other 10% and forms fibrils which can
aggregate to form AB plaques (Seeman and Seeman 2011; Nhan et al. 2015; Sharda
et al. 2021). There is evidence that accumulation of soluble AB oligomers is the earliest
pathogenic event, rather than the fibrils (Bilousova et al. 2016). However, the exact
properties of these small oligomers still remain unclear (Wang et al. 2021). An
accumulation of AB disrupts synaptic function including an induction of neurotoxicity
and loss of neurons (Gireud-Goss et al. 2021). AB plaques can alter the form of
neurons, increase their distance and disrupt their communication within hippocampus
and cortex (Selkoe and Hardy 2016). Additionally, it triggers neuroinflammation and
hyperactivates microglia and astroglia (Heneka et al. 2015; Gireud-Goss et al. 2021).
Besides its neurotoxic properties AB can also serve as a transcriptional factor,

cholesterol transport regulator or antimicrobial agent (Nhan et al. 2015).

There are several pathways how AR is cleared from the brain under basal conditions.
One way is through the BBB via LRP1 assisted by ApoE (Shibata et al. 2000; Zlokovic
2005; Storck et al. 2016). This pathway accounts for 50% of the transport of AR from
the brain (Tanzi et al. 2004). As the transport through the BBB gets less efficient with
age or in AD, the second major way to eliminate A is the transport through interstitial
fluid to the cerebrospinal fluid (CSF) followed by drainage into the blood (Kumar-Singh
2008; Parodi-Rullan et al. 2020). AB can also be enzymatically degraded either
extracellularly or intracellularly (Wang et al. 2021). Enzymes secreted by cells like
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neprilysin degrade extracellularly while endocytosed AB can be degraded within
lysosomes by lysosomal hydrolases (Whyte et al. 2020; Wang et al. 2021).

1.4.2.3 Involvement of CTSD in the APP metabolism

As the endo-lysosomal pathway is involved in the degradation of AR it is not surprising
that this pathway is molecularly linked to the pathogenesis of AD (Whyte et al. 2020).
Alterations in the expression and activity of lysosomal proteases have been reported.
There is an increase in (3-galactosidase and B-hexosaminidase (Magini et al. 2015)
while glucocerebrosidase levels and activity are decreased (Choi et al. 2015). The
main lysosomal protease within the brain, CTSD, is also linked to AD as there are
studies showing lower enzymatic activity in an AD mouse model (Torres et al. 2012)
and increased AP levels in CTSD-deficient mice (Suire et al. 2020). Early studies have
already identified CTSD as AR degrading enzyme (Hamazaki 1996; McDermott and
Gibson 1996) and a recent study identified CTSD as the main lysosomal hydrolyzing
enzyme for intracellular AB1-42 (Suire et al. 2020). Suire and colleagues could also
show inhibitory effects of AB1-42 on CTSD indicating a possible mechanistic link
between AB and CTSD in AD (Suire et al. 2020). Increased AR deposits in CTSD-
deficient mice and the inhibitory effects of AB on CTSD suggests that significant
guantities of AB are transported and degraded by CTSD in the lysosome. However, it
is not clear if boosted lysosomal CTSD activity may have an influence on a better
clearance of AR.
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2 Objectives

Cathepsins (CTSs) play a unique role within lysosomal protein degradation and
recycling. They have a broad substrate specificity, overlapping cleavage patterns and
act in concert. Previous studies revealed also special physiological functions of some
CTSs in CTS-knockout mice. A CTSD-deficiency led to a severe phenotype with mice
dying at young age. However, a lack of CTSB or CTSL in mice did not lead to serious
abnormalities but a combined knockout of CTSB and CTSL shares similar
pathophysiological features with CTSD-deficient mice. It might be that some CTSs are
able to compensate for the loss of another CTS and obviously share redundant
functions. However, there is a lack of knowledge of their individual substrates, site-

specific cleavage, or possible hierarchical cleavage pattern.

The aim of this present work was to further investigate on the redundant but also site-
specific function of CTSB, CTSD and CTSL in the human neuroblastoma cell line
SH-SY5Y. First, various CTS-deficient cell lines were generated with the
CRISPR/Cas9 technique. Resulting cells were initially characterized in regards of
phenotypic and morphological differences of their lysosomes to address
pathophysiological consequences. CTS-deficiencies in mice and humans can lead to
abnormal autophagy and are often associated with the accumulation of lysosomal
storage material. Therefore, the different SH-SY5Y CTS-knockout cell lines were
analyzed for lysosomal aggregates by immunofluorescence and electron microscopy.
Changes in their autophagic flux were addressed after starvation assays were
conducted and evaluated by immunoblot and -fluorescence. In addition, proteolysis of
endocytosed albumin, a common substrate of CTSB, CTSD and CTSL, was examined
to gain initial knowledge about the impact on broad lysosomal proteolysis after a loss
of three major lysosomal CTSs.

To further study the differences in protein abundance after all three major CTSs have
been depleted, proteomic analysis was performed. Significantly upregulated protein
expression identified by proteomics was further investigated and validated by
immunoblot. Re-transfection of single or combined CTSs was used to support the
specificity of the proteomic analysis and get an insight into the possible hierarchical

cleavage order of the analyzed CTSs.
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Another topic of this thesis focused on the special role of Cathepsin D as the main
lysosomal hydrolase within the brain and its association with Alzheimer’s disease (AD).
The pathophysiological cleavage of the Amyloid precursor protein (APP) leads to
abnormal amounts of Amyloid-B (AB) which is prone to form amyloid plaques in AD
patients. In the past years, CTSD has been identified as the principal enzyme cleaving
intracellular AB. To investigate the influence of CTSD on AB, HEK APPswe cells were
treated with human recombinant pro-CTSD (rhpro-CTSD). CTSD-deficient and 5xFAD
(an AD mouse model) mice were intracerebroventricularly injected with rhpro-CTSD at
young age to examine whether the AB burden was reduced or delayed in older mice.
The effects of rhpro-CTSD on APP, AB and neuroinflammation in HEK APPswe cells
and CTSD-KO and 5xFAD (an AD mouse model) mouse brains were analyzed by

immunoblot, ELISA and immunofluorescence.
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3 Material and Methods

3.1 Material
3.1.1 Chemicals and Buffers

All chemicals were purchased with the purity grade “pro analysis” (p.a.) from Sigma-

Aldrich, Carl Roth, AppliChem or Merck, unless stated otherwise.

3.1.2 Ready-made reagents and kits

AmyloGlo RTD
Complete Protease Inhibitor Cocktall

ECL Advance™ Western Blotting Detection Kit

ELISA Human Amyloid-beta (1-40)
ELISA Human Amyloid-beta (1-42)
ELISA Mouse/Rat Amyloid-beta (1-40)
ELISA Mouse/Rat Amyloid-beta (1-42)
FastRuler Low Range DNA Ladder
GeneJET PCR Purification Kit
GeneRuler 100bp Plus DNA Ladder
GeneRuler 1kb DNA Ladder

High Pure PCR Product Purification Kit
Loading Dye

MES Buffer

NeonTM Transfection-Kit

NuPAGE Gel 4-12% Bis-Tris
PageRuler Plus Prestained Protein Ladder
Pierce™ BCA Protein Assay Kit
PureYield™ Plasmid Midiprep System

3.1.3 Cell culture medium and additives

Bafilomycin Alb
BMV-109
BSA-Alexa 647
CTSD&E substrate

Dulbecco’s modified eagle medium (DMEM)

22

Biosensis

Roche

GE Healthcare

IBL International GmbH
IBL International GmbH
IBL International GmbH
IBL International GmbH
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Roche

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Promega

Sigma-Aldrich

(Verdoes et al. 2013)
Thermo Fisher Scientific
EnzoLife Science

Life Technologies
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E64D

Earle’s Balanced Salt Solution (EBSS)
Fetal bovine serum (FBS)

G418

Human Amyloid 8 1-42

Leupeptin

MEM amino acids 50x

MEM Non-essential amino acids 100x
Penicillin-Streptomycin (P/S)
Pepstatin A

Recombinant human pro-CTSD (rhpro-CTSD)

Trypsin/Ethylenediaminetetraacetic acid (EDTA)

3.1.4 Primary antibodies

EnzolLife Science
Sigma-Aldrich
Biochrom

Invivo Gen
EnzolLife Science
EnzolLife Science
Life Technologies
Life Technologies
Life Technologies

EnzoLife Science

Self-made (Marques et al.
2020)

Sigma-Aldrich

Dilutions

Antibody Host 1= WB Supplier/source
APP C-terminal (A8717) rabbit 1:1000 Sigma-Aldrich
APP N-terminal (22C11) mouse 1:2000 Sigma-Aldrich
Cathepsin B (AF953) goat 1:1000 R&D Systems
Cathepsin D (AF1014) goat 1:300 1:1000 R&D Systems
Cathepsin L (AF952) goat 1:1000 R&D Systems
Cathepsin Z (AF934) goat 1:1000 R&D Systems
GAPDH (sc-25778) rabbit 1:5000 Bi?gé";‘w%‘éz y
GFAP (G3893) mouse 1:2000 Sigma-Aldrich
Ibal (GTX100042) rabbit 1:750 GeneTex
ITGA2 (AF1740) sheep 1:1000 Thgé?;n't:i;;her
LC3 (PMO036) rabbit 1:100 1:1000 MBL
LAMP1 (1D4B) rat 1:300-1:750 DSHB
LAMP1 (H4A3) mouse 1:250 1:1000 DSHB

Pineda Antibody
LIMP2 (L2T2) rabbit 1:300 Service (Zunke et

al., 2016)

MAP2 (4542) rabbit  1:750 Cfgcﬁf;g‘ggg
P62 (BHL-PW-9860) rabbit 1:1000 EnzolLife Science
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?éA;ll?)(;/Amyloid-B human o ise 1:300 1:1000 BioLegend
sAPPa mouse (39153) rabbit 1:1000 BioLegend
sAPP human (18957) rabbit 1:1000 IBL-America
sAPPB mouse (39138) rabbit 1:1000 BioLegend
SAPPB Swe (6A1) mouse 1:1000 Bt 'rgfnrga“o”a'
Tubulin (E7) mouse 1:2000 DSHB
B-Actin (A2066) rabbit 1:2000 Sigma-Aldrich
B-Amyloid Antibody
SirEpJ e:;7KI(tD(a2322ﬁ)l) mouse 1:1000 Cfgcﬁiﬁlagggg
AB 1-40 (D8Q71) mouse 1:1000
AB 1-42 (D3E10) mouse 1:1000

Table 3: List of primary antibodies. Dilution factors are presented for either immunofluorescence
stainings (IF) or immunoblots (WB)

3.1.5 Secondary antibodies

Antibody Coupled to Host Dilution Reference

Anti-goat HRP Rabbit  1:10000 Dianova
Anti-mouse HRP Goat  1:10000 Dianova
Anti-rabbit HRP Goat  1:10000 Dianova
Anti-sheep HRP Donkey 1:10000 Dianova

Anti-mouse Alexa Fluor 488 Donkey  1:500 Cell Signalling Technology
Anti-mouse Alexa Fluor 594 Donkey  1:500 Cell Signalling Technology
Anti-mouse Alexa Fluor 647 Donkey  1:500 Cell Signalling Technology
Anti-rabbit Alexa Fluor 488 Donkey  1:500 Cell Signalling Technology
Anti-rabbit Alexa Fluor 594 Donkey  1:500 Cell Signalling Technology
Anti-rat Alexa Fluor 488 Donkey  1:500 Cell Signalling Technology

Table 4: List of secondary antibodies used for immunoblots (coupled to horseradish
peroxidase - HRP) or immunofluorescence stainings (coupled to Alexa fluor dyes).
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3.1.6 Oligonucleotides

Primer name Sequence 5°-3° "?"err:?)izl:g?ure
gCTSBfw ATTCTGTCCACTCCCACCCT R O
gCTSBrv CACTCCACCTAATCCTCGCC

gCTSD40+41fw | TTGCCATTCACTGACTTGGG Y e
gCTSD40+41rv | AGAAAGGAGTGTGGCTGAGC

gCTSL88fw AATGGCGTGGATTATGAGCA 8 0
gCTSL88rv TCCTGGGCTTACGGTTTTGA

5XFAD 1644 AATAGAGAACGGCAGGAGCA

5XFAD 1645 GCCATGAGGGCACTAATCAT 6
5XFAD 7338 CTAGGCCACAGAATTGAAAGATCT

5XFAD 7339 GTAGGTGGAAATTCTAGCATCATCC

CD53 exonl AGACTAACAGGCCTGTTCCC

CD53 exon2 TCAGCTGTAGTTGCTCACATG .
neo-Kiel3 GTTGTCACTGAAGCGGGAAGGGACTGGCTG

neo-Kiel4 GCGAACAGTTCGGCTGGCGCGAGCCCCTGA

Table 5: List of primers to genotype CRISPR/Cas9-modified cells (indicated with ‘g’), 5xFAD and
CTSD-deficient mice.

3.1.7 Single guide RNAs for CRISPR/Cas9

Gene of interest Single guide RNA sequence

Cathepsin B ‘ UGCAGGCAGCUUCAGGUCCU
Cathepsin D  UGGACGUGAACUUGUGCAGC
Cathepsin L ‘ GAUGAUUGAACUGCACAAUC

Table 6: List of single guide RNAs used to modify cells by CRISPR/Cas9

3.1.8 Bacteria

The amplification of plasmids was performed using Escherichia Coli XL1-blue (Agilent

Technologies).
Genotype:

recAl endAl gyrA96 thi-1 hsdR17 supE44 relA1 lac [F’ proAB laclqZAM15 Tn10(Tetr)]
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3.1.9 Celllines
Cell line Description Origin/supplier
SH-SY5Y ALY RSS! (Biedler et al. 1978)

SH-SY5Y CTSB KO

SH-SY5Y CTSD KO

SH-SY5Y CTSL KO

SH-SY5Y CTSBDL KO

HelLa

HEK293

HEK293 hAPP

HEK293 APPswe

Table 7: List of cell lines.

3.1.10 Mouse strains

cells
CRISPR/Cas9-mediated
knockout of CTSB in SH-
SY5Y WT cells
CRISPR/Cas9-mediated
knockout of CTSD in SH-
SY5Y WT cells
CRISPR/Cas9-mediated
knockout of CTSL in SH-
SY5Y WT cells
CRISPR/Cas9-mediated
knockout of CTSB, CTSD
and CTSL in SH-SY5Y WT
cells

Human cervix carcinoma
cells (Henrietta Lacks)
Human embryonic kidney
cells

HEK293 cells
overexpressing human
APPG695

HEK293 cells
overexpressing

Swedish mutant human
APP695-swe

This work

This work

This work

This work

DMSZ, established cell
line

DKFZ, Heidelberg,
Germany

(Haass et al. 1993)

(Citron et al. 1992)

Mou.se Mutation Source reference
strain
APP Swedish (KM670/671NL) Commerciall
APP Florida (I716V) available fror)r/1 (Oakley et al
5xFAD APP London (V7171) the Jackson 2006) .
PSEN1 (M146L) Laboratory
PSENL1 (L286V)
. (Saftig et al.
CTSD -/- CTSD deletion 1995)
Commercially
C57BL/6NCrl | Control mice available from
the Jackson
Laboratory

Table 8: List of mouse strains and their mutations.
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3.1.11 Plasmids

Plasmid Insert Reference/supplier

i i (Huang, Morielli, and Peralta
pcDNAS3.1-Hygro(+) 1993)

i Addgene (kindly provided by
pPcDNAS3.1-Hygro(+) CTSB M. Saudenova)
pcDNA3.1-Hygro(+) CTSD C.Cappel
pPcDNA3.1-Hygro(+) CTSL-Myc C.Cappel

MRFP-EGFP tandem .
pEGFP-C1 fluorescent-tagged LC3 (Kimura et al. 2007)

Table 9: List of plasmids used for transfection.

3.1.12 Frequently used buffers and aqueous solutions

10x SDS running buffer

15% Glycine
250 mM Tris/HCI
1% SDS

50x Tris-acetate-EDTA (TAE) buffer

2 mM Tris/HCI

5% (v/v) acidic acid
50 mM EDTA

pH 8.0

5x Laemmli buffer

60 mM Tris-Cl pH 6.8
2% SDS

10% glycerol

5% B-mercaptoethanol
0.01% bromophenol blue

CaClz-solution

0.1 M CaClz x 2H20
5 mM Tris

5 mM MgClz x 6H20
pH 7.0

DEA lysis buffer for brains

50 mM NacCl

0.2% (w/v) diethyl amine
1x Protease Inhibitor

pH 10

Harsh stripping buffer

62.5 mM Tris/HCI pH 6.8
2% (w/v) SDS
0.83% (v/v) B-mercaptoethanol

Lysogeny broth (LB) agar

1.5% (w/v) agar-agar
in LB medium

Lysogeny broth (LB) medium

1% (w/v) Tryptone/Peptone
0.5% (w/v) yeast extract
1% (w/v) NaCl

pH 7.0

Mild stripping buffer

100 mM Glycin

20 mM Magnesium acetate
50 mM KCI

pH 2.2
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1x PBS pH 7.4

17% (w/v) Mowiol 4-88
Mounting medium 33% (v/v) Glycerol

20 mg/ml 1,4-diaza-bicyclo-2,2,2-

octane (DABCO)

77.4 mM Naz2HPOg4
Phosphate buffer (0.1 M) 22.6 mM NaH2PO4
pH 7.4

100 mM NazHPO4
18 mM KH2POa
1.37 M NaCl

27 mM KCl

pH 6.8

Phosphate-buffered saline (PBS)
(10x)

5% acetic acid

Ponceau S solution
Ponceau S

20 mM Tris-HCI pH 7.5
150 mM NacCl
1 mM Na2EDTA

RIPA lysis buffer for brains 1% (v/v) NP-40
1% (w/v) sodium deoxycholate
2.5 mM sodium pyrophosphate
1x Complete

50 mM Tris-HCI pH 7.4
150 mM NacCl

1% NP-40

0.5% sodium deoxycholate
0.01% SDS

1x Complete

RIPA lysis buffer for cells

50 mM Tris-HCI pH 8.0
150 mM NacCl

5 mM EDTA pH 8.0

1% Triton X-100

0.5% sodium deoxycholate
0.1% SDS

1x Complete

RIPA lysis buffer modified for
proteomic analysis

1.5 M Tris/HCI pH 8.8

Separating gel buffer: 0.4 % (w/v) SDS

0.5 M Tris/HCI pH 6.8

Stacking gel buffer: 0.4% (w/v) SDS

100 mM Glycine
Transfer buffer 25 mM Tris/HCI
10% methanol

13,7 mM NaCl
0,27 mM KCI
2,5 mM Tris/HCI
pH 7.4

Tris-buffered saline (TBS)

Table 10: List of buffers and aqueous solutions.
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3.2 Methods
3.2.1 Molecular Biological Methods

3.2.1.1 Generation of chemically competent Escherichia coli

To generate chemically competent Escherichia coli (E.coli) an overnight start culture
was prepared by adding an aliquot of E.coli XL1-blue cells (3.1.8) to 5ml of
LB medium (Table 10) and 5 pl tetracycline. The next day 50 ml LB medium containing
50 ul tetracycline was inoculated with the start culture until it reached an ODeoo of
0.4-0.6. The culture was stored on ice for 20 min and centrifuged at 5000 g for 10 min
at 4 °C. The resulting pellet was resuspended in 20 ml ice cold TBS (Table 10) and
centrifuged again. Afterwards the pellet was resuspended in 20 ml ice cold CaCl:
solution and stored on ice up to 60 min followed by another centrifugation step. The
final resulting pellet was resuspended in 2 ml ice cold CaClz solution and stored on ice
for 1 h. 500 pl 86% glycerin was added. The mixture was vortexed and 50 pl aliquots

were quick-frozen in liquid nitrogen and stored at -80 °C.

3.2.1.2 Transformation and purification of chemically competent E.coli

An aliquot of 50 pl chemically competent E.coli XL1-blue (3.1.8) was incubated with
150 ng of desired plasmid on ice for 30 to 60 min followed by a heat shock at 42 °C for
40 s. The cells were stored on ice for 5 min and were shaken with 300 ul LB medium
at 37 °C for 1 h. 100 pl of this solution was plated on a LB-plate with respective
antibiotics according to the resistance encoded in the plasmid and incubated at 37 °C
overnight. Plates were stored at 4 °C. To amplify the desired plasmid, a single colony
was picked and transferred to 300 ml LB medium with 100 pg/ml ampicillin and
incubated overnight at 37 °C and the DNA was isolated by the PureYield Plasmid

Midiprep System (Promega) according to the manufacturer’s protocol.

3.2.1.3 Measuring DNA concentration

The concentration of DNA at 260 nm was determined using a Synergy HT microplate
reader (Biotek). The sample concentration was calculated using an OD of 1 at 260 nm,
which corresponds to a concentration of 50 g/ml (DNA). Adsorption at 280 nm was also
measured to ensure sample purity. For a clean sample, the A260/A280 ratio should be

between 1.8 and 2.
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3.2.1.4 Polymerase Chain Reaction (PCR)

The polymerase chain reaction (PCR) was used to amplify DNA fragments. The
following pipetting scheme and cycling program (Table 11) was used. The annealing
temperature indicated with an “X” is dependent on the primer (Table 5) used for the
PCR.

pl Step t T (°C)

Forward Primer 1.25 Initial denaturation | 3 min 95

Reverse Primer 1.25 Denaturation 10s 95

10x DreamTagq Puffer 5 Annealing 45s X } 35 x
dNTP 2 mM 5 Elongation 30s 72

DreamTaq 5U 0.5 Final elongation 10 72

Template 1 End 0 10

add H20 50

Table 11: PCR pipetting scheme and cycling program.

3.2.1.5 Agarose gel electrophoresis

For the genotyping of mice and sequencing of the CRISPR/Cas9-edited cell lines, PCR
samples were analyzed using agarose gel electrophoresis. A 1.5% agarose gel in
1x TAE buffer (Table 10) containing ethidium bromide to intercalate into the DNA
samples was prepared. DNA samples were prepared for gel electrophoresis by adding
6x loading dye (Thermo Fisher Scientific) and loaded on the agarose gel. By applying
an electric field (120 V, 30 min) DNA fragments migrate through the gel matrix
according to their size. Using UV-light the signals can be visualized and the product
size can be determined by using GeneRuler 1 kb DNA Ladder (Thermo Fisher

Scientific).

3.2.2 Cell biological methods

3.2.2.1 Cultivation of mammalian cell lines

Mammalian cell lines were kept in the cell culture incubator with 5% CO2 at 37 °C. All

cell lines were maintained in Dulbecco’s modified Eagle Medium (DMEM) containing

45 g/L of D-Glucose and L-glutamine (Thermo Fisher Scientific) and were

supplemented  with  10%  (v/v) fetal bovine serum (FBS) and

1% Penicillin/Streptomycin (P/S). HEK hAPP and APPswe cells were additionally

treated with 200 pug/ml G418. Cells were handled under sterile conditions under a
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laminar flow clean bench and after reaching a confluency of 80-100%, cells were split
up into a new cell culture dish twice per week. Therefore, old media was removed, cells
were washed in sterile PBS and detached using Trypsin/EDTA. Detached cells were
resuspended in fresh media and transferred to a new cell culture dish. The splitting
ratio depended on the cell growth of the respective cell line (HEK cells: 1:20, HeLa
cells: 1:10 and SH-SY5Y cells: 1:3-1:5).

3.2.2.2 Cryopreservation and thawing of mammalian cell lines

Preservation of especially CRISPR/Cas9-mediated cell lines was done at the earliest
passage number (P=2-4) as possible. For this, cells were grown to 80-100%
confluency, washed in PBS and detached from the plate with trypsin/EDTA at 37 °C.
Detached cells were then resuspended in medium and centrifuges at 300 g for 10 min
at RT. The cell pellet was resuspended in FBS containing 10% DMSO and
subsequently frozen at -80 °C for at least 24 h and stored in liquid nitrogen for long-

time storage.

To thaw and re-cultivate cells, they were incubated in a water bath at 37 °C for 5 min
and mixed with 10 ml pre-warmed fresh cultivation medium on a sterile cell culture
dish. The next day, the medium was changed to remove the DMSO from the cells.

Cells were cultivated at least one week before any experiment was conducted on them.

3.2.2.3 Transient transfection of mammalian cell lines

Cells were seeded on a cell culture plate (1-1.5x10° cells for a 6 cm dish) with a cover
slip if needed for a following experiment one day prior transfection. The next day,
1-3 ug of the desired plasmid was incubated with Turbofect in 300 pl DMEM for 15 min
at RT. Then the solution was added to the cells and after 5-8 h the medium was

changed. Cells were grown for 48 h until further usage.

3.2.2.4 Generation of CRISPR/Cas9 knockout cell lines

To modify double-stranded DNA (dsDNA) to precisely delete gene sequences the
CRISPR/Cas9-technology is broadly used. A single guide RNA (sgRNA) composed of
a short CRISPR RNA (crRNA) and a trans-activating crRNA (tracrRNA) can bind the
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Cas9 enzyme (Adli 2018). The crRNA is the complement to the target sequence and
guides the CRISPR/Cas9 complex to the DNA locus thus creating breaks within the
dsDNA (Jinek et al. 2012). DNA double-strand breaks are repaired by non-homologous
DNA end joining (NHEJ) (Chang et al. 2017). NHEJ can create diverse DNA
sequences with base pair deletions, inserts but also without loss of nucleotides (Chang
et al. 2017).

exon 3 of cathepsin B gene

F
v

protospacer vy
TGCAGGCAGCTTCAGGTCCT

S 3
. 5 SRNA |
3 UGCAGGCAGCUUCAGGUCCU 5
3
ACGTCCGTCGAAGTCCTGA
Cas9

Figure 5: Schematic overview of the CRISPR gene editing strategy. The scheme shows the binding
of the Cas9-guided sgRNA-sequence (green) to the matching genomic DNA in the exon 4 of the human
CTSB gene. The protospacer adjacent motif (PAM)-sequence (orange) followed by the protospacer
sequence targets the Cas9 nuclease to bind to the gene region of interest to cleave the targeted DNA
region (blue arrow).

To generate different SH-SY5Y CTS-deficient cell lines by CRISPR/Cas9-mediation
the Neon™ Transfection System (Thermo Fisher Scientific) was used. A mixture
containing SH-SY5Y cells, single guide RNAs (sgRNA) (Table 7) and Cas9 was
prepared as listed in Table 12. Cell were counted and the respective amount
resuspended in Buffer R provided by the company. Next, sgRNA and Cas9 was added
from a pre-mixture to the cells (Table 12). By using the electroporation pipet tips 10 pl
of the cell/sgRNA/Cas9 mixture was transferred to the electroporation device
according to the manufacturer’s indications. The program recommended for SH-SY5Y
cells provided by the company was used to deliver the sgRNA and Cas9 into the cells.
Cell were plated in DMEM containing 20% FBS. The next day medium was exchanged.
Cells were separated into single cells into 96-well-plates after they reached a

confluency of 80-100%. To expand the cells from mixed clone to single clones they
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were kept in DMEM containing 20% FBS and 1% P/S. Single clones were expanded

for cryopreservation (3.2.2.2), sequencing and western blot analysis (3.2.3.5).

6 cm dish 10 cm dish
Cas9 62 uM (Synthego) 1l 1l
SgRNA 100 uM (Synthego) | each sgRNA 1.25 pl each sgRNA 1.25 ul
H20 add 6.25 pl add 6.25 pl

2> 25 ulper25 plcells | = 5 pl per 50 pl cells
cells 1.4x10° in 25 ul 2.8x10° in 50 pl
electroporation 2 times 10 pl 4 times 10 pl

Table 12: Preparation of cell, sgRNA and Cas9 mixture for CRISPR/Cas9-mediated genome
editing

To generate SH-SY5Y CTSBDL-deficient cell lines, a confirmed CTSB-deficient clone
(SH-SY5Y CTSB KO #3) was used to simultaneously introduce the sgRNAs for CTSD
and CTSL. For analysis of the targeting efficacy of the transfection, genomic DNA of
the single clones was isolated using DirectPCR® Lysis Reagent Tail (Peqglab) and
proteinase K at 55 °C overnight. To inactivate proteinase K the mixture was kept at
85 °C for 45 min.

The DNA was used as a template for a genotyping PCR (3.2.1.4) amplifying the
sequence close by the binding position of the sgRNA (primers are listed in Table 5).
The annealing temperature of each sequencing primer pair used for the genotyping
PCR was determined by a temperature gradient PCR using DNA of SH-SY5Y WT cells
as template. The final annealing temperatures can be found in Table 5. The resulting
PCR product was purified using the GeneJET PCR Purification Kit (Thermo Fisher
Scientific) and sent for sequencing to Eurofins Genomic GmbH according to their
sample requirements. Subsequently, the DNA sequences of the modified SH-SY5Y
cell lines were compared to the SH-SY5Y WT ones. They were analyzed in regards to
base pair inserts or deletions (indels) with the Interference of CRISPR edits (ICE) tool
offered by Synthego. In addition, the Knockout was confirmed by immunoblot

analysis (3.2.3.5) using antibodies directed against the respective cathepsin.

3.2.2.5 Autophagic flux assay

To determine the autophagic flux, SH-SY5Y WT and CTSBDL-deficient cells were
seeded on cell culture plates (3x10°%in 6 cm plates, 1.5x10° in 10 cm plates). The next
day, cells were washed in PBS three times to remove leftover FBS. Cells were

incubated with EBSS (Thermo Fisher Scientific), 1x essential amino acids (Thermo
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Fisher Scientific), 1x non-essential amino acids (Thermo Fisher Scientific) and 10%
FBS either with or without 500 nM Bafilomycin Al (Sigma) or EBSS only with or without
500 nM Bafilomycin Al. These cell culture additives are listed in 3.1.3. After 3 h of
incubation cells were washed in ice cold PBS and harvested using cell scrapers.
Protein lysates were prepared (3.2.3.1) by adding 20 mM NaF, 4 mM glycerol 2-
phosphate and 4 mM NaVOs additionally to the RIPA lysis buffer (3.2.3.1).

For analysis by IF (3.2.4.1) cells were seeded on coverslips and transiently
transfected (3.2.2.3) with mRFP-GFP fluorescence-tagged LC3 (Table 9) and used for

subsequent starvation assay as described above.

3.2.2.6 Activity based probe

To analyze the activity of the different HeLa and SH-SY5Y cell lines the pan-reactive
cysteine quenched activity-based-probe (gABP) BMV-109 (kindly provided by
M. Bogyo) was used (Figure 6).

BMV-109

cys-type
cys-type cathepsin
cathepsin
et
Fluorescent SDS CTS-activity profiling in
PAGE HelLa and SH-SY5Y cells

Figure 6: Active Cysteine-type cathepsins can bind and cleave the pan-reactive cysteine
guenched activity-based-probe (QABP) BMV-109. BMV-109 is a gABP consisting of the fluorophore
Cy5, the amino reactive quencher QSY™21 (red &) and a phenoxymethyl ketone reactive group (red)
that reacts with the active site of cysteine-type cathepsins. Once the gABP is bound to the active site of
the enzyme, the quencher is cleaved off and the active enzyme is bound to the fluorophore Cy5. Cells
are able to take up BMV-109 by endocytosis and once it reached lysosomes the active cysteine-type
cathepsins are bound to the fluorescing probe. Cell lysates of these samples can be analysed by a
fluorescent SDS-PAGE. BMV-109 Cy5-signal can be detected at 635 nm. Scheme adapted from
(Verdoes et al. 2013).
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Once an active cathepsin binds to the gABP it cleaves off the quencher and the active
site of the enzyme is then bound to the fluorescing probe. Therefore, 1.5x10% SH-SY5Y
cells were seeded in 6 cm plates 24 h prior the assay was applied. Cells were washed
in PBS. Cells were incubated with 50 uM E64D, 20 uM Leupeptin and
10 pg/ml Pepstatin A or 500 nM Bafilomycin Al in DMEM (3.1.3) only as controls (if
needed) for 15 min prior application of 100 nM BMV-109 for another 2 h. Cells were
harvested and lysed (3.2.3.1) while the samples were kept in the dark to prevent
bleaching. SDS-PAGE was performed on a 15% polyacrylamide gel (3.2.3.4) in the
dark. Using the Amersham™ Typhoon™ Biomolecular Imager (GE Healthcare) the in-
gel Cy5-fluorescence signal was detected. Coomassie blue staining (GelCode™ Blue

Stain Reagent, Thermo Fisher Scientific) was used as loading control.

3.2.2.7 Endocytosis and processing of BSA-Alexa 647

Bovine serum albumin (BSA) is a broad substrate for proteases and a known substrate
of CTSD. Therefore, it can be used to examine endocytosis, its intracellular processing

and analysis of enzymatic activity of proteins hydrolyzing BSA.

1.5x10°% SH-SY5Y WT and CTSBDL-deficient cells were seeded on 6 cm cell culture
plates 24 h prior the assay was conducted. Cells were washed in PBS and
15 pg/ml BSA-Alexa 647 in DMEM containing 1% FBS and 1% P/S was added to the
cells. Two types of experiments were performed using this method. First, cells were
incubated with BSA-Alexa 647 for 1, 3, 5, 6, 8, 12, 14 and 16 h and harvested
afterwards (3.2.3.1). Second, cells were incubated with BSA-Alexa 647 for 2 h, then
washed with PBS and incubated for another 10, 20, 30 min, 1 h and 2 h in DMEM
containing 1% FBS and 1% P/S (pulse-chase experiment). Cells were harvested and
lysed (3.2.3.1) under protection of light. A fluorescent SDS-PAGE was used to analyze
the samples (3.2.3.4). The in-gel fluorescence signal of BSA-Alexa 647 was detected

using the Amersham™ Typhoon™ Biomolecular Imager (GE Healthcare).

3.2.3 Protein biochemical methods

3.2.3.1 Preparation of cell lysates and protein extraction

To harvest cells, they were washed in ice cold PBS three times. By using cell scarpers,

cells were collected in 1 ml ice cold PBS and centrifuged at 600 g for 10 min. To lyse
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the cells, the cell pellet was resuspended in RIPA (Table 10) containing 1x Complete
and incubated on ice for at least 1 h. Afterwards, the solution was centrifuged at
16.000 g for 10 min at 4 °C. The supernatant containing the protein lysates was
collected in a new tube for protein concentration determination (3.2.3.3) and stored at
-20 °C until further usage.

3.2.3.2 Preparation of murine tissue homogenates

Mouse brain lysates were generated by DEA extraction for soluble proteins followed
by RIPA extraction for membrane and cytosolic proteins and FA extraction for insoluble
proteins. Tissue was first homogenized with 3-4 porcelain beads (PeglLab) in DEA lysis
buffer (Table 10) with 1x Complete with a Precellys® 24 homogenizer (Bertin) at
6500 g for 30s at 4 °C. The supernatant was cleared by ultracentrifugation at
130.000 g for 1 h at 4 °C. The supernatant contains soluble proteins (=DEA fraction)
while the resulting pellet was further resuspended in RIPA lysis buffer (Table 10) and
homogenized by Precellys ® 24 homogenizer (Bertin) at 6500 g for 30 s at 4 °C. After
centrifugation at 5000 g for 10 min at 4 °C the supernatant was ultra-centrifuged again
at 130.000 rpm for 1 h at 4 °C. The resulting supernatant contains the membrane
bound proteins (=RIPA fraction). The remained pellet contains insoluble proteins which
gets resuspended in 70% formic acid and is again ultra-centrifuged at 130.000 rpm for
1 h at 4 °C. The resulting supernatant contains insoluble proteins (=FA fraction). The
The pH of the DEA fraction was adjusted to pH 6.8 with 0.5 M Tris buffer. The FA
fraction was diluted 1:20 with 1 M Tris buffer pH 9.5. Protein concentration was
determined as described (3.2.3.3).

3.2.3.3 Determination of protein concentration

To determine the protein concentration of cell or mouse brain lysates, the Pierce BCA
Assay kit (Thermo Fisher Scientific) was used according to the manufacturer's
instructions. Samples were diluted 1:10 with respective lysis buffer and incubated in
100 pl of the assay mixture for 30 min at 37 °C. In addition to lysates, a BSA calibration
series with known concentrations ranging from 0 to 2 mg/ml was analyzed to create a
protein concentration curve. The absorbance at 562 nm was measured using a

Synergy HT (BioTek) microplate reader.
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3.2.3.4 SDS polyacrylamide electrophoresis (SDS-PAGE, fluorescent SDS-PAGE)

The analysis of the compositions of proteins of cell or tissue lysates can be performed
by separating them by discontinuous sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE). SDS polyacrylamide gels were prepared as shown in
Table 13.

Separating gel Stacking gel

10% 12.5% 15% 5.25%
Separating/Stacking buffer 2.6 ml 2.6 ml 2.6 ml 1.35ml
30% (wi/v)
Acrylamide/bisacrylamide 3.3ml 4.2 ml 5.0 ml 1.75 ml
Rotiphorese Gel 30 (37, 5:1)
H20 4.0 ml 3.1ml 2.3 ml 6.85 ml
10% (w/v) ammonium persulfate
(APS) 60 ul 60 ul 60 ul 60 ul
Tetramethyletylenediamine
(TEMED) 30 ul 30 ul 30 ul 30 ul

Table 13: Content of different percentage of SDS-gels

Protein samples were prepared with a defined concentration in 5x Laemmli buffer
(Table 10) by boiling them at 95 °C for 5 min. Proteins get coated with SDS proportional
to their molecular weight resulting in a uniform negative charge. The secondary and
tertiary protein structure gets disrupted and by adding B-mercaptoethanol disulfide-
bonds are reduced. By loading equal amounts of samples on an SDS-gel, proteins are
separated according to their molecular weight by applying an electric field. Either, self-
made SDS-gels with concentration from 10-15% (Table 13) were prepared in advance
or ready-made 4-12% Bis-Tris gels were used. Self-made gels were used with 1x
running buffer (Table 10), ready-made gels used with MES buffer (3.1.2). A constant
voltage of 80-100 V was applied. To determine the size of detected proteins the

PageRuler Plus (Thermo Fisher Scientific) was used as molecular weight marker.

To detect in-gel fluorescence signals (3.2.2.6; 3.2.2.7) the SDS-PAGE was protected
from light by covering the chambers with aluminum foil while protein separation. In-gel
fluorescence was detected with the Amersham Typhoon Biomolecular Imager.
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3.2.3.5 Western blot, immunodetection and re-probing of membranes

Protein samples separated by SDS-PAGE (3.2.3.4) were transferred onto a
nitrocellulose membrane (GE Healthcare) using either a semi-dry system at 65 A per
blot for 2 h or tank blot transfer at 250 mA for 2 h at 4 °C.

For semi-dry transfer, the SDS-gel was placed on a nitrocellulose membrane
embedded by two pieces of Whatman® Blotting paper equilibrated in 1x transfer buffer

(Table 10) at the bottom and on top in a semi-dry transfer chamber (Figure 7).

For tank-blot transfer, the Whatman® Blotting paper, SDS-gel and nitrocellulose

membrane was put in a tank completely filled up with 1x transfer buffer (Table 10).

After transfer, the membrane was blocked in 5% milk in TBS-T for 30 min followed by
incubation with the first antibody at 4 °C overnight. The following day, the membranes
were washed in TBS-T three times each 15 min at RT. Second antibodies conjugated
to horseradish peroxidase (HRP) were incubated for 1 h at RT in blocking solution.
Detection of proteins was done using the ECL Advance™ Western Blotting Detection
Kit (GE Healthcare) supplemented with 0.11% (w/v) p-coumaric acid in DMSO and
0.025% (w/v) in 0.1 M Tris/HCI pH 8.6. 300 pul of the detection solution was carefully
pipetted on each membrane.

Anode
Whatman Paper

‘ nitrocellulose membrane '

Cathode

direction of transfer

<

Figure 7: Scheme for protein transfer from SDS-gel to a nitrocellulose membrane used for
western blotting.

To re-probe membranes with additional first antibodies, membranes were either
stripped by using mild stripping buffer for 30 min at RT or harsh stripping buffer for
30 min at 95 °C (Table 10). Membranes were washed in TBS-T at RT and newly

incubated with antibodies overnight.
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Signals were detected with the AmershamTM Imager 680. Quantification of the signals

was done with the ImageJ software.

3.2.3.6 Enzyme-linked immunosorbent assay (ELISA)

To quantify mouse and human AB1-40 and AB1-42 from CTSD-deficient and 5xFAD
mice, the DEA, RIPA, FA fractions (3.2.3.2), CSF and plasma samples were analyzed
by using the Enzyme-linked immunosorbent assay (ELISA) Kits purchased from IBL
International GmbH (3.1.2). 96-well plates pre-coated with respective antibody
detecting mouse or human AB1-40 or AB1-42. The samples are added in pre-tested
dilutions. DEA and RIPA samples were diluted 1:100 and FA and CSF were diluted
1:500 in EIA buffer provided by the manufacturer. Samples are incubated on the plate
overnight and any AB1-40 or AB1-42 within the samples binds to the capture antibody
pre-coated on the plate. After washing, an enzyme-linked second antibody binds to the
captured AB1-40 or AB1-42. The chromogen Tetra Methyl Benzidine (TMB) serves as
an electron donor for the peroxidase coupled to the secondary antibody. Upon
oxidation by peroxidase TMB form a blue water-soluble solution. By adding an acidic
stop solution, the blue color is converted to yellow due to the acidic pH. The
absorbance at 450 nm is measured. The intensity of the color is proportional to the
quantities of AB. By using a standard curve of known concentrations, the amount of

respective protein could be calculated.

3.2.3.7 Meso Scale Discovery (MSD) Assay

An electrochemiluminescence-based assay was developed (neo-epitope specific
AB34 and the sulfo-tagged 6E10 (binds to the N-terminus of human AR) or the sulfo-
tagged 4G8 for rodent samples (binds to the mid domain of AB) using the ELISA
Conversion Kit from MSD (USA). High-bind or custom-printed 4-plex plates (using
mab34, 4G8 (Biolegend) for pan-AB assay, G2-10 for 1-plex AB40 assay, and MSD’s
validated mouse monoclonal anti-AB38, anti-AB40, and anti-AB42 antibodies) were
blocked (MSD 5% Blocker A in PBS) for 1 h at 22 °C and washed three times with
PBS-Tween (PBS-T) for 1 min at 22 °C, loaded with SULFO-TAG TM 6E10 or 4G8
detection antibody (diluted to 1x in MSD Diluent 100) and sample or peptide calibrator
(in MSD Diluent 35 or cell culture medium), and incubated for 16 h at 4 °C with shaking
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at 600 rpm. After three washing steps with PBS-T for 1 min at 22 °C, 150 yL 2x MSD
read buffer was added per well. All plates were read using an MSD QuickPlex SQ 120
Imager and data analyzed using MSD Workbench® software. Standard curves were
fitted using a non-linear four-parameter logistic fit. This assay was conducted by I. Ulku
from McGill University Montreal in Canada.

3.2.3.8 Proteome Analysis

SH-SY5Y WT and both SH-SY5Y CTSBDL-deficient clones were seeded 24 h after
cell pellet collection. Cells were washed in ice cold PBS and harvested with a cell
scraper. A modified RIPA lysis buffer (Table 10) was used to lyse the cells for 30 min
on ice. The supernatant was collected after centrifugation at 16.000 rpm for 10 min at
4°C. 10 pl were used to determine protein concentration (3.2.3.3), the rest was frozen
in liquid nitrogen. Samples were sent for proteome analysis to S. Lichtenthaler from
DZNE in Munich:

Per sample 25 ug protein was subjected to the filter aided sample preparation
protocol (FASP) (Wisniewski et al. 2009) using Vivacon spin filters with a 30 kDa cut-
off (Sartorius). Protein were reduced with 20 mM DTT followed by alkylation of cysteine
residues with 50 mM iodoacetamide (Sigma Aldrich). Next, proteins were washed with
8 M urea (Sigma Aldrich) and digested first with 0.5 pg LysC (Promega) for 16 h at
37 °C and second with 0.25 ug trypsin (Promega) for 4 h at 37 °C. Generated peptides
were eluted by centrifugation and acidified with 8 % (v/v) formic acid to pH<S3.
Proteolytic peptides were desalted by stop and go extraction (STAGE) with self-packed
C18 tips (Empore) and dried by vacuum centrifugation (Rappsilber et al. 2003).
Peptides were dissolved in 20 pl 0.1 % formic acid (FA) and protein concentration was
determined by nanodrop photometer at 280 nm.

Peptides were analyzed for label-free protein quantification (LFQ) on an Easy nLC
1200 nanoHPLC (Thermo Scientific) which was coupled online to a Nanospray Flex
lon Source (Thermo Sientific) equipped with a PRSO-V1 column oven (Sonation) to a
Q-Exactive HF mass spectrometer (Thermo Scientific). 1.3 pug of peptides was
separated on in-house packed C18 columns (30 cm x 75 um ID, ReproSil-Pur 120
C18-AQ, 1.9 um, Dr. Maisch GmbH) using a binary gradient of water (A) and
acetonitrile (B) supplemented with 0.1% FA (0 min, 2% B; 3:30 min, 5% B; 137:30 min,

25% B; 168:30 min, 35% B; 182:30 min, 60% B) at 50°C column temperature.
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Data dependent acquisition (DDA) was used for LFQ. Full MS scans were acquired at
a resolution of 120,000 (m/z range: 300-1400; automatic gain control (AGC)
target: 3E+6). The 15 most intense peptide ions per full MS scan were selected for
peptide fragmentation (resolution: 15,000; isolation width: 1.6 m/z; AGC target: 1E+5;
normalized collision energy (NCE): 26%). A dynamic exclusion of 120 s was used for

peptide fragmentation.

The MS raw data was analyzed with the software Maxquant, version 1.6.15.0
(maxquant.org, Max-Planck Institute Munich) (Cox et al. 2014). The MS data was
searched against a reviewed canonical fasta database of Homo sapiens from UniProt
(download: 2020-01-16, 20617 entries). Trypsin was defined as a protease. Two
missed cleavages were allowed for the database search. The option first search was
used to recalibrate the peptide masses within a window of 20 ppm. For the main search
peptide and peptide fragment mass tolerances were set to 4.5 and 20 ppm,
respectively. Carbamidomethylation of cysteine was defined as static modification.
Acetylation of the protein N-terminal as well as oxidation of methionine were set as
variable modifications. The false discovery rate for both peptides and proteins was
adjusted to less than 1%. The “match between runs” option was enabled with a
matching window of 1 min. LFQ of proteins required at least one ratio count of unique
peptides. The protein LFQ reports of Maxquant were further processed in Perseus
version 1.6.14 (Tyanova et al. 2016). The protein LFQ intensities were log2
transformed and log2 fold changes were calculated between cathepsin KO clones and
respective WT controls. An unpaired Student’s t-test with two-tailed distribution was
applied to evaluate the significance of proteins with changed abundance. Additionally,
a permutation based false discovery rate (FDR) estimation (threshold: FDR = 5%) was
used to perform multiple hypothesis correction for each comparison (Tusher et al.
2001).

3.2.3.9 Cathepsin D Activity Assay

To measure CTSD activity in cells, lysates were prepared in RIPA lysis buffer without

protease inhibitors to keep protease activity. 100 ul activity buffer (50 mM sodium

acetate (pH 5.5), 0.1 M NaCl, 1 mM EDTA, and 0.2% Triton X-100) containing 10 uM

of CTSD substrate (3.1.3) was either incubated with 5 pl sample, 0.75 pl of 0.2 mg/ml

pre-activated rhpro-CTSD with or without Pepstatin A (PepA) as controls were
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incubated at 37 °C. The AMC (7-Amino-4-Methylcoumarin)-fluorescence was
measured every 15 min for 120 min using a Synergy™ HT Multi-Detection microplate
reader (exc: 360 nm; em: 440 nm, band pass 40). To quantify the CTSD activity, the
protein concentration of the samples was determined (3.2.3.3) and used to measure

the activity per pg protein per sample.

3.2.3.10 Liquid chromatography-mass spectrometry (LC-MS)

To analyze the AB1-42 cleavage fragments generated by self-made rhpro-CTSD,
samples were sent for LC-MS to A. Tholey (Institute for Experimental Medicine,
University Kiel). First, rhpro-CTSD was activated in 50 mM sodium acetate,
50 mM NaCl at pH 4.5 for 2 h at 37 -C. 2 ug pre-activated rhCTSD was incubated with
100 pM human AB1-42 (Enzo) in presence with or without Pepstatin A at 37 °C.
Samples were collected after 0, 15, 30 and 60 min, frozen at -20 °C and analyzed via
LC-MS. Aliguots of the samples were diluted 1:100 in LC loading buffer
(3% acetonitrile (ACN) and 0.1% trifluoroacetic acid in water), and transferred to glass
autosampler vials. LC-MS analysis was performed on a Dionex U3000 nanoRSLC
UHPLC (Thermofisher, Dreieich, Germany) equipped with an Acclaim PepMap100
column (2 ym particle size, 75 um x 500 mm) and p-precolumn (300 um x 5 mm)
coupled online to a Q Exactive HF mass spectrometer (Thermofisher, Bremen,
Germany). The eluents used were; eluent A: 0.05% formic acid (FA), eluent B: 80%
CAN + 0.05% FA. The separation was performed over a programmed 40-min run.
Chromatographic conditions were: 4% B for 3 min followed by a linear gradient from
4% to 50% B over 10 min, a 2-min increase to 90% B, and 10 min at 90% B. Following
this, an inter-run equilibration of the column was achieved by 15 min at 4% B. A
constant flow rate of 300 nl/min was used and 1 ul of sample was injected per run.
Acquisition of data was performed on the Orbitrap Q Exactive HF mass spectrometer
utilizing HCD fragmentation at a normalized collision energy of 27. A full scan MS
acquisition was performed (resolution 60,000) with subsequent data dependent
MS/MS (resolution 15,000) of the top 10 most intense ions; dynamic exclusion was
enabled (2 s duration). Database searches were performed in Proteome Discoverer
(Ver. 2.2.0.388) using the SequestHT search algorithm and combined database that
included the AB1-42 peptide, CTSD, and the cRAP list of commonly occurring
laboratory contaminants. Small database search criteria were employed in which a
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fixed PSM was used and only peptides assigned as high confidence (Maximum delta
Cn:0.5).

3.2.4 Histological methods

3.2.4.1 Indirect immunofluorescence staining of cells

Cells were grown on coverslips for at least 24 h, washed in ice cold PBS and fixed in
4% paraformaldehyde (PFA) for 20 min, permeabilized with PBS and 0.2% saponin for
5 min and quenched with PBS, 0.2% saponin and 0.12% glycine for 10 min at RT.
Blocking solution (PBS, 0.2% saponin, 10% FBS) was added for 1 h and then cells
were incubated in the first antibody (Table 3) diluted in blocking solution overnight at
4°C. To detect proteins of interest, cells were incubated with fluorescence-tagged
secondary antibodies (Table 4) in blocking solution for at least 2 h at RT. Cells were
washed in PBS and 0.2% saponin (3-4 times) followed by two washing steps with water
and mounted on slides with DABCO/Mowiol containing 1pl/ml DAPI. Slides were stored
in the dark at 4 °C until further analysis. Imaging was performed with the Keyence
fluorescence microscope BZ-X 800 (Keyence).

3.2.4.2 Electron microscopy of fixed cells

SH-SY5Y WT and SH-SY5Y CTSBDL cells were seeded 24 h prior fixation. Cells were
washed in PBS and fixated in double-strength fixative (4% PFA, 2% glutaraldehyde
(GA) in PBS) for 15 min. Double-strength fixative was discarded and replaced to simple
fixative (4% PFA and 1% GA in PBS). Cells were harvested using a cell scraper and
centrifuged at 300 g for 10 min. The supernatant was discarded and the pellet was
washed in fresh fixative. Resulting pellets were shipped in fixative to M. Schweitzer
(UKE, Hamburg). Cells were washed in PBS for three times and centrifuged at 1000 g
for 5 min each time. Resulting pellets were rinsed in 0.1 M sodium cacodylate buffer
(pH 7.2—7.4) and embedded in 2% agarose and osmicated using 1% osmium tetroxide
in cacodylate buffer. Cells were dehydrated using ascending ethyl alcohol
concentration steps and rinsed in propylene oxide for two times. Infiltration of the
embedding medium was performed by immersing the samples in a 1:1 mixture of
propylene oxide and Epon and finally in neat Epon and polymerized at 60 °C. Semithin
sections (0.5 pum) from the SHSY5Y WT and CTSBDL-deficient cells were prepared
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for light microscopy mounted on glass slides and stained for 1 min with 1% Toluidine
blue. Ultrathin sections (60nm) were examined in an EM902 (Zeiss, Germany).
Pictures were taken with a MegaViewlll digital camera (A. Trondle, Moorenweis,

Germany).

3.2.4.3 Preparation of semi-thin cryosections

Mice were perfused with 0.1 M PB (Table 10) and their brains fixed in 4% PFA for 4 h
at RT followed by incubation in 0.1 M PB overnight at 4 °C. Brains were then immersed
in 30% sucrose in 0.1 M PB and stored at 4 °C until sections were cut. For this, brains
were cut sagittally into 35 um thick sections using the Leica SM 2000R sliding
microtome (Leica Microsystems) with dry-ice cooling. Sections were stored in 0.1 M PB
containing 0.02% (w/v) sodium azide until immunofluorescence staining (3.2.4.4) was
performed.

3.2.4.4 Immunofluorescence staining of semi-thin cryo-sections

Semi-thin brain sections (3.2.4.3) were washed three times with 0.1 M PB at RT
followed by permeabilization for 30 min in 0.5% Triton X-100 in 0.1 M PB at RT. After
the permeabilization solution was removed, the slices were blocked for 3h in 4% goat
serum, 0.5% Triton X-100 in 0.1 M PB at RT. After this, the brain sections were
incubated in a wet chamber with first antibody in blocking solution overnight at 4 °C.
The next day, the slices were washed three times using 0.25% Triton X-100 in
0.1 M PB at RT, followed by incubation with secondary antibody for 3 h at RT in a wet
chamber protected from light. Sections were washed three times each 20 min in
0.1 M PB followed by incubation with DAPI in 0.1 M PB for 10 min and three washings
steps in 0.1 M PB for a total of 10 min. After that, the brain slices were mounted in
Mowiol/DABCO on slides and stored at 4 °C. Images were taken on the Zeiss laser

scanning microscope 980 with Airyscan 2 (Zeiss).

To stain AR plaques exclusively, AmyloGlo staining (3.1.2) was performed. Brain
sections were dried at 55 °C on a gelatin-coated slide, transferred into a 70% ethanol
solution for 5 min, washed in water. Slices were incubated for 10 min with the AmyloGlo

staining solution provided by the manufacturer. Slides were briefly rinsed in 0,9% saline

44



Material and Methods

solution and mounted in Mowiol/DABCO on slides. Imaging was performed with the

Keyence fluorescence microscope BZ-X 800 (Keyence).

3.2.5 Animal Experiments

3.2.5.1 Animal housing

In agreement with the German animal welfare law all animal handling and care were
performed according to the guidelines of the Christian-Albrechts-University of Kiel. The
Ministry of Energy, Agriculture, the Environment and Rural Areas Schleswig-Holstein
approved animal experiments 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 Spezialdiaten,
V1534) and water. Mice cages were maintained in a room with a temperature between
19 and 22°C and humidity of 45-60%.

3.2.5.2 DNA isolation from tissue and Polymerase Chain Reaction (PCR) for
genotyping

5XxFAD and CTSD-deficient mice were genotyped by using PCR and analyzed by

agarose gel electrophoresis (3.2.1.5). Tail and ear mark biopsies were digested with

DirectPCR® Lysis Reagent Tail (Peqglab) containing 0.3 mg/ml Proteinase K at 55 °C

overnight. To inactivate Proteinase K the samples were incubated at 85 °C for 45 min.

The DNA lysates were used as template for genotyping PCRs.

To genotype the CTSD-deficient mice, two different PCRs were used. The CD53
primer pair binds exon 4 in CTSD resulting in a 200 bp band for wildtype mice while a
1400 bp band refers to the CTSD mutants harboring a neomycin cassette (Saftig et al.
1995). Additionally, a PCR using primers binding to the neomycin cassette (neo) were
used. A wildtype mouse does not show any signal, while mice harboring the CTSD
mutation and neomycin cassette display a 280 bp band. The different genotypes are
then distinguished as followed: wildtype: CD53-PCR: 200 bp, neo-PCR: no band;
heterozygous: CD53-PCR: 200bp and 1400 bp, neo-PCR: 280 bp and
knockout: CD53-PCR: 1400bp, neo-PCR: 280 bp (Saftig et al. 1995). The CTSD-

deficient mouse genotyping PCRs were conducted under the following conditions:
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Premix 1 ul
CD53 exonl 10 uM 1.0
CD53 exon2 10 uM 1.0
10x DreamTaq Puffer | 5.0
dNTP 2 mM 5.0
DMSO 2.5
DreamTaq 5U 0.5
Template 2.0
add H20 50

Premix 2 ul
neo-Kiel3 10 uM 1.0
neo-Kiel4 10 uM 1.0
10x DreamTaq Puffer | 5.0
dNTP 2 mM 5.0
DMSO 2.5
DreamTaq 5U 0.5
Template 2.0
add H20 50

Step t(min) T (°C)
Initial denaturation 5 95
Denaturation 0.25 96
Annealing 0.5 58
Elongation 2 72
Final elongation 3 72
End o0 10

} 30 x

Table 14: Genotyping PCR pipetting scheme for CTSD-deficient mice and the PCR program for

both premixes 1 and 2

To genotype 5XFAD mice, two primer pairs are used. The primer pair 1644 and 1645
binds do PSENL1 to identify the mutation PSEN1 (M146L). Mice harboring the PSEN1
mutation show a band at 608bp within the agarose gel. The other primer pair (7338

and 7339) serves as an internal control to confirm the PCR worked indicated by a

324bp band within the agarose gel (Genotyping Protocol 23050, The Jackson

Laboratory). The 5xFAD mouse genotyping PCR was conducted under the following

conditions:

ul
Primer 1644 3.3
Primer 1645 3.3
Primer 7338 2.5
Primer 7339 2.5
10x DreamTagq Puffer 5
dNTP 10 mM 1
DreamTaq 5U 0.33
Template 3
add H20 50

Step t(min) T (°C)
Initial denaturation 3 94
Denaturation 0.5 94
Annealing 1 60
Elongation 1 72
Final elongation 2 72
End o0 10

Table 15: Genotyping PCR pipetting scheme for 5xFAD mice and the PCR program
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3.2.5.3 Intracerebroventricular injection of mice

Intracerebroventricular (ICV) injections with 10 pul of 10 pg/ul rhpro-CTSD were
performed at P1 and P20 for both CTSD-deficient and 5xFAD (Marques et al. 2019).
The PBS or rhpro-CTSD was injected in the cauda putamen with a microsyringe (30G)
using a spacing devise with an injection depth of 1.15 mm over a period of 3 min.
Injections in pups at P1 were done in the right hemisphere, while P20 injections were
done in the left hemisphere. Mice at P20 were anaesthetized using isoflurane (2% in
oxygenized air) while bedded at 37 °C on a heated mat. Mice were monitored after

intracranial injections.

3.2.5.4 CSF collection

Collection of cerebrospinal fluid (CSF) was performed to determine AB concentration
by ELISA (3.2.3.6). Mice were anaesthetized (3.2.5.5). The skin of the neck was cut.
The CSF was collected from the cisterna magna compartment using a glass capillary.

The collected CSF was snap-frozen in liquid nitrogen until usage for ELISA.

3.2.5.5 Mouse anesthesia

Mice were anaesthetized by intraperitoneal injection of 10 yl of 10 mg/ml Ketamine
(Bremer Pharma GmbH, 26,706) and 6 mg/ml Rompun® (Bayer, KPOCCNU) in
0.1 M PB per grams body weight.

3.2.5.6 Perfusion of mice

For transcardial perfusions, mice were anaesthetized (3.2.5.5). Perfusion was
performed through the left heart ventricle with 30 ml of 0.1 M PB. Brains were collected,
the right hemisphere was fixed with 4% PFA for immunohistochemistry and the left

hemisphere was snap-frozen in liquid nitrogen for biochemical analysis.
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3.2.6 Computer Software and Statistical Analysis Techniques

3.2.6.1 Statistical Analysis

The detection of signal intensities in immunoblot was performed with the software

ImageJ. Statistical analysis was done with GraphPad Prism 8.

3.2.6.2 Measurement of lysosomal diameter

Imaging of lysosomes from SH-SY5Y CTSBDL-deficient and WT cells was done by
using the confocal laser scanning microscope LSM980 Airyscan2 (Zeiss) under equal
settings per experiment. Digital images were processed and adjusted equally by ZEN
software (Zeiss) or ImageJ. Lysosomal size was determined by using the Line-Tool in

Zen software to determine the diameter in biological triplicates.

3.2.6.3 GFAP and Ibal Analysis

The astroglia marker GFAP was used to determine the area of astrocytes in
hippocampus and cortex of 5XFAD mouse brains. For this the area of the signals was

determined using ImageJ.

The microglia ramification analysis of immunostainings from 5xFAD was done using
the Sholl Analysis plugin in ImageJ. The signal of the microglia marker Ibal was
analyzed. The following setting for the Sholl Analysis plugin were used: start radius:
4.4 uym, step size: 3.3 ym, end radius: 34.9 um. For each brain sample two slides were

analyzed in the hippocampal region (CA1, CA3 and dentate gyrus) and cortex.

3.2.6.4 Overview images of immunoblots and immunostainings, graphs and

illustrations

Immunoblots and immunostainings were compiled by using Adobe lllustrator 2020.
Adjustment of contrast and brightness of immunostainings was performed with ZEN
Software provided by Zeiss. Graphs were created with GraphPad Prism 8. lllustrations

were designed with BioRender.
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4 Results

Lysosomal hydrolases are capable to degrade various macromolecules entering the
compartment by endocytosis, phagocytosis or autophagy. The main peptide
hydrolyzing hydrolases are cathepsins (CTSs) which are acid proteases classified by
their structure and catalytic mechanisms. They are in most cases ubiquitously
expressed, however there is not much known about their substrate spectrum, the
usage of certain peptide bonds, the sequence of proteolytic processing by different
CTSs and the potential overlapping use of substrate proteins. The aim of this study is
to approach these questions. The important role of CTSs in the regulation of cell
proteostasis and their possible compensatory enzymatic activity towards lysosomal
substrates should be evaluated in human neuroblastoma SH-SY5Y cells since
neurological symptoms or neurodegeneration are a major hallmark for lysosome-

mediated diseases.

4.1 Basal analysis of the expression and activity of CTSs in HelLa and
SH-SY5Y cells

RNA Sequencing Data retrieved from the Human Protein Atlas demonstrate that 14
out of 15 cathepsins are expressed in HeLa and SH-SY5Y cells (Karlsson et al.
2021).The highest expressed cathepsins in HeLa cells are CTSA, CTSC, CTSD, CTSL
and CTSZ. In SH-SY5Y cells the CTSs with the highest expression are CTSA, CTSB,
CTSC, CTSD and CTSL. No expression of CTSG is found in both cell types (Figure 8).
CTSA and CTSC belong to the group of exopeptidases that hydrolyze peptide bonds
of proteins and peptides from their C-terminal or N-terminal ends resulting in single
amino acids, dipeptides or tripeptides (Galjart et al. 1991; McGuire et al. 1992). The
endopeptidases CTSB, CTSD and CTSL cleave their substrates within their peptide
backbone resulting in smaller peptides (Towatari and Katunuma 1983; Ketterer et al.
2020; Yoon et al. 2022). Studies suggested that lysosomal hydrolysis is initiated by
endopeptidases (Huang and Tappel 1971; Goettlich-Riemann et al. 1971). The most
highly expressed CTSB, CTSD and CTSL became the CTSs of choice to be further
investigated in SH-SY5Y cells.
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Figure 8: Normalized transcript expression values of cathepsins in HeLa and SH-SY5Y cells. RNA
sequencing data from HelLa and SH-SY5Y cells show normalized transcripts per million (nTPM) for
15 human cathepsins provided by the Human Protein Atlas (data available from v21.0.proteinatlas.org).
Whereas CTSE, CTSF, CTSG, CTSH, CTSK, CTSO, CTSS, CTSV and CTSW have no or only very low
expression levels below 10 nTPM, CTSA, CTSB, CTSC, CTSD, CTSF, CTSL and CTSZ show high
expression from 10 nTPM to 169 nTPM in HelLa cells. In SH-SY5Y cells CTSE, CTSF, CTSG, CTSH,
CTSK, CTSO, CTSS, CTSV, CTSW and CTSZ are either not or very low expressed with less than
10 nTPM. In SH-SY5Y cells the highest RNA expression levels are shown in CTSA, CTB, CTSC, CTSD
and CTSL.

Immunoblot analysis using available antibodies directed against CTSB, CTSD, CTSL
and CTSZ were used to detect the endogenous protein expression and processing in
SH-SY5Y and HelLa cells (Figure 9A). The antibodies against CTSB, CTSD, CTSL and
CTSZ recognized the different processed CTS species in their pro- and mature forms.
The predicted and detected sizes for CTSB are 41 kDa (pro-form), 29 kDa (single chain
form) and 25 kDa (mature form) (Ishidoh and Kominami 2002). The antibody against
CTSD confirmed the predicted sizes of 54 kDa (pro-form), 44 kDa (single chain form)
and 34 kDa (mature form) (Ishidoh and Kominami 2002). While the maturation of CTSD
is dependent on other cysteine proteases, the presence of the mature form indicates
a delivery of the enzyme to the lysosome (Gieselmann et al. 1985; Ishidoh and
Kominami 2002). The signals for CTSL in the immunoblot showed the 31 kDa single
chain form and the 24 kDa mature form (Ishidoh and Kominami 2002). Mature CTSZ
was detected at the expected size of 34 kDa only in HeLa cells. All cathepsin signals
(pro-, single-chain and mature form) were included in the quantification and normalized
to the internal loading control glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
(Figure 9B). In accordance with the RNA expression levels of CTSZ, its protein
expression was highly abundant in HeLa but it is not present in SH-SY5Y cells. CTSB
and CTSD were the highest expressed endopeptidases followed by CTSL in SH-SY5Y
cells which also confirmed the RNA expression data. In HelLa cells the protein
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expression of CTSL seemed to be the highest but one has to consider that the antibody
against CTSZ only detects its mature form and therefore it appeared lower expressed

when compared to the RNA expression data.

<
A A\
NN
kba ¢ S
55 - B
2 - < PCTSB
5o _| = ® | «single chain CTSB 6 = Hela
| s s | 4 MCTSB — SH-SY5Y

55 - | s e | « PCTSD 5
35 - 21 4 =

s— 4 MCTSD 8 Z
25 - 4
55 - 5o

-— * s '03 -
35 -| <« pCTSL [
25 -| - K =

<« mCTSL 2 H

55 -

— <4 mCTSZ 00— | T I
35 - CTSB CTSD CTSL CcTSZ
35 - e | 4 GAPDH

Figure 9: Cell-type specific expression of Cathepsin B, D, L and Z in HeLa and SH-SY5Y cells.
(A) Comparative immunoblot analysis of endogenous CTSB, CTS D, CTSL and CTSZ expression in
HelLa and SH-SY5Y WT cells. (B) Expression analysis of protein levels of CTSs in HeLa and SH-SY5Y
cells. The signal intensities of all detected bands with respective CTS-antibodies was normalized to the
housekeeping loading control glyceraldehyde 3-phosphate dehydrogenase (GAPDH). * indicates non-
specific-binding of the antibody, p — pro, m — mature; kDa: kilodalton.

CTSs are post-translationally regulated and their abundance does often not correlate
with proteolytic activity which is related to their biological relevance. Therefore, their
enzymatic activity has also been addressed within this study. Using the activity-based
probe (ABP) BMV-109 the endogenous enzymatic activity of cysteine-type proteases
like CTSB, CTSL and CTSZ could be determined (Schleyer and Cui 2021). ABPs are
chemical probes that contain a reactive group which covalently binds to the active-site
of an enzyme. BMV-109 is an improved quenched fluorescent ABP containing a
guencher (sulfo-QSY21) which quenches the bound fluorophore dye Cy5 (Verdoes et
al. 2013). Once BMV-109 is covalently bound to a cysteine-type protease the quencher
is removed and the fluorescence of the Cy5 dye can be measured at an excitation
wavelength of 635 nm (Figure 10A).

Using this set up, HeLa and SH-SY5Y WT cells were analyzed after a 15 min pre-
incubation with either 50 uM E64D, 20 uM Leupeptin and 10 pg/ml Pepstatin A (PepA)

or 500 nM Bafilomycin Al followed by another 2 h of incubation with BMV-109. Cells
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were lysed and the Cy5-signal was analyzed using in gel fluorescent analysis after
SDS-PAGE (3.2.3.4). Figure 10B shows the fluorescent SDS-PAGE with respective
Cy5-signals for active cysteine-type proteases after excitation at 635 nm. Coomassie
blue staining was used as a loading control. HeLa and SH-SY5Y WT cells both showed
different signals and signal intensities for active cysteine-type proteases supporting the
diverse expressions of CTSs. While the cysteine-protease inhibitor E64D successfully
led to a complete loss of Cy5-signal in both HeLa and SH-SY5Y WT cells, the
combination of Leupeptin and PepA or treatment with Bafilomycin Al only reduced the
intensity of some bands indicating that there were either other active cysteine-
proteases or the inhibitor did not completely inhibit the respective lysosomal proteases

and there are still some enzymes active at neutral pH.
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Figure 10: Schematic mechanism of fluorescent cysteine-protease activity-based probe
BMV-109 assay and its application in HeLa and SH-SY5Y WT cells using different lysosomal
protease inhibitors. (A) The quenched cysteine-protease activity-based probe (ABP) BMV-109
contains a fluorophore-quencher pair. Once the ABP binds covalently to the active-site cysteine the
quenching group is released and the protease is irreversibly labeled resulting in emission of
fluorescence that can be detected via fluorescent SDS-PAGE. (B) Fluorescent SDS PAGE and its
Coomassie staining as loading control of BMV-109-labeled HeLa and SH-SY5Y WT cells treated with
50 uM E64D, 20 uM Leupeptin (Leup) and 10 pg/ml Pepstatin A (PepA), or 500 nM Bafilomycin Al
(BafAl) for 2 h. Cy5 signal was detected at excitation at 635 nm. kDa: kilodalton.

To also address the enzymatic activity of the aspartyl-protease CTSD, an independent
assay was performed in both HeLa and SH-SY5Y WT cells. To this end, a quenched
fluorogenic CTSD substrate was incubated with cell lysates and pre-activated CTSD
with the inhibitor PepA as control (3.2.3.9). Figure 11 reveals the intensity of the
released fluorescence signal over time after active CTSD cleaved the substrate. Pre-
activated CTSD with PepA did not show any fluorescent signal indicating a successful
inhibition of the CTSD activity. However, HeLa and SH-SY5Y WT without PepA
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showed an increase in the fluorescent intensity over time. While in the SH-SY5Y cells
a plateau after 60 min could be detected, the HelLa cells presented a higher CTSD

activity since the plateau was not yet reached after 90 min.
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Figure 11: CTSD-activity in HeLa and SH-SY5Y WT cells. The graph shows the measured CTSD-
activity per pg protein over time. By cleaving a quenched CTSD-substrate the fluorescence intensity can
be measured at after excitation at 360 nm. CTSD-activity is shown for HeLa and SH-SY5Y WT cells,
pre-activated rh-CTSD co-incubated with Pepstatin A (PepA).

Taken together the highest expressed endopeptidases CTSB, CTSD and CTSL were
all abundantly found in SH-SY5Y WT cells and in HeLa WT cells which additionally
express CTSZ. RNA and protein expression as well as the activity of these CTSs are
cell type specific suggesting a different interplay, interaction or function of these CTSs
for each cell type. To analyze their probably redundant function and to obtain an insight
into their peptide usage and protein degradation patterns, SH-SY5Y cells were chosen
for a more detailed analysis.

4.2 Generation and validation of CTS-deficient SH-SY5Y cell lines using
the CRISPR/Cas9 technique

A classic way to study and to better understand the function of genes and proteins of

interest, is to deplete the respective protein in commonly used model organisms and

analyze the resulting phenotypic and biochemical consequences. Since 2012, the

CRISPR (clustered regularly interspaced short palindromic repeats) gene editing which
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is based on the CRISPR-Cas9 antiviral defense mechanism of bacteria, became a
common and powerful methodology to manipulate gene and protein expression in cell
lines (Jinek et al. 2012). For the investigations of the functions of CTSs within the
lysosomal network and their usage of peptides and proteins several stable SH-SY5Y
knockout (KO) cell lines were created using CRISPR-Cas9-mediated gene editing.

First, a single guide RNA (sgRNA) targeting CTSB was introduced into SH-SY5Y WT
cells as described in 3.2.2.4. The resulting mixed clone was first analyzed by
immunoblot (3.2.3.5) to evaluate the editing efficiency and to decide on how many
single clones have to be further analyzed (Figure 12). For CTSB the editing efficiency
was already high at the mixed clone level as immunoblot analysis revealed almost no
detectable signal for CTSB. Cells were separated into single cells and grown to
confluency (3.2.2.4). DNA was isolated and analyzed by PCR targeting the sequence
close by the binding position of the sgRNA. The individual PCR product was
sequenced. The Interference of CRISPR Edits (ICE) tool offered by Synthego (Conant
et al. 2022) was used to analyze the single clones in regard to detect inserts or
deletions compared to the WT cells (data not shown). The CTSB KO clone #3 has a
one base pair (bp) deletion and the other CTSB KO clone #6 has an insert of one bp
(data not shown). Thus, resulting in altered protein sequences with an earlier stop

codon (Figure 13)

SH-SY5Y
kDa WT CTSBMC

35 - <« pro-CTSB
25 - <4m-CTSB

Figure 12: Analysis of the SH-SY5Y CTSB mixed
clone. Western Blot analysis showing the SH-SY5Y

WT vs. the CRISPR/Cas9-edited SH-SY5Y CTSB
- | — - _ :
35 < GAPDH mixed clone (MC). GAPDH was used as loading

control. kDa: kilodalton

Next, the single clones for CTSD and CTSL were generated in the same way as
described above and analyzed by PCR using PCR primers covering the respective
edited sgRNA binding position (3.1.7; 3.2.1.4). Both sgRNA targeting CTSD and CTSL
bind within the respective exon 2. For each CTSD and CTSL KO two single clones
were chosen to be used for further analysis. The two CTSD KO clones had a one and
two bp deletion (CTSD #10 and #36). For the CTSL KO clones one of them had a one
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bp deletion (CTSL #6) on one allele and a one bp insertion in the other allele while the
other clone (CTSL #11) had a four bp deletion on one allele and a one bp insertion on

the other allele. The resulting and altered protein sequences are shown in Figure 13.

The last step was the generation of a triple CTS-deficient SH-SY5Y cell line lacking
CTSB, CTSD and CTSL. To reach this goal the CTSB KO clone #3 was chosen and
both sgRNAs targeting CTSD and CTSL were introduced at the same time using the
CRISPR/Cas9-gene editing strategy (3.1.7; 3.2.2.4). Two CTSBDL-triple KO clones
were generated this way. One of them had a one bp deletion of eight bp in CTSD and
an insert of 265 bp for CTSL (CTSBDL #4). The other clone had a deletion of one bp
in CTSD and on one allele a four bp deletion and the other allele a one bp insertion

(CTSBDL #9) in CTSL. The resulting protein sequences are shown in Figure 13.

Cathepsin B

>

WT MI.. ]SYLKRLCGTFLGGPKPPQRVMFTEDLKLPASFDAREQWPQCPTIKEIRDQGSCGSCWAFGAVEAISDRICIHTNAHI...]
CTSBKO #3  M[...]SYLKRLCGTFLGGPKPPQRVMFTET[]
CTSBKO #6  M[...]SYLKRLCGTFLGGPKPPQRVMFTEEPEAACKLRCTGTMATVSHHQRDQRPGLLWLLLGLRGCGSHLI]

Cathepsin D

WT MI.. ]VRIPLHKFTSIRRTMSEVGGSVEDLIAKGPVSKYSQAVPAVTEGPIPEVLKNYMDAQYYGEIGIGTPPQCFTVVFDTI..]
CTSD KO #10  M[...]VRIPLHKFTSTPEHGRRWGLWGRTGWPRAPPQIIPGGGHPGRRL...][-]

CTSD KO #36 M. VRIPLHKFTSIPEPGRSWGLWGRTGWPRARPQIIPGGGRPGPRAHFPSGPELPGRE[]

CTSBDL KO #4 M...]VRIPLHKFTPDHVGGWGLCGGPDCQRPRLKVLPGGASRDRGAHSRGAQELHGRPVLRGDWHRI...]I-]

CTSBDL KO #9 M[...]VRIPLHKFTSIAGPCRRLGALWRT[-]

Cathepsin L

WT MI.. NEEGWRRAVWEKNMKMIELHNQEYREGKHSFTMAMNAFGDMTSEEFRQVMNGFQNRKPRKGKVFQEPLFYEA]...]
CTSLKO #6  M[...]NEEGWRRAVWEKNMKMIELHISRTGEGNTP[-]

CTSLKO #11  M[..]NEEGWRRAVWEKNMKMIELHNRNTRRKRKLHI[-]

CTSBDL KO #4 M[..]NEEGWRRAVWEKNMKMIELHKVVN[-]

CTSBDL KO #9 M[..]NEEGWRRAVWEKNMKMIED[-]

Figure 13: Protein sequences of edited CTS-deficient SH-SY5Y cell lines. Protein sequences for
CTSB, CTSD and CTSL of SH-SY5Y WT and CTSB KO clones 3 and 6, CTSD KO clones 10 and 36
and CTSBDL KO clones 4 and 9. The altered amino acids compared to the WT sequence are highlighted
in red and stop codons are shown as [-]. Both CTSBDL KO clones (#4 and #9) derived from CTSB KO
clone #3 and therefore share the same sequence for CTSB.

The next step was to investigate whether the insertions or deletions led to a loss of
protein expression and activity. To analyze this, lysates of the clones were prepared
(3.2.3.1) and studied by immunoblot analysis (3.2.3.4; 3.2.3.5). The immunoblot in
Figure 14A shows the loss of all forms of CTSB, CTSD and CTSL in the single and the
triple clones indicating a successful KO of the respective CTSs. To also confirm the
loss of their protease activity, the cysteine-protease activity-based probe BMV-109 was
applied on one clone of each CTS KO (Figure 14B). The fluorescent SDS-PAGE shows

different Cy5-signal patterns of cysteine proteases in the SH-SY5Y WT cells and each
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of the CTS-deficient clones. According to the work of Verdoes et al. the fluorescence
signals were assigned to the mature forms of CTSB and CTSL (Verdoes et al. 2013).
In the SH-SY5Y CTSB KO a loss of a prominent band at 30 kDa which has been
referred to be CTSB was observed. The CTSL-deficient clone showed a loss of a signal
at approximately 25 kDa which has been assigned as CTSL. Both CTSB- and CTSL-
signals were absent in the CTSBDL-deficient cell line while there were still two other

fluorescent bands observable.
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Figure 14: Immunoblot analysis and activity determination using the cysteine-protease activity-
based probe BMV-109 of SH-SY5Y CTS-deficient cell lines. (A) Protein lysates analyzed via
immunoblot show a successful generation of two SH-SY5Y CTSB, CTSD, CTSL and CTSBDL clones
each. GAPDH was used as loading control. (B) Application of BMV-109 on SH-SY5Y WT, CTSB, CTSD,
CTSL and CTSBDL KO clones. The fluorescent SDS-PAGE of protein lysates shows Cy5-signal of
cysteine-proteases. The Cy5-signal was measured at excitation of 635 nm. Coomassie staining served
as loading control. kDa: kilodalton

In summary, the generation of eight CTS-deficient clones using CRISPR/Cas9-edtiting
was successful on both DNA and protein expression levels. It could also be shown that
the respective cysteine-type CTS KO reveals a loss of cysteine protease activity and
therefore providing a novel cellular model to further investigate the possible redundant

function of CTSB, CTSD and CTSL within the lysosomal protease network.

4.3 SH-SY5Y CTSBDL-triple deficient cells are characterized by enlarged

and increased numbers of lysosomes

The generation of several independent CTS-deficient cell lines presents an exciting

tool to study the resulting effects in lysosomes, i.e. the analysis of the lysosomal
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functions of degradation, involvement of CTSs in autophagy and recycling of
macromolecules, proteins and peptides. First, it was aimed to understand the
consequences of a loss of different lysosomal CTSs on the lysosomes themselves. To
analyze if lysosome morphology is changed when the major CTSs are missing,
SH-SY5Y WT, CTSB-, CTSD-, CTSL- and CTSBDL-deficient cell lines were analyzed
by immunofluorescence staining using an established antibody directed against human
LAMP1, an abundant lysosomal membrane protein (Figure 15). Comparing the
lysosomal phenotypes of the CTS-deficient cell lines with WT control cells revealed
that the single KO of CTSB and CTSL did not lead to obvious phenotypic changes in
regard to the size, distribution or number of lysosomes. Interestingly, in the SH-SY5Y
cells the CTSD KO showed a trend towards an increase in the size of lysosomes. More
importantly, CTSBDL-triple KO cells were characterized by a significant expansion of

the lysosomal size and number (Figure 15A).

To validate these findings the lysosomal diameter of all CTS-deficient cell lines was
measured (3.2.6.2) and the results are presented in Figure 15B. The mean lysosomal
diameter of the SH-SY5Y WT cells was 0.25 pm. The lysosome size of the two clones
of CTSB KO (clone #3: 0.22 um and clone #6: 0.31 pm) and CTSL KO (clone #6:
0.22 um and clone #11: 0.22 um) did not show changes when compared to the WT
lysosome’s size. The CTSD KO clones showed mildly increased lysosomal diameters
of 1.2- to 1.3-fold (clone #10: 0.34 um and clone #36: 0.29 ym). The most striking
observation was that the combined loss of CTSB, CTSD and CTSL led to a significant
increase in the diameter of the lysosomes. CTSBDL clone #4 showed a mean diameter
of 0.72 um and clone #9 showed a diameter of 0.67 um which is 2.7- to 2.9-times the
size of the WT lysosomes. Interestingly, there were also some lysosomes with a
diameter up to 1.7 um. which is 6.8-times the size of the mean lysosomal size of the
SH-SY5Y WT cells.
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SH-SY5Y WT Lamp1@SH-SY5Y CTSB KO #3 Lamp1@SH-SY5Y CTSD KO #10

SH-SY5Y CTSL KO #6

Figure 15: CTSBDL-deficiency in SH-SY5Y leads to enlarged lysosomes. (A) Respective
immunostainings of endogenous lysosomal LAMP1 in SH-SY5Y WT and one of each CTSB, CTSD,
CTSL single KO and CTSBDL-triple KO cells reveals differences in the size of lysosomes in the
CTSBDL-deficient mutant compared to control SH-SY5Y WT cells. Cell were fixed in 4 % PFA. Nuclei
are stained with DAPI. Scale bar: 10 pym, insert: 5 um (B) Analysis of the lysosomal size of SH-SY5Y
WT, CTSB KO #3 and #6, CTSD KO #10 and #36, CTSL KO #6 and #11, CTSBDL KO #4 and #9. The
graph depicts the lysosomal diameter in um derived from immunostainings of Lamp-1-positive vesicles
from three individually stained experiment data sets. Data represent the mean + SEM, one-way ANOVA
with a Bonferroni’s multiple comparison test. **** p<0.0001.

The lysosomal size between both clones of SH-SY5Y CTSB, CTSD and CTSL
single KO and CTSBDL-triple KO was equal which excludes clonal effects.
Consequently, the following experiments were conducted using SH-SY5Y CTSB
clone #3, CTSD clone #10, CTSL clone #6 and CTSBDL clone #9 referred to as SH-
SY5Y CTSB, CTSD, CTSL and CTSBDL KO, respectively.

In addition to the phenotypic changes in the lysosomal morphology of SH-SY5Y
CTSBDL-deficient cell lines the LAMP1 protein expression was biochemically
analyzed (Figure 16). In four independent experiments immunoblot analysis of cell
lysates revealed a significant 3.27-fold increase of LAMPL1 protein expression in the
SH-SY5Y CTSBDL KO cells when compared to the SH-SY5Y WT expression
(p=0.0026). SH-SY5Y CTSB, CTSD and CTSL single KO did not significantly express

more LAMP1 compared to WT cells.
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Figure 16: LAMPL1 protein expression is increased in the SH-SY5Y CTSBDL-deficient cells.
(A) Endogenous LAMP1 expression detected by immunoblot analysis of lysates from SH-SY5Y WT,
CTSB, CTSD, CTSL and CTSBDL KO cells. GAPDH was used as a loading control. (B) Quantification
of LAMP1 expression levels normalized to GAPDH with WT set as one from four individual experiments.
Data represent the mean + SEM, one-way ANOVA with a Bonferroni’s multiple comparison test with
SH-SY5Y WT used as reference. *** p<0.001. kDa: kilodalton

Enlarged lysosomes are often a key feature in lysosomal storage disorders (LSD)
where accumulated material remains undegraded within these organelles (Marques et
al. 2020). The next aim was to address if the enlarged lysosomes of the
SH-SY5Y CTSBDL-deficient cells were similarly filled with undigested cargo.
Therefore, SH-SY5Y WT and CTSBDL-deficient cells were grown, fixed in PFA and
sent for transmission electron microscopy (TEM) (3.2.4.2). In TEM images the
lysosomal structures appeared as defined round organelles filled with electron dense
and dark structures. As shown in Figure 17 SH-SY5Y CTSBDL-triple KO cells had
expanded electron-dense vesicles indicated as lysosomes (L) with a more structured
contour when compared to lysosomes in the SH-SY5Y WT cells. This could be
specified as undigested lysosomal storage material. In addition, the TEM images also
confirmed the enlargement of lysosomes as seen in immunostainings applying the
LAMP1 antibody staining (Figure 15).
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Figure 17: Enlarged lysosomes of CTSBDL-deficient SH-SY5Y cells are filled with electron-dense
storage material. Transmission electron microscopy images of (A,B) SH-SY5Y WT and (C,D) CTSBDL-
deficient cells fixed with 4 % PFA and 2 % glutaraldehyde in 0.1 M PB, pH 7.4. A CTSBDL-deficiency in
SH SY5Y cells leads to enlarged lysosomal vesicles that are filled with electron dense storage material.
Scale bar: (A,C): 1 um, (B,D): 0.5 um. L: lysosome, M: mitochondria. Images were taken and processed
by Dr. M. Schweizer from the UKE, Hamburg.

Enlarged lysosomes in LSDs can be filled with undigested lipofuscin, a highly oxidized
cross-linked aggregated protein and lipid mixture which also accumulates while
aging (Jung et al. 2007). The fluorescence emission spectrum of lipofuscin ranges from
570 nm to 605 nm (Jung et al. 2007). Therefore, immunostainings of SH-SY5Y
CTS-deficient cell lines stained with LAMP1 were prepared and the samples were
investigated for autofluorescence at an emission wavelength of 594 nm by
immunofluorescence microscopy (Figure 18).
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Figure 18: Lipofuscin accumulates within lysosomes of the SH-SY5Y CTSD- and CTSBDL-
deficient cells. Immunostainings of SH-SY5Y WT and CTSB, CTSD and CTSL single KO and CTSBDL-
triple KO cells fixed in 4 % and stained with the antibody binding to the lysosomal membrane protein
LAMP1 (green). Stainings were analyzed at the excitation wavelength of 594 nm to detect auto-
fluorescent signals of lipofuscin. While no auto-fluorescent signal was observed in SH-SY5Y WT, CTSB
KO and CTSL KO cells SH-SY5Y CTSD KO and CTSBDL KO cells reveal autofluorescence of lipofuscin
within the lysosomes. Nuclei staining was performed with DAPI. Scale bar: 10 pm
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Images of SH-SY5Y WT did not show autofluorescent signal at 594 nm and the
single KO of CTSB or CTSL also did not lead to an accumulation of lipofuscin as
revealed by fluorescence emission. This result is in accordance to the unchanged size
in lysosomes (Figure 15) indicating that there is possibly no accumulation of lysosomal
storage material. SH-SY5Y CTSD-deficient cells confirmed an increased size of
lysosomes when compared to SH-SY5Y WT cells (Figure 15). Interestingly,
immunostainings showed autofluorescence signals in some LAMP1-positive vesicles
supporting the hypothesis that an increase in lysosomal size caused by the loss of
CTSD comes along with an accumulation of undigested lipofuscin. The most striking
effect could be seen in the SH-SY5Y CTSBDL-triple KO cell line. Here, almost all
lysosomes were enlarged and filled with lipofuscin fluorescing at 594 nm. These data
confirm the findings derived from TEM images (Figure 17) where SH-SY5Y
CTSBDL-deficient cells show enlarged lysosomes filled with electron dense material

that probably also includes lipofuscin.

As lysosomal CTS activity loss, enlarged lysosomes, undigested cargo and
accumulation of lipofuscin are markers for an impairment of the lysosomal function the
next step was to investigate whether the autophagy system was affected by the loss
of the major CTSs in SH-SY5Y cells.

4.4 Combined CTSBDL-deficiency in SH-SY5Y cells causes mild effects

on the autophagic flux

Macromolecules destined for degradation are delivered to the lysosomes by
endocytosis, phagocytosis or autophagy pathways. In particular autophagy plays an
essential role mainly under starvation or nutrient-poor conditions to recover critical
nutrients and energy for the cellular survival (Myerowitz et al. 2021; Settembre et al.
2013). Itis a multistep process starting with the formation of a phagophore later forming
the autophagosome which then fuses with lysosomes to degrade the residing
macromolecules by lysosomal proteases for recycling of single amino acids or small
peptides (Settembre et al. 2013; Klionsky et al. 2016). The microtubule-associated
protein 1A/1B light chain 3B (MAP1LC3B, short: LC3) is a marker for autophagosomes
and widely used to investigate autophagy (Klionsky et al. 2016).
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To analyze endogenous LC3 in the SH-SY5Y WT, CTSB-, CTSD-, CTSL-single KO
and CTSBDL-triple KO cells, the cells were grown on cover slips, fixated in 4 % PFA
and stained with antibodies directed against the lysosomal integral membrane
protein 2 (LIMP2) and LC3 (3.1.4; 3.2.4.1). In Figure 19 the fluorescence microscopy
images are presented. SH-SY5Y WT cells expressed LIMP2 and showed that some of
these lysosomal vesicles colocalize with LC3. There are two forms of LC3 present in
cells, the cytosolic LC3-I and the membrane bound LC3-II (Kabeya et al. 2004). LC3-I
can be conjugated to phosphatidylethanolamine to form LC3-1l which is tightly bound
to the membrane of autophagosomes and serves as a marker for autophagy induction

and also impairment (Mizushima and Yoshimori 2007).

SH-SYSY WT SH-SY5Y CTSB KO SH-SYSY CTSD KO SH-SY5Y CTSL KO

SH-SY5Y CTSBDL KO

LBt o
¥ 3
b

B .,
G e
s .

SH-SYS5Y WT SH-SY5Y CTSB KO SH-SY5Y CTSD KO SH-SY5Y CTSL KO SH-SY5Y CTSBDL KO

SH-SY5Y WT SH-SY5Y CTSB KO SH-SY5Y CTSD KO SH-SY5Y CTSL KO SH-SY5Y CTSBDL KO

36'?" »',\’)é'. e =<, % }g

LC3 — | |LC3 — | |LC3 —— | |LC3 — | |LC3 P —

Figure 19: LC3 accumulates in SH-SY5Y CTSBDL-deficient lysosomes. SH-SY5Y WT, CTSB KO,
CTSD KO, CTSL KO and CTSBDL KO cells were fixed with 4 % PFA and stained with antibodies
directed against LIMP2 (green, only seen in merged images) and the microtubule-associated protein
1A/1B light chain 3B (MAP1LC3B/LC3) (red, black). Respective images show SH-SY5Y WT and CTSB
and CTSL single KO with low expression of LC3. SH-SY5Y CTSD KO cells reveal some and CTBDL
KO cells reveal a high accumulation of LC3 within lysosomes Scale bar: 10 um

A CTSB, CTSD or CTSL KO in SH-SY5Y cells did not lead to a change in LC3
distribution. In contrast, a CTSBDL-triple deficiency in SH-SY5Y cells caused a strong
fluorescence signal of LC3 indicating an altered autophagic flux. Interestingly, in all
investigated SH-SY5Y cell lines the LC3 signal could be detected in the cytosol, which
can be referred to as LC3-l. Only some LIMP2-positive vesicles of SH-SY5Y WT,
CTSB and CTSD KO contained LC3 puncta assigned as membrane bound LC3-Il.
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Lysosomal LIMP2 signal in the SH-SY5Y CTSBDL-deficient cells almost completely
colocalized with LC3-Il puncta (Figure 19).

To support the LC3-microscopy analysis lysates of SH-SY5Y WT, CTSB, CTSD, CTSL
and CTSBDL KO cells were prepared (3.2.3.1) and investigated by immunoblot
(3.2.3.4; 3.2.3.5). Four individual experiments were conducted. Figure 20 displays the
biochemical analysis by a respective immunoblot and its quantification. SH-SY5Y WT
cells mainly expressed LC3-1 which appeared at the predicted size of 18 kDa but only
little amounts of LC3-1l which was predicted at 16 kDa (Deretic 2008). A single KO of
CTSB, CTSD or CTSL in the SH-SY5Y cells did not alter the LC3-II protein levels.
However, a combined KO of CTSB, CTSD and CTSL in SH-SY5Y cells revealed
significant upregulation of LC3-Il protein expression by 2.56-fold (p=0.0053). These
data were in line with the upregulation of expression of LC3 seen in immunostainings
from SH-SY5Y CTSBDL-deficient cells when compared to the WT cells and give

reason to further investigate the affected autophagy within these cell lines.
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Figure 20: The autophagosomal marker LC3-1l is increased in SH-SY5Y CTSBDL-deficient cells.
(A) Immunobilot of lysates derived from SH-SY5Y WT, CTSB, CTSD and CTSL single KO and CTSBDL-
triple KO cells. Under endogenous conditions and with full nutrient supply LC3-Il accumulates in the
SH-SY5Y CTSBDL-deficient cell line. GAPDH was used as a loading control. (B) Quantification of four
individual experimental sets of lysates from SH-SY5Y WT, CTSB, CTSD, CTSL and CTSBDL KO cells.
LC3-1I protein levels were normalized to GAPDH with WT set as one. Data represent the mean + SEM,
one-way ANOVA with a Bonferroni’'s multiple comparison test with SH-SY5Y WT used as reference.
** p<0.01. kDa: kilodalton.

To measure the degradation activity of the possible altered autophagy pathway, the
autophagic flux was analyzed by quantifying LC3-1l expression under different
conditions by immunoblot. The autophagic flux was addressed by analyzing the
degradation of autophagosomal marker LC3-II by lysosomal hydrolases. The elevated
protein levels of LC3-Il in the SH-SY5Y CTSBDL-deficient cells under endogenous

conditions could be caused by either an increase in the formation of autophagosomes
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(induction of autophagy) or by a blockage in the fusion of autophagosomes with
lysosomes (blockage of autophagy) or by both processes. To investigate this question
an autophagic flux assay (3.2.2.5) was conducted on the SH-SY5Y WT and CTSBDL-
deficient cells. Cells were either grown under non-starvation (including essential and
non-essential amino acids) or starvation conditions with or without the lysosomal
inhibitor Bafilomycin A1 (BafAl) for 3 h (Klionsky et al. 2016). BafAl targets the
vacuolar ATPase (v-ATPase) thus preventing protons to passage into the lysosomal
lumen causing inhibition of acidification of the organelle resulting in an inhibition of
lysosomal proteases (Whitton et al. 2018). It also blocks the fusion of autophagosomes
with lysosomes by a yet unknown mechanism (Mauvezin et al. 2015). Starvation
conditions were used to determine the LC3-Il protein accumulation within
autophagosomes as autophagy is induced. By adding BafAl to these conditions the

contribution of lysosomal degradation of LC3-II can be revealed (Tanida et al. 2005).
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Figure 21. Lysosomal degradation of LC3-ll during autophagy is mildly impaired in the
SH-SY5Y CTSBDL-deficient cell line. (A) Respective immunoblot of an autophagy assay of SH-SY5Y
WT and CTSBDL KO cells. Cells were grown in EBSS in nutrient-rich conditions with amino acids (AA)
with (+) or without (-) the lysosomal inhibitor Bafilomycin A1 (BafAl, 500 nM) or in EBSS under
starvation conditions without AA with or without BafA1l for 3 h. An antibody against the autophagosomal
marker LC3 (detecting cytosolic LC3-1 and membrane-bound LC3-II) was used. Glycerinaldehyd-3-
phosphate (GAPDH) was used as a loading control. (B) Quantification of a set of three individual
autophagy assays of SH-SY5Y WT and CTSBDL KO cells with LC3-Il normalization to GAPDH with WT
set as one. Data represent the mean + SEM. kDa: kilodalton.

Figure 21 shows the results of the autophagic flux assay. Three independent
experiments were analyzed and quantified. The data revealed that under nutrient-rich
conditions the LC3-Il expression in SH-SY5Y CTSBDL-deficient cells was 2.44-fold
higher compared to WT cells which was in line with the data from Figure 20. BafAl
treatment led to an accumulation of LC3-II in both cell types. In SH-SY5Y CTSBDL-
deficient cells there was a 2.4-fold higher expression of LC3-1l compared to WT cells.

Under starvation conditions there was 1.75 times more LC3-ll in the SH-SY5Y
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CTSBDL-deficient cells compared to WT cells. By adding BafAl the autophagic flux

was further inhibited leading to a maximal accumulation of LC3-II in both cell types.

In summary, there was more LC3-1l in all of the conditions in the SH-SY5Y CTSBDL-
deficient cells when compared to the WT cells. The most interesting part was, that the
possible autophagic flux impairment in the SH-SY5Y CTSBDL-deficient cells indicated
by accumulation of LC3-1l under nutrient-rich conditions (Figure 20, Figure 21) reflects
only a mild impairment of autophagy as LC3-1l expression can be further increased by
either starving the cells, adding BafAl or both. While starvation induced autophagy in
both SH-SY5Y WT and CTBDL-deficient cells as indicated by an increase of LC3-II,
the effect on a disturbed autophagic flux could be maximized by adding BafAl leading
to even higher levels of LC3-Il. Under starvation conditions, SH-SY5Y WT cells only
represented 10.43 % impairment of the maximum autophagic flux (2 100 %) while
SH-SY5Y CTSBDL cells showed 13.33 % impairment of the maximum autophagic flux.
These results also explain that under endogenous conditions the fusion of
autophagosomes with lysosomes is still functioning in the SH-SY5Y CTSBDL-deficient

cells as LC3-Il can further increase after BafAl treatment.

In addition to the biochemical analysis of LC3-II by immunoblot, a fluorescence assay
to monitor the autophagic flux using a tandem mRFP-EGFP-tagged LC3 (Kimura et al.
2007) was conducted on SH-SY5Y WT and CTSBDL-deficient cells. A schematic
overview on how the effects on the cells transfected with tandem mRFP-EGFP-LC3
reporter construct are analyzed is shown in Figure 22. Due to different properties of
RFP and EGFP under acidic conditions the tandem fluorescent-tagged LC3 can be
used to distinguish autophagosomes from autolysosomes (Kimura et al. 2007).
Autophagosomes are formed under neutral pH conditions as LC3 gets lipidated at the
vesicle membrane. Autophagosomes are characterized by red RFP and green EGFP
fluorescent signals resulting in yellow vesicles in confocal laser scanning microscopy
(LSM). Under acidic pH conditions as found in autolysosomes EGFP is quenched and
only a red RFP fluorescence signal is observed. Therefore, autolysosomes appear as
red vesicles. While LC3 gets lipidated under high autophagic flux conditions the yellow
appearing cytoplasmic staining faints. By using this method, the question if LC3-II in
the SH-SY5Y CTSBDL-deficient cells accumulates due to increased autophagosome
formation or due to an inhibition in the fusion of autophagosomes with lysosomes can

be addressed.
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Figure 22: Schematic overview to monitor the autophagic flux using the tandem
MRFP-EGFP-LC3 reporter construct. (A) lllustration of the mRFP-EGFP-LCS3 reporter construct and
how the protein reacts under different pH conditions. Acidic pH leads to the quenching of the EGFP
signal so that only red RFP signal is observed while under neutral pH conditions both RFP and EGFP
fluorescence signals can be monitored resulting in a yellow overlay signal in microscopy.
(B) Representation of mRFP-EGFP-LC3 during autophagosome and autolysosome maturation. The
tandem construct remains within the cytoplasm which appears light yellow. Lipidated LC3 (LC3-1l) is
recruited to the membrane of the phagophore and autophagosome. As the pH is neutral these vesicles
are observed with a yellow color (red RFP and green EGFP fluorescence signal). Eventually,
autophagosomes fuse with lysosomes to form autolysosomes. The tandem construct only shows
fluorescence of the red RFP while the green fluorescence signal of the EGFP is quenched due to the
acidic pH within the lysosomal lumen. (C) Various scenarios of cells expressing the mRFP-EGFP-LC3
at different stages of autophagy. Within cells with a low autophagic flux most of the LC3 remains
unlipidated and both RFP and EGFP fluorescence signals result in a yellow signal of the cytoplasm.
Only a few autophagosomes (yellow vesicles) and autolysosomes (red vesicles) are visible. Under high
autophagic flux conditions LC3 is lipidated to LC3-1l and the cytoplasm turns into a bright yellow. New
autophagosomes are formed which rapidly fuse with lysosomes. There is an increase in the total number
of vesicles and more red autolysosomes are visible. In case there is a blockade in the autophagic flux
autophagosome formation may still occur but fusion with lysosomes is blocked. Therefore, the cytoplasm
turns bright yellow as LC3 gets lipidated and only yellow autophagosomes but no red autolysosomes
are visible. Figure adapted from(Lopez et al. 2018) using biorender.com.

Cells were grown on cover slips and transfected with mRFP-EGFP-tagged LC3 48 h
prior the previously described autophagy assay was applied and analyzed by
fluorescence microscopy (3.2.4.1). The results are presented in Figure 23.
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Figure 23: Fusion of autophagosomes with lysosomes is unaffected in the SH-SY5Y CTSBDL-
deficient cells. Respective immunofluorescence images of SH-SY5Y WT and CTSBDL-deficient cells
after transfection with a tandem mRFP-EGFP-LC3 reporter construct. Cells were grown on coverslips,
transfected for 48 h with mRFP-EGFP-LC3 followed by an autophagy assay for 3 h. Cells were grown
under endogenous conditions using EBSS and essential and non-essential amino acids (AA, first row),
endogenous conditions with the lysosomal inhibitor Bafilomycin A1 (BafAl, 500 nM; second row),
starvation conditions with EBSS only (third row) and starvation conditions with BafAl (fourth row).
Fluorescent signals were captured at 594 nm for RFP and 488 nm for EGFP. Scale bar: 10 um

Under nutrient-rich conditions (+AA, -BafA1l, Figure 23 first row) in SH-SY5Y WT cells
the cytoplasm appeared yellow and red and yellow vesicles are observed. The
cytoplasm in SH-SY5Y CTSBDL-deficient cells the cytoplasm was also yellow and
there were more and bigger red vesicles indicating more lysosomes and an impaired
autophagic flux when compared to WT cells. This also explained that under
endogenous conditions autophagosomes were still formed and could fuse with
lysosomes in the SH-SY5Y CTSBDL-deficient cells. On the other hand, it appeared
that more autophagosomes were formed that rapidly fused with lysosomes. These
lysosomes were not able to completely recycle their cargo as three of the main
hydrolases are missing. If BafAl was added (Figure 23, second row), the SH-SY5Y
WT cytoplasm appeared faint yellow and both yellow autophagosomes and red
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autolysosomes were detected. The SH-SY5Y CTSBDL-deficient cells had a stronger
yellow cytoplasm and only yellow autophagosomes. The CTSBDL-deficiency led to a
blockade in the autophagic flux while autophagy seemed to be higher in the SH-SY5Y
WT cells. This could also be seen in the autophagy assay analyzed by
immunoblot (Figure 21) as there was more lipidated LC3-Il in the SH-SY5Y CTSBDL-
deficient cells when compared to WT cells. Under starvation conditions (-AA, -BafAl,
Figure 23, third row) the SH-SY5Y WT and CTSBDL-deficient cells shared the same
appearance of fluorescent signals. The cytoplasm was faint yellow and there were only
red autolysosomes. Most of the RFP-GFP-LC3 was lipidated (no more unlipidated LC3
in the cytoplasm) and all autophagosomes had fused with lysosomes. Both cell types
rely on autophagy under these conditions as there is no nutrient supply from the
outside. That is why in both cases autophagy is activated and the autophagic flux is
high. Again, the SH-SY5Y CTSBDL-deficient cells had more autolysosomes as they
were not completely able to recycle their cargo and it also confirmed that
autophagosomes were still fusing with lysosomes. By increasing the stress level by
adding BafAl (Figure 23, fourth row) to starvation conditions both cell types mainly had
yellow autophagosomes indicating a blockade in the autophagic flux. The
SH-SY5Y WT cells showed a brighter yellow cytoplasm compared to the CTSBDL-
deficient cell which indicated that there was more unlipidated LC3 and probably a lower
autophagosome formation rate. Though, both cell types showed inhibition of the
autophagic flux under starvation conditions with BafAl.

Conclusively, under nutrient-rich conditions the combined KO of CTSB, CTSD and
CTSL in SH-SY5Y cells led to a mild decrease of the autophagic flux as there was
more lipidated LC3 (LC3-Il) and more autolysosomes compared to WT cells. However,
under endogenous conditions (+AA, -BafAl) the autophagic flux was only mildly
impaired as there was only 5.58% LC3-II present (Figure 21) when compared to the

LC-II found under maximal autophagy inhibition (-AA, +BafAl).

4.5 SH-SY5Y CTSBDL-deficient cells have impaired proteolysis of

endocytosed proteins

Autophagy represents a degradation pathway for intracellular material. Endocytosis is
a way to degrade extracellular material (Settembre et al. 2013). Therefore, it should be

investigated what happens to endocytosed proteins in the SH-SY5Y CTSBDL-deficient
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cells. Bovine serum albumin (BSA) is a broadly used protein to examine endocytosis,
its intracellular processing and analysis of enzymatic activity of proteins hydrolyzing
BSA. CTSB, CTSD and CTSL can cleave BSA in vitro. Using a fluorophore-tagged
BSA, different albumin fragmentation patterns were visible after in-gel fluorescence
detection (Di Spiezio et al. 2021). One day after SH-SY5Y CTSBDL-deficient cells were
seeded they were washed in PBS and incubated for up to 16 h with DMEM,
1% FBS, 1% P/S containing 15 pg/ml BSA Alexa Fluor 647 conjugate. Cells were then
harvested and lysed in the dark to prevent bleaching, loaded on 15% SDS-gels and in-
gel fluorescence was analyzed using the Amersham Typhoon Biomolecular Imager
(3.2.3.4).

Figure 24A shows the fluorescent SDS-PAGE. The molecular weight of the BSA
monomer is 66 kDa and its dimer 132 kDa (Marciano et al. 2022). These signals were
both visible in the SH-SY5Y CTSBDL-deficient cells. Surprisingly, an additional BSA-
AlexaFluor 647 fragment at 50 kDa appeared after 3 h and was stable over all the
investigated time points. To compare the influence of the loss of CTSB, CTSD and
CTSL a pulse-chase experiment was conducted on both SH-SY5Y WT and CTSBDL-
deficient cells. As the additional 50 kDa BSA fragment appears after 3 h the idea was
to capture the time point of its accumulation in the SH-SY5Y CTSBDL KO cells.

Therefore, cells were seeded one day prior the assay was conducted. Cells were
incubated with DMEM, 1%FBS, 1% Pen/Strep containing 15 pg/ml BSA Alexa Fluor
647 conjugate for 2 h (pulse) and then chased for 0, 10, 20, 30, 60 and 120 min.
Control cells were collected after 120 h without incubation with the BSA conjugate. The
results are shown in Figure 24B. Both the monomer and dimer of BSA were detectable
after 2 h. In SH-SY5Y WT cells the signal intensity for the BSA dimer and monomer
got weaker after 30 min while in SH-SY5Y CTSBDL KO cells these signals were still
stronger at 30 min but also weakened at later time points. Interestingly, in WT cells
there were no smaller fragments than the BSA monomer in all time points, while the
50 kDa BSA fragment was detectable in the SH-SY5Y CTSBDL-deficient cells and got
weaker after 60 min. These data indicate that endocytosed BSA was taken up and
degraded in both SH-SY5Y WT and CTSBDL-deficient cells. However, the common
loss of CTSB, CTSD and CTSL led to an additional 50 kDa BSA fragment pointing
towards a deficiency in the proteolysis of BSA within lysosomes. Eventually, the 50 kDa

fragments seemed to be degraded over time as the signal got weaker at 60-120 min
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indicating that additional lysosomal hydrolases are degrading BSA and prevent

accumulation of larger BSA peptide fragments.
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Figure 24: SH-SY5Y CTSBDL-deficient cells accumulate a 50 kDa BSA fragment. (A) SH-SY5Y
CTSBDL-deficient cells were incubated with 15 pg/ml BSA Alexa Fluor 647 conjugate (Thermo Fisher
Scientific) for 1, 3, 5, 6, 12, 14 and 16 h. The control (ctr) was harvested after 16 h without BSA Alexa
Fluor 647 conjugate. Lysates were analyzed after SDS-PAGE by in-gel fluorescence detection using
the Amersham Typhoon Biomolecular Imager. (B) SH-SY5Y WT and CTSBDL-deficient cells were
incubated with 15 pg/ml BSA Alexa Fluor 647 conjugate for 2 h (pulse) and chased for 0, 10, 20, 30, 60
and 120 min. Controls were harvested 120 min after pulsing cells without the BSA conjugate. Lysates
were analyzed after SDS-PAGE by in-gel fluorescence detection using the Amersham Typhoon
biomolecular Imager. Ponceau S staining afterwards served as a loading control. kDa: kilodalton.

4.6 Consequences for the cellular proteome after a CTSBDL-deficiency
in SH-SY5Y cells

The present data revealed that CTSBDL-deficiency in SH-SY5Y cells led to enlarged
lysosomes filled with autofluorescent storage material but only to a mild impairment of
the autophagic flux. The results from the BSA processing experiment (Figure 24)
indicated that other lysosomal hydrolases are still functional and maintain general
protein degradation, although there was accumulation of lysosomal storage material
such as lipofuscin. To investigate proteins and peptides piling up within SH-SY5Y
CTSBDL KO lysosomes a proteomie analysis was chosen. To this end SH-SY5Y WT
and CTSBDL KO cells from clone #4 and #9 were seeded 24 h prior harvesting. Cells
were then lysed in modified RIPA buffer (Table 10; 3.2.3.1) and six individual samples
of each clone were sent to Dr. S. Lichtenthaler from the DZNE in Munich to perform

proteomic analysis of whole cell lysates (3.2.3.8).

In Figure 25 volcano plots represent changes in the protein expression when SH-SY5Y
CTSBDL-deficient cells (clone #4 and #9) were compared to WT cells. Overall, analysis

revealed that expression of 213 proteins was upregulated and expression of 51
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proteins was downregulated in both SH-SY5Y CTSBDL-deficient clones. Among the
highest upregulated proteins there were lysosomal membrane proteins like LAMP1,
LIMP2 (Lysosomal integral membrane protein 2) and LAMP2, the autophagy marker
p62 (Sequestosome-1, SQSTM1), proteins involved in cell adhesion like ITGA1l
(Integrin alpha-1) and ITGA2 (Integrin alpha-2) and proteins involved in
neurodegenerative diseases like APP (Amyloid Precursor Protein), PLD3

(Phospholipase D3) and LRP1 (Low density lipoprotein receptor-related protein 1).
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Figure 25: Proteome analysis of SH-SY5Y WT and two CTSBDL-deficient cell lines reveals
dysregulated protein expression. (A) Volcano scatter plot of SH-SY5Y WT vs. CTSBDL KO
clone #4 (BDL4) and (B) CTSBDL KO clone #9 (BDL9). Cells were lysed in modified RIPA lysis buffer
(5 MNacCl, 0.5 MEDTA pH 8, 0.5 M Tris-HCI pH 8, 1 % Triton X-100, 0.5 % sodium deoxycholate, 0.1 %
SDS) and supernatants collected and examined by proteomic analysis. For each cell line 6 individual
samples were analyzed. The curved grey line represents the false discovery rate (FDR) horizon of 0.05.
Red data points above the FDR horizon represents significantly increased or decreased expression of
proteins in SH-SY5Y CTSBDL-triple KO cells compared to the control sample (SH-SY5Y WT). LFQ:
label-free quantitation. Proteomic data were generated and analyzed by Dr. S. Lichtenthaler from the
DZ NE in Munich.

The data set was further analyzed by the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway maps tool provided by Kanehisa Laboratories. Figure 26 shows an
adapted overview of the lysosomal processes and points out differently regulated
expression of lysosomal hydrolase classes, lysosomal membrane proteins or single
proteins within the SH-SY5Y CTSBDL-deficient cell compared to WT cells. The
overview depicts the transport of synthesized lysosomal enzymes, endocytosis and
autophagy. Upregulated proteins due to a loss of CTSB, CTSD and CTSL are
highlighted in red. Several lysosomal membrane proteins are upregulated like LAMP
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and LIMP. Lysosomal proteases like Legumain (LGMN), Tripeptidyl-peptidase 1
(TPP1) and some glycosidases are also upregulated. The transport of synthesized

lysosomal enzymes seems to remain unaffected.
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Figure 26: Lysosomal pathway analysis of SH-SY5Y CTSBDL-deficient cells. Schematic overview
of altered levels of proteins and proteases involved in endocytosis, autophagy and the transport of
synthesized lysosomal enzymes in SH-SY5Y CTSBDL-deficient cells compared to WT cells. CLN1 -
Palmitoyl-protein Thioesterase 1, CLN3 - Ceroid-Lipofuscinosis Neuronal 3 Protein, CLN5 - Ceroid-
Lipofuscinosis Neuronal 5 Protein, CTS — cathepsin, GBA - Glucocerebrosidase, GLA - a-
Galactosidase, GUSB - B-glucuronidase, HEXA/B - Hexosaminidase A/B, LGMN — Legumain, MCOLN1
- Mucolipin-1, MPR - Mannose-6-phosphate Receptor, NPC - Niemann-Pick C1 Protein, TPP1 -
Tripeptidyl-peptidase 1. Overview adjusted from Kyoto Encyclopedia of Genes and Genomes (KEGG).

To confirm the proteome data analysis, lysates of SH-SY5Y WT, CTSB KO, CTSD KO,
CTSL KO and CTSBDL KO cells were analyzed by immunoblot. Lysates of four
individual experiments were prepared and analyzed for p62, APP and ITGA2 (Figure
27). Quantifications revealed that p62 expression is significantly upregulated in CTSD
KO (2.74-fold) and CTSL KO (2.86-fold) compared to WT cells. The CTSBDL KO cells
only show a trend towards increased p62 expression levels (p=0.09).

An antibody directed against the N-terminus of APP revealed that in SH-SY5Y
CTSBDL-deficient cells an additional fragment at ~17 kDa significantly accumulated
22-fold compared to the WT cells. Detecting APP with an antibody directed against the
C-terminal site both levels of APP-C83 and APP-C99 fragments were significantly
increased (5.0-fold) when compared to the WT control. Analyzing ITGAZ2 revealed a
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trend towards increased expression levels (p=0.11) in the SH-SY5Y CTSBDL-deficient

cells, however it was not significantly increased.
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Figure 27: Accumulation of APP N- and C-terminal fragments in SH-SY5Y CTSBDL-deficient
cells. (A) Respective immunoblot of SH-SY5 WT, CTSB KO, CTSD KO, CTSL KO and CTSBDL KO
cells with antibodies directed against p62, N-terminus (22C11, invitrogen) and C-terminus (A8717,
Sigma-Aldrich) of APP (Amyloid Precursor Protein) and ITGA2 (Integrin-alpha-2). GAPDH was used as
loading control. (B) Quantification of four individual experimental sets of lysates from SH-SY5Y WT,
CTSB, CTSD, CTSL and CTSBDL KO cells. Protein levels were normalized to GAPDH with WT set as
one. Data represent the mean + SEM, one-way ANOVA with a Bonferroni’s multiple comparison test
with SH-SY5Y WT as reference. * p<0.05; **** p>0.0001. kDa: kilodalton.

Overall, proteome analysis revealed changes of the SH-SY5Y CTSBDL-deficient cells
within the lysosomal pathway with upregulation of the expression of lysosomal
membrane proteins like LAMP1 and LIMP2 but also lysosomal enzymes like Legumain
and TPP1. The upregulated expression of the autophagy marker p62 could only be
partially confirmed by immunoblot as there was only a tendency to increased

expression levels.
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Interestingly, APP was among the increased proteins and by immunoblot analysis an
additional ~17 kDa N-terminal and both C-terminal APP fragments (C83, C99) appear
to accumulate. Quantifications revealed that ITGA2 shows a tendency towards higher

expression levels (p=0.12) (Figure 27).

Next, it was examined whether the upregulation of certain protein expressions was
only due to the loss of CTSs or if by any chance indirect effects may have been
involved. Therefore SH-SY5Y WT and CTSBDL-deficient cells were seeded one day
prior transfection. Cells were transfected with pcDNA3.1 empty vector and/or
pCDNA3.1-CTSB, pCDNA3.1-CTSD, pCDNAS3.1-CTSL or all three CTSBDL encoding
plasmids for 48 h (3.2.2.3). Cells were harvested and analyzed by immunoblot analysis
(Figure 28). First, the transfection of each plasmid encoding for the referring CTS was
successful as for example SH-SY5Y CTSBDL-deficient cells transfected with only
pcDNA3.1-CTSB clearly showed signals for CTSB at the correct sizes (pro-form:
41 kDa, single chain form: 29 kDa, mature form: 25 kDa (Ishidoh and Kominami 2002).
This was also proven for CTSD and CTSL, respectively.

The detection of the mature form of CTSB, CTSD and CTSL also indicated the rescue
of the activity of the respective CTSs within the re-transfected SH-SY5Y CTSBDL-
deficient cells. Analysis of the lysosomal marker LAMP1 revealed only a mild trend
towards decreased protein expression levels by 40.73% after re-transfection of CTSB,
CTSD and CTSL to the SH-SY5Y CTSBDL-deficient cells but did not reach WT
expression level. The transfection was also prolonged to 72 h or 7 days and double
transfections were performed. None of these approaches resulted in a WT-like
lysosomal phenotype in fluorescence microscopy either (data not shown). Further
analysis revealed a significant reduction of the ~17 kDa N-terminal APP fragment by
66.09% in the SH-SY5Y CTSBDL KO cells transfected with CTSB, CTSD and CTSL.
The expression of the accumulating C-terminal APP fragments (CTFs) could also be
partially rescued. Neither a 48 h- nor 72 h-transfection led to WT-expression levels of
the ~17 kDa N-terminal fragment nor of the CTFs of APP. The expression of the
autophagosome marker LC3-II could also only partially be rescued as immunoblot
guantification revealed a tendency towards decreased LC3-Il levels after all three
CTSs were re-transfected. These results confirmed, that a loss of CTSB, CTSD and
CTSL in SH-SY5Y led to dysregulation of certain proteins that had been found by

proteome analysis (Figure 25). Also, it revealed that re-transfecting the missing CTSs
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to the SH-SY5Y CTSBDL KO cells restored their activity. Upregulation in LAMP1 and
LC3-Il is possibly only a side effect as the cells have to adapt to the cellular stress and
undegraded material. Probably all three cathepsins are required to degrade the
~17 kDa N-terminal APP fragment.
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Figure 28: The dysregulation of certain proteins in the SH-SY5Y CTSBDL-deficient cells can
partially be rescued after re-transfection of CTSs. (A) Respective immunoblot of SH-SY5Y WT and
CTSBDL-deficient cells. Cells were transfected with pCDNA3.1-plasmids encoding for CTSB, CTSD,
CTSL or empty vector as control for 48 h. Antibodies directed against CTSB, CTSD, CTSL, Lamp1, N-
terminus of APP (22C11, Invitrogen), C-terminus of APP (A8717, Sigma-Aldrich) and LC3 were used
and GAPDH served as loading control. (B) Quantitative analysis of 4-5 individual experiments. Protein
levels were normalized to GAPDH. Data represent the mean + SEM, one-way ANOVA with a
Bonferroni’s multiple comparison test with SH-SY5Y CTSBDL transfected with empty vector (pcDNA3.1)
as reference. * p<0.05; ** p<0.01; **** p>0.0001. kDa: kilodalton.

4.7 Amyloid-B, derived from the Amyloid Precursor Protein, is a known
substrate of Cathepsin D
The Amyloid Precursor Protein (APP) is known to be relevant in Alzheimer’s research

as it is the precursor molecule for Amyloid- (AB) which is accumulating and forming
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amyloid plaques in Alzheimer’s disease (AD) patients (Harmeier et al. 2009). Several
proteases are able to proteolytically process APP by sequential cleavage (Delport and
Hewer 2022). Among these, the major lysosomal hydrolase active within the
brain - CTSD - has been of interest within the last years. CTSD has been connected
to AD as there were lower activity of CTSD and lower AB1-42 levels found in AD
patients (Papassotiropoulos et al. 2002; Suire et al. 2020). Therefore, CTSD was
chosen to be further investigated to study its role in the APP and AB metabolism in

different cellular and murine models.

CTSD was recently identified as the major intracellular AB-cleaving enzyme (Suire et
al. 2020). This research seeks to examine whether boosting lysosomal proteolysis by
adding recombinant human pro-CTSD (rhpro-CTSD) to the chosen model systems has

a beneficial impact on reducing both intra- and extracellular levels of ApB.

4.7.1 Recombinant human pro-CTSD gets self-activated under acidic pH conditions

Rhpro-CTSD does not exert any proteolytic activity until it is delivered to the acidic
compartments by endocytosis. This feature makes it an attractive drug to use in vitro
and in vivo as it only becomes enzymatically active within the correct organelle, e.g.
the lysosomes. To activate rhpro-CTSD it was incubated in activity buffer at a

lysosome-like pH containing the quenched CTSD-substrate (3.2.3.9).
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Figure 29: Rhpro-CTSD gets self-activated at acidic pH. (A) Activity assay of 0.2 pug/ul rhpro-CTSD
incubated in activity buffer (50 mM sodium acetate (pH 5.5), 0.1 M NaCl, 1 mM EDTA, and 0.2% Triton
X100; pH 4.5) containing 10 uM fluorogenic Cathepsin D & E substrate over 80 min at 37 °C. The
fluorophore AMC (7-Amino-4-Methylcoumarin) is released upon proteolytic cleavage. Fluorescence was
measured with a microtiter plate reader (exc: 360 nm; em: 440 nm) and activity is given in arbitrary units
(a.u.). (B) 0.2 pg/ul rhpro-CTSD was incubated in activity buffer for 120 min at 37 °C. After time points
0, 15, 30, 60 and 120 min samples were boiled for 5 min at 95 °C with Laemmli buffer and analysed by
immunoblot. The signal for the mature-form of CTSD (mCTSD) increases with time and is visible already
after 15 min indicating its activation.
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After CTSD cleaved the substrate the AMC (7-Amino-4-Methylcoumarin)-fluorescence
at an excitation of 360 nm could be measured. The activation over time of rhpro-CTSD
is presented in Figure 29A. The activity of CTSD increased over time and the maximal
activity was reached after approximately 30 min and it was stable over all chosen time
points. Additionally, 0.2 pg/pl rhpro-CTSD was incubated in activity buffer for 120 min
at 37 °C. After time points of 0, 15, 30, 60 and 120 min samples were boiled in Laemmli
buffer for 5 min at 95 °C and analyzed by immunoblot (Figure 29B). Both the activity
assay and immunoblot analysis demonstrated that rhpro-CTSD got self-activated at
lower pH after 10-15 min and the mature form was stable over time.

4.7.2 Human AB1-42 is a substrate of human CTSD

Having established the activation of rhpro-CTSD under acidic conditions, it was next
attempted to analyze the cleavage sites of human CTSD in human AB1-42. To this end
rhpro-CTSD was pre-activated in activity buffer at 37°C for a minimum of 30 min
(3.2.3.10). Afterwards, 2 ug of pre-activated CTSD was incubated with 100 uM human
AB1-42 for 15, 30 and 60 min including a PepA control to inhibit CTSD. Specific
cleavage fragments were analyzed by liquid chromatography mass spectrometry (LC-
MS) in collaboration with Dr. A. Tholey at the Institute of Experimental Medicine Kiel
(Figure 30). LC-MS data revealed that AB1-42 is partly oxidized (Met35) at time
point 0 min which is a common finding in methionine-containing peptides at elevated
incubation times (Figure 30A). After 15 min of incubation of AB1-42 with pre-activated
rhCTSD, five abundant AB fragments were identified (Figure 30; Figure 52 in
appendix). These fragments were also abundant after 30 and 60 min but in different
prevalence. Hydrolysis at Phel9 led to two peptides with masses of 2314.50 Da
(average mass) and 2217.61 Da, representing C- and N-terminal cleavage products.
The C-terminal product was further proteolytically cleaved at Leu34. The N-terminal
fragment was additionally cleaved after Leul7 and Phe20. The control samples co-
incubated with PepA revealed no cleavage products after 60 min proving the specifity
of CTSD-cleavage and no unspecific degradation of the AB1-42 due to used
conditions. In summary, these results prove that human AB1-42 is a substrate of

human CTSD under the chosen in vitro conditions.
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Figure 30: In vitro digestion of human AB1-42 by rhCTSD. (A) Most abundant peptides identified
following enzymatic digestion of AB1-42 after 0 min (control), 15 min, 30 min, or 60 min, or protease
treatment plus the addition of pepstatin A (PepA, 60 min. incubation) by mass spectrometry. Peptides
detected with more than 9 peptide spectral matches (PSM) are shown, peptide prevalence was plotted
as a percentage of the total PSM counts for each time point/treatment. Ox: oxidized. Analyzed
by A.Tholey at the Institute of Experimental Medicine Kiel. (B) Determined cleavage sites of rhCTSD
within human ABR1-42.

4.8 Intracranial dosing of rhpro-CTSD in a CLN10 mouse model does not

affect the expression of mouse A3 species

Lately, Marques et al. and Prieto Huarcaya and Drobny et al. demonstrated the
promising effects of a novel type of enzyme-replacement therapy (ERT) in Neuronal
Ceroid Lipofuscinosis-10 (CLN-10) mice. The therapy improved the autophagic flux,
reduced neuroinflammation and accumulated storage material like saposins or a-
synuclein typically found in CLN-10 and Parkinson’s disease (Marques et al. 2020;
Prieto Huarcaya et al. 2022). By proving that pre-activated rhpro-CTSD is able to
proteolytically process human AB1-42 in vitro, the next question to be answered was if
rhpro-CTSD also has an impact on APP and A peptide metabolism in vivo. Therefore,
the CLN-10 mouse model which is characterized by a CTSD-deficiency was chosen

for the next analyses. CLN-10 mice are referred to as CTSD KO mice.
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4.8.1 After intracranial injection rhpro-CTSD is endocytosed and activated in neurons

and microglia of CTSD-deficient mice

A schematic overview of the used intracranial injection method and the schedule of
dosing of rhpro-CTSD to CTSD KO mice is presented in Figure 31A. Mice were
intracerebroventricular (ICV) injected with 0.1 mg rhpro-CTSD at postnatal day 1 (P1)
into the left hemisphere and at P20 into the right hemisphere (3.2.5.3). Mice were
transcardially perfused (3.2.5.6) with 0.1 M PB at P22 and samples were collected and
processed. The body weight gain of P19 to P22 injected mice was determined (Figure
31B). While WT mice do gain weight over time, CTSD KO mice treated with PBS do
not. Injecting rhpro-CTSD to the CTSD KO mice led to a positive increase in weight
gain as seen in WT mice indicating a beneficial effect of rhpro-CTSD on the overall

condition in rhpro-CTSD-dosed mice.
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Figure 31: Principal of intracerebroventricular injections of rhpro-CTSD and beneficial effects on
body weight gain in CTSD KO mice. (A) Intracerebroventricular (ICV) injection sites of rhpro-CTSD in
mice and injection schedule for the CTSD KO mice. (B) Body weight gain in grams (g) from day 19 to 22
of WT and CTSD KO mice injected with PBS and CTSD KO injected with 0.1 mg rhpro-CTSD at P1
and P20.

Next, immunostainings and immunoblots were prepared to visualize and identify the
cells that took up and maturated rhpro-CTSD after ICV injections. For
immunostainings, CTSD KO mice were transcardially perfused with 0.1 M PB and one
hemisphere was fixed in 4% PFA for at least for 4 h (3.2.4.3). Brains were sagittally cut
into 35 pum sections and stained for the neuronal marker Map2 (microtubule-associated
protein 2), the microglial marker lba-1 (ionized calcium-binding adapter molecule 1)
and CTSD (3.2.4.4). Figure 32A depicts immunostainings of the cortex of P22 CTSD
KO mice injected with 0.1 mg rhpro-CTSD at P1 and P20. Both, neurons (Map2-
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positive cells, green) and microglia (Ibal-positive cells, red) were able to take up
rhpro-CTSD (CTSD, white). Overall, the rhpro-CTSD was visible in the entire CTSD

KO mouse cortex demonstrating efficient uptake in the mouse brain.
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Figure 32: Rhpro-CTSD ICV-injected to CTSD KO mice is taken up and matured by neurons and
microglia. (A) Immunohistochemistry of the cortex of P22 CTSD-deficient mice injected with 0.1 mg
rhpro-CTSD at P1 and P20 was stained for the neuronal marker MAP2, the microglia marker Ibal and
CTSD. Nuclei are stained with DAPI. Scale bar: large image: 20 ym, inserts: 5 ym. Picture taken by
Dr. A. Di Spiezio. (B) Immunoblot of RIPA and DEA lysates derived from P22 CTSD KO mice injected
with 0.1 mg rhpro-CTSD at P1 and P20. A well-established CTSD antibody was used to detect CTSD
(pro-form: pCTSD, intermediate single chain form: iCTSD, mature form: mCTSD). kDa: kilodalton

To further analyze the brain tissue in regards of the processing of rhpro-CTSD one
hemisphere was snap frozen in liquid nitrogen after perfusion of the mice with 0.1 M PB
(3.2.5.6). RIPA and DEA fractions were prepared as described in 3.2.3.2. Rhpro-CTSD
maturation was analyzed by immunoblot (Figure 32B). WT mice expressed pro-CTSD
and mature-CTSD (mCTSD) as seen in the DEA fraction. CTSD KO mice injected with
PBS did not express CTSD in any form confirming the genotype of the mice. After ICV-
injections of 0.1 mg rhpro-CTSD at P1 and P20 both RIPA and DEA lysate analysis
revealed uptake and processing to the mature form of CTSD as only the mCTSD
(34 kDa) was detectable. These findings indicate a fast processing of the rhpro-CTSD
as no pro-form of CTSD was detectable in the CTSD KO mice treated with rhpro-
CTSD. In summary, CTSD KO mice ICV-injected with rhpro-CTSD take up the enzyme

into neurons and microglia where it is maturated to its proteolytically active form.

4.8.2 Intracranial dosing of CTSD-deficient mice with rhpro-CTSD does not alter their
APP and AB metabolites

Having provided information that neurons and microglia are able to take up and
process rhpro-CTSD into its mature active form, the next step was to analyze the APP
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and A3 metabolism in mice after intracranial application of the pro enzyme. Therefore,
DEA and RIPA lysates of brain tissue derived from P22 WT and CTSD-deficient mice
injected with either PBS or 0.1 mg rhpro-CTSD at P1 and P20 were prepared and
analyzed by immunoblot (Figure 33).

Quantitative and statistical analysis of the full-length APP did not reveal any differences
between the WT and the CTSD-deficient mice. There seemed to be a slight increase
in both APP C-terminal fragments (CTFs) APP-C83 (predicted size: ~10 kDa,
(uniprot.org, human APP: P05067, ID: PRO_0000000094) and APP-C99 (predicted
size: ~11 kDa, (uniprot.org, human APP: P05067, ID: PRO_0000000091) by ~30 % in
the CTSD-deficient mice. However, these findings were not statistically significant. Re-
addition of CTSD led to a trend towards decreased full-length APP (predicted size
~90 kDa, uniprot.org, ID: P05067-1) levels by ~30 % and a significant decrease in the
APP-C83 fragment by ~40 % indicating degradation and lysosomal turnover by CTSD.
However, there was no effect on the APP-C99 fragment. A CTSD-deficiency in mice
led towards lower levels of both soluble APP fragments sAPPa (~76 kDa, uniprot.org,
human APP: P05067, ID: PRO_0000000089) and sAPPB (~75 kDa, uniprot.org,
human APP: P05067, ID: PRO_0000000090) by ~30 % each. However, these findings
were not statistically significant. Treatment with rhpro-CTSD did not have any effect on
sAPPa levels but showed a trend towards sAPP[3 expression levels comparable to the
levels found in WT mice. Endogenously expressed AB of P22 WT and CTSD-deficient
mice in both RIPA and DEA samples was not detectable by immunoblot analysis
(Figure 26). Therefore, ELISA and MSD analysis, an electrochemiluminescence-based
ultra-sensitive assay to detect AB species (3.2.3.6; 3.2.3.7), was performed to detect
endogenous levels of AB1-34, AB1-38, AB1-40 and AB1-42 (Figure 34).
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Figure 33: Rhpro-CTSD treatment of CTSD KO mice does not alter their APP metabolism.
(A) Immunoblot of RIPA brain lysates of P22 WT mice treated with PBS and CTSD-deficient mice
injected with either PBS or 0.1 mg rhpro-CSTD. Antibodies directed against CTSD, the N-terminus of
APP (22C11, Thermo Fisher Scientific), the C-terminus of APP (A8717, Sigma-Aldrich), AB1-42 (39153-
50, Covance) and GAPDH were used. Brain lysates derived from APP KO and 5xFAD served as
antibody controls. (B) Quantifications of (i) full-length APP (N-terminal APP antibody) and C-terminal
fragments of APP (ii) C83 and (iii) C99. GAPDH was used as reference loading control (n = 3).
(C) Immunoblot of DEA brain samples of P22 WT mice injected with PBS or 0.1 mg rhpro-CTSD.
Antibodies directed against epitopes of CTSD, sAPPa and Ap1-42 (39153-50, Covance),
sAPPf (39138, Covance) and GAPDH were used. Brain lysates derived from APP KO and 5xFAD
served as antibody controls. (D) Quantification of (i) sAPPa and (ii) SAPPB normalized to Ponceau S
staining (n = 3). Data represent mean + SEM. Statistical analysis was performed by using one-way
ANOVA with a Tukey’s multiple comparison test. * p < 0.05.
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Figure 34: AB species in CTSD-deficient mice treated with rhpro-CTSD are not altered. (A) AB1-40
and AB1-42 in pg/mg analyzed by ELISA of DEA, RIPA and FA brain samples and plasma from P22 WT
mice injected with PBS and CTSD-deficient mice with PBS or 0.1 mg rhpro-CTSD (n = 3). (B) Meso
Scale Discovery (MSD) analysis of AB1-34, AB1-38, AB1-40 and AB1-42 levels of DEA and RIPA
samples derived from brains of P22 WT mice injected with PBS and CTSD-deficient mice with PBS or
0.1 mg rhpro-CTSD (n = 3). MSD data was measured and analyzed by |. Ulku (McGill University,
Montreal). Data represent mean + SEM.

A CTSD-deficiency in mice did not lead to significant changes in all detected and
analyzed APB species. There were also no changes upon rhpro-CTSD treatment
detectable in these brain lysates indicating that CTSD did not alter the AR metabolism
in P22 mice. It is of note that not all AR species were detectable in all samples. There
was no ABR1-42 detectable in the FA and plasma samples by ELISA. AB1-38 and
AB1-42 was not detectable in RIPA lysates analyzed by MSD suggesting that P22 mice
did not have any insoluble AB1-42 accumulates or the half-life within plasma samples
is too short and that the age of 22 days is too young to study AB metabolites in these

mouse models.

Taken together, the results from immunostainings propose that intracranially injected
rhpro-CTSD to CTSD-deficient mice is endocytosed by microglia and neurons.
Immunoblots revealed that rhpro-CTSD became maturated and activated within these
cell types. ELISA and MSD analysis showed that rhpro-CTSD did not have an effect
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on investigated AR species. In summary, a CTSD-deficiency in mice does not lead to
significant changes in the APP and AB metabolism and a treatment by intracranial

application of rhpro-CTSD could not reveal any beneficial changes.

4.9 Inhibition of CTSD in HEK APP overexpressing cells leads to an

increase of intracellular AB1-42

As AD develops and progresses with age, analysis of CTSD-deficient mice is not
sufficient to follow up the changes in the APP metabolism and AR accumulation as
these mice die at young age and do not develop typical AD-related pathology (Saftig
et al. 1995; Koike 2000). Therefore, human embryonic kidney (HEK) cells with
overexpression of human APP (hAPP) or the Swedish mutant APP (APPswe;
harboring a mutation in the cleavage site of APP (KM>NL) for higher affinity of BACE1
resulting in higher sAPP and A levels) were chosen to further investigate the effects
of additional CTSD activity on human APP and AB.

4.9.1 Rhpro-CTSD becomes activated within HEK cells

The intracranial injection of rhpro-CTSD in CTSD-deficient mice revealed endocytosis
and maturation of CTSD in neurons and microglia (Figure 32). To also prove the uptake
by endocytosis in HEK APPswe cells, cells were incubated with 20 pg/ml rhpro-CTSD
in presence or absence Pep A for 48 h (3.1.3). CTSD-activity within the cell lysates
and the respective supplemented supernatant was analyzed by an activity assay over
90 min (3.2.3.9) and is presented in Figure 35. In APPswe control cell lysates (black
line) endogenous CTSD activity could be revealed. An increase in the fluorogenic
signal derived from the cleaved fluorogenic CTSD substrate over time was observed.
The maximum activity was not yet reached after 90 min. After incubating cells with
20 pg/ml rhpro-CTSD (dark green line) for 48 h the enzymatic activity rose faster
indicating a higher enzymatic activity of CTSD compared to the untreated control cells.
This activity was almost comparable to the activity measured in the pre-activated rhpro-
CTSD control (light green line) and indicates endocytosis and delivery to the lysosomes
of the rhpro-CTSD where it gets correctly processed and activated due to the acidic
lysosomal pH. PepA application (red line) caused an inhibition of the enzymatic activity

(dark blue line). As expected, the negative control sample where pre-activated rhpro-
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CTSD was incubated with PepA (light blue line) did also not show enzymatic activity.
Both endogenous and boosted CTSD activity was inhibited by PepA in HEK APPswe
cells (Figure 35 A). To exclude whether rhpro-CTSD added to the supernatant could
get self-activated or the endocytosed and activated CTSD might be exocytosed into
the supernatant, the CTSD activity assay was also performed with the supernatant of
the rhpro-CTSD-treated HEK APPswe cells (Figure 35 B). The activity assay revealed
that only the HEK APPswe cells treated with rhpro-CTSD for 48 h exerted an increase
of the enzymatic activity of CTSD over time. This proved that rhpro-CTSD was not
exocytosed by the cells but was only activated due to the lysosomal pH 4.5 of the
activity buffer. It also confirmed that enough rhpro-CTSD remained within the
supernatant after 48 h and that there was no limitation of extracellularly given enzyme
in this set up. Taken together, HEK APPswe cells are able to endocytose, maturate

and activate extracellularly dosed rhpro-CTSD.
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Figure 35: CTSD activity assay of HEK APPswe cell lysates and supernatant. (A) CTSD activity in
activity/ug assayed with the fluorogenic CTSD substrate Mca-GKPILFRLK-Dnp in HEK APPswe cell
lysates and (B) the respective supernatant over a time period of 90 min. Pre-activated rhpro-CTSD was
used as positive control and the aspartate protease inhibitor pepstatin A (Pep A) was used as negative
control. Data are represented as mean + SEM.

4.9.2 Inhibition of CTSD in HEK APPswe cells increases intracellular AB1-42

After having shown that dosed rhpro-CTSD is endocytosed and activated within HEK
APPswe cells, the next aim was to investigate its effect on APP and A metabolism in
vitro. HEK WT, hAPP and APPswe cells were incubated with 20 ug/ml rhproCTSD with
or without PepA for 48 h and collected together with their corresponding supernatants
(3.2.3.1) and analyzed by immunoblot (3.2.3.4; 3.2.3.5).
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Figure 36 shows a representative immunoblot and the quantification of 7 conducted
experiments. As indicated by the results of the CTSD activity assay (Figure 35) the
extracellularly provided rhpro-CTSD (54 kDa) was taken up and processed into its
mature active form (m-CTSD, 34 kDa) by HEK WT, hAPP and APPswe cells. HEK
APPswe cells showed the highest expression of full-length APP and higher amounts
of the APP CTFs C83 and C99. These cells were used to quantify the APP fragments

and AP species.
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Figure 36: Inhibition of CTSD increases intracellular AB1-42 in HEK APPswe cells. (A) Immunoblot
of cell lysates of HEK WT, hAPP and APPswe cells treated with 20 ug/ml rhpro-CTSD in presence or
absence of 10 ug/ml Pepstatin A (PepA). Brain lysates derived from APP KO mice (provided by Ulrike
Muller, University of Heidelberg) and recombinant human AB1-42 protein served as antibody controls.
Antibodies directed against CTSD, the N-terminus of APP (22C11, Thermo Fisher Scientific), the C-
terminus of APP (A8717, Sigma-Aldrich), AR1-37, AB1-40 and AB1-42 (3-amyloid sample kit, 85314,
Cell Signaling) and GAPDH were used. (B) Quantifications of full-length APP (N-terminal antibody), APP
CTFs C83 and C99 and AR fragments of cell lysates shown in (A). GAPDH served as loading
control with control cells sat as one (n = 4-7). Data represent mean + SEM. Statistical analysis was
performed by using one-way ANOVA with a Tukey’s multiple comparison test. ** p < 0.01.

Overall, full-length APP, APP CTFs C83 and C99 were not altered by treatment with

rhpro-CTSD regardless of treatment with PepA. The quantification of AB1-37

(predicted size: 4.0 kDa, (Wiltfang et al. 2001)) and AB1-40 (predicted size: 4.3 kDa,

(Wiltfang et al. 2001)) shows a trend towards increased levels after inhibition of CTSD

with PepA. PepA treatment significantly increased ABR1-42 levels (predicted size:
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4.5 kDa, (Wiltfang et al. 2001)). Inhibition of CTSD led to increased AB1-42 levels by
1.92-2.54-fold (rhpro-CTSD + PepA vs PepA) compared to WT levels. These data
indicate that an increased CTSD activity does not alter APP or A metabolism in HEK
APPswe cells. The effect of PepA on HEK APPswe cells also suggests that there might
be another aspartate protease involved in generation of AB1-42 as CTSD alone does

not have an effect on APP.
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Figure 37: Rhpro-CTSD application to cells has no effect on soluble APP fragments.
(A) Respective immunoblot of supernatant collected from cells shown in (Figure 36). Antibodies directed
against CTSD, sAPPa (6E10, biolegend), sAPPBswe and ABR1-37, AB1-40 and AB1-42 (3-amyloid
sample kit, 85314, Cell Signaling) were used. Ponceau S staining was used to verify equal loading
amounts. (B) Quantifications of samples from (A) with control cells set as one (n = 6-7). Ponceau S
staining served as a loading control. Data represent mean + SEM.

In addition, soluble APP fragments of HEK APPswe cells treated with rhpro-CTSD and
PepA were analyzed (Figure 37). Soluble APP fragments were released into the
supernatant which was collected from the cells after 48 h, spun down and investigated
by immunoblot (3.2.3.4; 3.2.3.5). As the CTSD activity assay (Figure 35 B) revealed
there was no auto-activated or exocytosed CTSD present in the rhpro-CTSD-
supplemented supernatant. The soluble APP fragments sAPPa and sAPPBswe as well
as AB1-37, AB1-40 and AB1-42 were released into the supernatant however, did not
show statistically relevant differences compared to untreated cells. This indicates that
there is no effect of rhCTSD on the soluble fragments of APP in HEK APPswe cells.
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In summary, HEK WT, hAPP and APPswe cells are able to endocytose rhpro-CTSD
where it is maturated and activated. An addition of CTSD does not have a relevant
effect on the APP and AB metabolism in HEK APPswe cells. However, inhibition of
CTSD (and other aspartate-proteases) by PepA increases the intracellular AB1-42
production within the cells.

4.10 Analysis of rhpro-CTSD uptake and AB clearance in an Alzheimer’s

disease mouse model

In vitro experiments with rhpro-CTSD and recombinant human AB (Figure 30) have
shown the principle ability of CTSD to cleave AB1-42. These findings have not yet been
studied in an approved mouse model as CTSD-KO mice do not exert AD-related
pathologies. Analyzing APP and AB metabolites in HEK APPswe cells treated with
rhpro-CTSD revealed no direct effect of CTSD applied to the cells. Interestingly,
inhibition of CTSD led to an accumulation of AB1-42 within the cells (Figure 36)
indicating and supporting the in vitro data that CTSD (Figure 30) may be involved in
the degradation pathway of this plaque-prone Ap fragment.

To better analyze the effects of rhpro-CTSD in vivo, 5xFAD mice expressing human
APP mutations (Swedish: K670N/M671L, Florida: 1716V, and London: V7171) and
presenilin transgenes (M146L and L286V) were chosen as a suitable model to study
AD-related pathologies (Oakley et al. 2006). These mutations are under the control of
the Thyl promoter which has an estrogen response element (Sadleir et al. 2015). This
feature explains the sex differences with females developing AD-related pathologies
earlier than male mice. Therefore, only female 5xFAD mice were analyzed during this
present study. 5XxFAD mice develop AB plaques in the brain from 2-4 months of age

followed by neuroinflammation and microgliosis (Forner et al. 2021).

4.10.1 AB1-42 accumulation in brains of two-months old 5xFAD mice

To investigate the time-point of Ap formation and accumulation, DEA and RIPA lysates
derived from WT, 5xFAD and APP KO mouse brains were prepared (3.2.3.2) and
analyzed by immunoblot (Figure 38). 5XxFAD mice had accumulated levels of the APP
CTFs C83 and C99 compared to WT mice confirming a genetic-driven dysregulation

of the amyloidogenic pathway resulting in soluble AB formation starting already at two
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months of age (DEA samples). After three months the AB formation became more
prominent as both DEA and RIPA lysates showed high expression of AB. Expression
levels of soluble fragments like sAPPa and sAPP or even the full-length APP (N-APP)
did not seem to be affected by the five AD-related mutations in the 5xFAD mice.
Therefore, the time-points of one, two and three months of age were chosen to

investigate any effect of intracranially injected rhpro-CTSD.

N o
& <<V0 <<‘>O Q"
a N 68 G R
80 - - — <« hsAPPa
DEA 80 mE 2 B < mSAPPG
80- S o | SAPFP
— <ap Figure 38_: Analyzing APP and AB in 5xFAD
5- 6E10 mice of different ages. Immunoblot of DEA and
115 RIPA brain lysates derived from of WT, two- and
& < N-APP three-month-old (2M, 3M) 5xFAD and APP KO
——— mice (samples provided by Ulrike Mller, University
15 - - < C99 of Heidelberg). Antibodies directed against human
RIPA — <4 C83 and mouse soluble APPa (hsAPPa: 6E10,
biolegend; msAPPa: 39153-50, Covance), sAPP
- < 3B (18957, IBL), the N-terminus of APP (22C11,
5 - 6E10 Thermo Fisher Scientific), the C-terminus of APP
(A8717, Sigma-Aldrich) and AB (6E10, biolegend)
50 -[ w— — — < Tubulin were used. Tubulin served as internal loading
control.

As early dosing of CTSD KO mice with rhpro-CTSD at P1 and P20 showed longer-
lasting activity after CTSD treatment for >31 days (Marques et al. 2020), the 5xFAD
were also dosed with rhpro-CTSD at P1 and P20. Analysis was done at one, two and

three months of age (Figure 39).

7 ICV injection
10 pl of 10 pg/pl rh pro-CTSD

S5XFAD

| | | Figure 39: Injection schedule for 5XxFAD mice
1 1 »  with rhpro-CTSD. 5xFAD mice were
1 month 3 months intracerebroventricular (ICV) injected at P1 and
2 months P20 with 0.1 mg/ml rhpro-CTSD and sacrificed for
analysis after one, two and three months of age.
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4.10.2 Effect of intracranial rhpro-CTSD application on the APP and A metabolism in

one-month old 5xFAD mice

First, mice of one month of age were analyzed. Figure 40 shows the immunoblot and
the quantitative analysis of WT mice injected with PBS and 5xFAD mice either injected
with PBS or 0.1 mg/ml rhpro-CTSD at P1 and P20. The immunoblot reveals the uptake
and maturation of the rhpro-CTSD in 5XFAD mice demonstrating a successful delivery
and activation of the enzyme (Figure 32). Investigations on APP CTFs and soluble
fragments did not reveal any changes or benefits upon rhpro-CTSD treatment in the
one-month old 5xFAD mice. There was an upregulation of AB in the 5xFAD (Figure 40)
compared to WT mice. However, rhpro-CTSD treatment did not alter the expression
levels of AB, indicating no direct effect of CTSD on AB. Formic acid (FA) fractions which
supposed to contain insoluble proteins and plaque-like structures, were also analyzed.
However, no AB could be found indicating that there are no insoluble A species or

plaques in the one-month old 5XxFAD mice.
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Figure 40: ICV injection of rhpro-CTSD of 5xFAD mice does not alter APP or A metabolites after
one month. (A) Immunoblot of DEA and RIPA protein fractions from brain hemispheres of one-month-
old female WT and 5xFAD mice ICV injected with either PBS or 0.1 mg rhpro-CTSD at P1 and P20.
Antibodies detecting CTSD, LAMP1, human sAPPa (hsAPPa: 6E10), sAPPB (18957, IBL),
the N-terminus of APP (22C11, Thermo Fisher Scientific), the C-terminus of APP (A8717, Sigma-
Aldrich) and AB (6E10, biolegend) were used. Brain lysate of an APP KO mice was used as antibody
control for APP antibodies. Ponceau S staining served as a loading control. (B) Quantitative analysis of
one-month-old female 5XxFAD shown in (A) (n = 2—4). Data represent mean + SEM. Statistical analysis
was performed by using one-way ANOVA with a Tukey’s multiple comparison test. **** p < 0,001,

**p<0.01,*p < 0.05.
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ELISA analysis was performed to investigate the levels of AB1-40 and AB1-42 in DEA,
RIPA, FA and CSF samples (Figure 41, 3.2.3.6). Neither DEA, RIPA nor FA samples
revealed any effects upon rhpro-CTSD treatment of the 5xFAD mice. In CSF samples

there was a trend detectable indicating increased AB1-40 levels and a significant
upregulation of AR1-42.

In summary, in one-month old 5xFAD the rhpro-CTSD-dosing did not have any obvious
effects on the APP and AB metabolism. Noteworthy, there seems to be a rather

increased release of A into the CSF.
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Figure 41: AB1-40 and AB1-42 expressopn is upregulated in the CSF of rhpro-CTSD-treated
5XFAD mice. ELISA analysis of AB1-40 and AR1-42 of (A) DEA, (B) RIPA, (C) FA and (D) CSF samples
derived from brain of one-month old WT mice injected with PBS and 5xFAD mice either injected with
PBS or 0.1 mg/ml rhpro-CTSD at P1 and P20 (WT: n = 2, 5xFAD: n = 3-4). Data represent mean + SEM.
Statistical analysis was performed by using one-way ANOVA with a Tukey’s multiple comparison

test. * p < 0.05.
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4.10.3 Effect of rhpro-CTSD application on the APP and A metabolism in two-month
old 5xFAD mice

Rhpro-CTSD- and PBS-treated animals of two months of age were perfused with
0.1 M PB and investigated by immunoblot and ELISA. Figure 42 shows the immunoblot
and its quantitative analysis. The CTSD levels in the RIPA lysates revealed that there
was no activity of additional CTSD after two months of age in the rhpro-CTSD-injected
5XFAD animals. As noticed in the one-month old 5xFAD mice, there was no change in
the levels of the soluble fragments sAPPa, sAPP or soluble AR (DEA fraction) and no
differences in the APP CTFs C83 and C99 in 5xFAD mice of two-months of age.
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Figure 42: ICV injection of rhpro-CTSD of 5xFAD mice does not alter APP or A metabolites after
two months. (A) Immunoblot of DEA, RIPA and FA protein fractions from brain hemispheres of two-
months old female WT and 5xFAD mice ICV injected with either PBS or 0.1 mg rhpro-CTSD at P1 and
P20. Antibodies detecting CTSD, human sAPPa (hsAPPa: 6E10), sAPPB (18957, IBL), the N-terminus
of APP (22C11, Thermo Fisher Scientific), the C-terminus of APP (A8717, Sigma-Aldrich) and AB (6E10,
biolegend) were used. Brain lysate of an APP KO mice was used as antibody control for APP antibodies.
Ponceau S staining served as a loading control. (B) Quantitative analysis of two-months old female
5XFAD shown in (A) (n = 2-4). Data represent mean + SEM.

ELISA analysis (3.2.3.6) revealed trends towards increased levels of AB1-40 and AB1-
42 in DEA, RIPA and particularly in the FA fraction. Additional activity of CTSD seemed
to rather elevate AB levels in the brain of 5XxFAD mice than degrading AB1-42 into

smaller AB species as hypothesized.
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In summary, two-month old 5xFAD injected with rhpro-CTSD at P1 and P20 did not
have elevated active CTSD levels and showed a trend towards increased levels of
AB1-40 and AB1-42 as determined by ELISA. In addition, the investigated APP
fragments sAPPa, sAPP, C83 and C99 were not affected by dosing 5xFAD with

rhpro-CTSD at early age.
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Figure 43: AB1-40 and AB1-42 levels are upregulated in the brains of rhpro-CTSD-treated 5xFAD

mice. ELISA analysis of AB1-40 and AB1-42 in pg/ug(protein) of (A) DEA, (B) RIPA and (C) FA samples
derived from brain of two-months old WT mice injected with PBS and 5xFAD mice either injected with

PBS or 0.1 mg/ml rhpro-CTSD at P1 and P20 (WT: n =2, 5XFAD: n = 3-4). Data represent mean + SEM.

4.10.4 Effect of rhpro-CTSD on the APP and A metabolism in three-month old 5xFAD

mice

The last time-point chosen to analyze rhpro-CTSD treated 5xFAD mice was three
months of age. Similar to the rhpro-CTSD-dosed one- and two-month old mice, the
three-months old mice were perfused with 0.1 M PB and brains were investigated by
immunoblot and ELISA (Figure 44 and Figure 45 A). In addition, MSD analysis for
smaller AB species was performed in collaboration with 1. Ulku at the University of

Montreal (Figure 45 B).
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Figure 44: Intracranial injection of rhpro-CTSD of 5xFAD mice does not alter APP or Af
metabolites after three months of age. (A) Respective immunoblot of DEA, RIPA and FA protein
fractions from brain hemispheres of three-months old female WT and 5xFAD mice ICV injected with
either PBS or 0.1 mg rhpro-CTSD at P1 and P20. Antibodies detecting CTSD, human sAPPa (hsAPPa:
6E10), sAPPB (18957, IBL), the N-terminus of APP (22C11, Thermo Fisher Scientific), the C-terminus
of APP (A8717, Sigma-Aldrich) and AR (6E10, biolegend) were used. Brain lysate of an APP KO mice
was used as antibody control for APP antibodies. Ponceau S staining served as loading control.
(B) Quantitative analysis of three-months old female 5xFAD shown in (A) (n = 2-4). Data represent
mean + SEM. Statistical analysis was performed by using one-way ANOVA with a Tukey’s multiple
comparison test. ** p < 0.01, * p < 0.05.

As already noted in CTSD-dosed 5xFAD of two-months of age, no elevated levels of
active CTSD could be found after three months. Similarly, as in the one- and two-month
old CTSD-dosed 5xFAD mice the sAPPa and sAPP fragments as well as soluble AB
were not affected by rhpro-CTSD dosing at P1 and P20. By looking at the APP CTFs
a statistically significant decrease of ~45 % of the APP-C83 fragment upon CTSD
treatment was observed indicating degradation by CTSD or secondary effects induced
by the elevated CTSD levels at early age. Other species of APP as well as AB in all
three fractions (RIPA, DEA. FA) were not altered after dosing 5xFAD mice with rhpro-
CTSD. Deeper analysis of the different AR species by ELISA or MSD analysis did not

reveal any remarkable changes upon rhpro-CTSD treatment (Figure 45).
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In summary, the data collected by immunoblot from the one-, two- and three-month old
mice indicate that rhpro-CTSD was internalized into the neurons of 5xFAD mice,
processed into its active form but appeared to exert a stability which does not last for
three months. Rhpro-CTSD dosing did not alter APP or AR metabolism and metabolites
to a considerable degree. Data retrieved from immunoblot, ELISA and MSD analysis
suggest that CTSD is not able to reduce AB burden in the brains of the 5xFAD mice.
However, the analysis methods used do not reveal evidence on how plaque

morphology and number or neuroinflammation might be affected after rhpro-CTSD

treatment.
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Figure 45: Rhpro-CTSD dosing to 5xFAD mice at early age does not affect the levels of AB
species after three months of age. (A) ELISA analysis of AB1-40 and AB1-42 of DEA and RIPA
samples derived from brains of P22 WT mice injected with PBS and CTSD-deficient mice with PBS or
0.1 mg rhpro-CTSD (WT: n = 2, 5XFAD: n = 7). (B) Meso Scale Discovery (MSD) analysis of AR1-34,
AB1-38, AB1-40 and AB1-42 levels of DEA, RIPA and FA samples. MSD data was measured and
analyzed by Irem Ulku (McGill University, Montreal). Data represent mean + SEM.

4.10.5 Plaque morphology and neuroinflammation are not affected after rhpro-CTSD

treatment in 5xFAD mice

Although immunoblot, ELISA and MSD analysis could not reveal striking effects of
rhpro-CTSD ICV-dosed 5xFAD mice, these methods could not be used to analyze AR

plaque size and amount or how neuroinflammation in the brain following AB-deposition
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might be affected. Therefore, brains of PBS and rhpro-CTSD-dosed 5xFAD mice were
sagittally cut into 35 um sections and stained with different antibodies directed against

AB and neuroinflammatory markers like GFAP or Iba1 (3.1.4).
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Figure 46: ICV injection of rhpro-CTSD of 5xFAD mice does not lead to a benefit in relation to
clearing AB. (A) Respective immunostainings of cortices of three-months old 5XFAD injected with either
PBS or 0.1 mg rhpro-CTSD at P1 and P20. Antibodies directed against the lysosomal marker LAMP1
(green, 1D4B, DSHB) and AB (red, 6E10, biolegend) and DAPI (blue) were used. Scale bar: 500 um.
(B) Number of AB plaques in cortex and hippocampus of three-months old female 5xFAD mice double
injected with either PBS or 0.1 mg rhCTSD (n = 7). (C) respective staining of Af plaques with Amylo-
Glo RTD Amyloid Plaque Stain Reagent (Biosensis) from cortex of three-months old female 5xFAD

mice. Scale bar: 200 pm. (D) Number and size (um2) of AR plaques from cortex and hippocampus (n=7).
Data represent mean + SEM.
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First, the possible effects of ICV-dosed rhpro-CTSD on plaque formation were
investigated to address the hypothesis that early dosing of rhpro-CTSD is beneficial in
removing plaque-prone AB species resulting in smaller or less plaques within the brains
of treated 5xFAD mice. Therefore, brain sections of three-months old 5xFAD mice
injected either with PBS or rhpro-CTSD were stained with the anti-AB and anti-LAMP1-
antibodies to stain plaques surrounded by lysosomes (Gowrishankar et al. 2015). Such
AP plaques have been counted in cortex and hippocampus.
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A respective immunostaining and the analysis of seven individuals is shown in Figure
46. The analysis shows that there are no major differences in the number of Ap plaques
in the cortex or hippocampus of rhpro-CTSD treated 5xFAD mice. Within the cortex,
5xFAD mice injected with PBS had 246 plaques on average while the ones dosed with
rhpro-CTSD had 310 plaques. In the hippocampus, 5xFAD injected with PBS had 71
while the ones treated with rhpo-CTSD had 75.

Since the 6E10 antibody also stains the sAPPa (Cuchillo-lbafiez et al. 2015) and to get
a better contrast of plaques within the brain, AmyloGlo staining was used to stain AB
plaques only (Schmued et al. 2012). Staining in cortex and hippocampus of three-
month old WT and 5xFAD mice either treated with PBS or rhpro-CTSD could not reveal
any effect of the rhpro-CTSD on plague number or size (Figure 46C). Within the cortex,
there were on average 502 plaques with an average size of 37 um? in 5XFAD injected
with PBS. The 5xFAD dosed with rhpro-CTSD had 445 plaques with an average size
of 38 um2. In the hippocampus, 5XxFAD mice injected with PBS had 239 plaques with
a mean size of 44 ymz2 while the 5xFAD mice treated with rhpro-CTSD had 98 plaques
with an average size of 42 um2. However, statistical tests did not reveal differences.
These data are in line with the previously described results that rhpro-CTSD dosing at
P1 and P20 did not alter APP or AR metabolism in 5xFAD mice after three months.

Neuroinflammation, another major hallmark of AD is caused by misfolded and
aggregated proteins that bind to microglia and astroglia receptors resulting in a
neuroinflammatory response (Heneka et al. 2015; Leng and Edison 2021). Microglia
phagocytose pathogens and cellular debris within the brain and protect synapses for
precise maintenance. (Ji et al. 2013). The shape of microglia can change from a highly
ramified form to an amoeboid form upon pathological activation or to a low ramified
shape due to aging (Leng and Edison 2021). Interestingly, amyloid plaque-associated
microglia seem to be less ramified and smaller in size, whereas plaque-distant
microglia remained ramified and larger in size. To analyze microglia in three-month old
WT and 5xFAD mice injected with either PBS or rhpro-CTSD at P1 and P20, brain
sections were stained with Iba-1 and the ramification of microglia of seven individuals
per group was analyzed by using Sholl analysis (Ferreira et al. 2014). Using this
analysis, the ramification of microglia was determined by counting the intersections in
regards of the distance to the cell body. The higher the number of intersections the

higher the ramification of the microglia.

98



Results

A slight increase in the ramification of the PBS- or rhpro-CTSD-treated 5xFAD when
compared to WT mice in the cortex was observed. Both, PBS- and rhpro-CTSD mice
display higher ramification closer to the cell body (4.4-14.3 um). There were 5 to 9
intersections in 5XFAD mice while WT mice had 4 to 5 intersections. However, these
differences were not significant. In the hippocampus the ramification of 5xFAD with
PBS or rhpro-CTSD was not altered compared to WT mice. Like described in the
previous findings, the treatment with rhpro-CTSD did not have an effect on the

morphology and function of microglia.
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Figure 47: No beneficial effect of rhpro-CTSD treatment in 5xFAD mice on microgliosis.
(A) Respective immunostaining of cortices of three-months old WT injected with PBS and 5xFAD
injected with either PBS or 0.1 mg rhpro-CTSD at P1 and P20. Anti-lbal was used to stain microglia
within the brains. Scale bar: 100 um. (B) Ramification analysis of microglia (Iba-1 positive) in three-
month old WT and 5xFAD mice treated with PBS or rhpro-CTSD.

While activated microglia internalize pathogens, astrocytes contribute to the
maintenance of cerebral blood flow, neurotransmitter homeostasis and metabolic
support for synapses (Leng and Edison 2021). GFAP is expressed in the cytoskeleton
of astrocytes and is associated with AB burden, neurodegeneration and is upregulated
in AD brains (Cicognola et al. 2021; Shir et al. 2022). To analyze three-month old
5xXFAD mice treated with rhpro-CTSD, brain sections of seven mice were stained with
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anti-GFAP and the GFAP-positive areas were determined using Imaged (3.2.4.4;

3.2.6.3).

5XFAD + PBS

GFAP in cortex GFAP in hippocampus

AA

area [ mz]
area [pm?]

10 ® WTPBS
J ® 5XFAD PBS
0- A 5XFAD proCTSD

S0 umiGFaP

-

5XFAD + rhCTSD _

Figure 48: There is no beneficial
effect of rhpro-CTSD treatment in
5XFAD on astrogliosis. (A) Respective
immunostaining of cortices of three-
months old WT injected with PBS and
5xXFAD injected with either PBS or 0.1
mg rhpro-CTSD at P1 and P20. Anti-
GFAP was used to stain astrocytes
within the brains. Scale bar: 50 um.
(B) Analysis of the GFAP-positive
area (um?) in the cortex of three-months
old 5xFAD mice (n = 7). Data represent
mean + SEM.

Figure 48 shows respective immunostainings of three-month old WT and 5xFAD mice

either treated with PBS or rhpro-CTSD at P1 and P20 and the documentation of the

analyzed GFAP-positive areas. The dosed three-month old 5xFAD mice did not show

any increase in GFAP when compared to WT mice, indicating no astrogliosis.

However, rhpro-CSTD treatment did not alter the astroglia expression at this stage as

the area of GFAP in the cortex and hippocampus remains unaffected. Taken together,

rhpro-CTSD treatment in mice did not have beneficial effects on the plaque burden or

neuroinflammatory markers Iba-1 and GFAP, respectively.
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5 Discussion

5.1 Cathepsins are differently expressed in SH-SY5Y and HelLa cells

During this work CTSB, CTSD, and CTSL were revealed as the three major lysosomal
endopeptidases active in HeLa and SH-SY5Y cells. While RNA and protein expression
data suggested similar distribution of CTSB and CTSD in SH-SY5Y and HelLa cells,
there is less CTSL expressed in the SH-SY5Y cells as compared to HelLa cells. In
human brain, Hsu et al. determined the protein expression of CTSD with up to 49%,
CTSB with up to 32% and CTSL with up to 9% of the overall CTS expression pointing
out their abundance and their important functions and activities within this organ (Hsu
et al. 2018). Liu and Doray used RNA expression levels obtained from the data of the
Human Protein Atlas to show that in HeLa cells CTSL, CTSZ and CTSB are the highest
expressed CTSs besides CTSD (Liu and Doray 2021). Additionally, in this study
differences in their enzymatic activities could be proven in HeLa and SH-SY5Y cells
using the activity-based probe (ABP) BMV-109 for CTSB and CTSL as well with an
enzymatic cleavage assay for CTSD. Despite their ubiquitous expression, members of
the CTS family appear to be delicately coordinated within the lysosomal enzyme pool.
This coordination varies across different tissues and cell types. CTSs also modulate
each other’'s maturation (Laurent-Matha et al. 2006; Katunuma 2010) but can also
replace or substitute their enzymatic activity (Felbor et al. 2002; Aghdassi et al. 2018;
Iwama et al. 2021). They seem to have different individual but also redundant functions

and might act in a hierarchical manner.

5.2 Cathepsin-deficiencies differently influence the lysosomal phenotype and
accumulation of autofluorescent storage material
While CTSB-KO mice did not present an obvious phenotype, are viable and fertile
(Deussing et al. 1998), CTSL-KO mice showed phenotypic changes in the skin (Roth
et al. 2000), thymus (Nakagawa et al. 1998), or thyroid gland (Friedrichs et al. 2003).
Both CTSB and CTSL separately disrupted the progression of tumor invasion and
seem to have non-redundant functions within this process (Gocheva and Joyce 2007).
Interestingly, in the central nervous system (CNS) both cysteine-type proteases CTSB
and CTSL seem to share overlapping substrates and redundant functions as only a
double KO of both CTSB and CTSL led to severe brain atrophy and neurodegeneration
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causing an early death (Felbor et al. 2002). In the same study an enlargement of
endosomal and lysosomal compartments increasing age-dependently within the
CTSBL-double KO mice was described (Felbor et al. 2002). Mouse embryonic
fibroblasts (MEFs) depleted for either CTSB or CTSL did show significantly increased
LAMP1 expression levels comparable to the LAMP1 expression found in MEF CTSBL
double knockout pointing towards the presence of lysosomal storage material (Cermak
et al. 2016). However, mice lacking CTSB or CTSL in the pancreas did not show
altered LAMP2 expression (lwama et al. 2021). These findings support the hypothesis
of a tissue-specific redundancy of CTSB and CTSL. In fact, CTSB and CTSL share
similarities and also differences in their substrate recognition patterns (Poreba et al.
2018; Poreba et al. 2019). CTSB for example is involved in the cleavage of fibronectin
(Wyczalkowska-Tomasik et al. 2015) while CTSL is capable in cleaving elastin, an
important component of the extracellular matrix, 100-fold better than CTSB (Chapman
et al. 1994). The human neuroblastoma single SH-SY5Y CTSB- and CTSL-KO cells
analyzed during this work did not show an altered lysosomal LAMP1 expression nor
an increased lysosomal size indicating a redundant function of both CTSB and CTSL

within this human neuroblastoma cell line.

A CTSD-deficiency or CTSD mutations in mice and humans has fatal consequences
since patients suffer from neuronal ceroid lipofuscinosis type 10 (NCL10) — a serious
lysosomal storage disorder. This disease is characterized by severe progressive
neurodegeneration often causing early lethality (Saftig et al. 1995; Steinfeld et al.
2006). Lysosomes of Schwann cells from NCL10 patients and of neurons from CTSD-
knockout mice were significantly enlarged and filled with autofluorescent storage
material composed of granular osmiophilic deposits and myelin-like lamellar structures
pointing towards a strong lysosomal dysfunction and a non-redundant and specific
function of CTSD within the CNS (Koike 2000; Tyynela et al. 2000; Steinfeld et al.
2006). MEF cells and mouse liver, spleen, and brain lysates deficient in CTSD
expressed elevated levels of LAMP1 and had enlarged lysosomes (Marques et al.
2020). However, a pancreas-specific CTSD-KO in mice did not show altered LAMP2
levels indicating that also CTSD functions may be compensated by other lysosomal

proteases within this tissue (Iwama et al. 2021).

SH-SY5Y CTSD-deficient cells generated by CRISPR/Cas9 depletion in this study did

not express higher LAMP1 protein levels and show some lysosomes mildly but
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insignificantly increased in size. This might indicate that other proteases are still
capable in processing substrates that are usually degraded by CTSD within this
neuron-like cell line. However, the slightly enlarged lysosomes could also point towards
specific substrates that might accumulate within the CTSD-depleted lysosomes. CTSD
may also be required to initiate degradation of certain proteins for other lysosomal
proteases to continue their degradation. All forms of NCL share features like selective
neuronal loss and damage most pronounced within the retina and brain.
Neuroinflammation and aggregation of autofluorescent ceroid lipofuscin are further hall
marks of the disease (Jalanko and Braulke 2009). Interestingly, microscopy analysis
of autofluorescent signals within the SH-SY5Y CTSD-deficient cells revealed some
fluorescent storage material within lysosomes which supports the special importance
of CTSD within the CNS. Besides, the CTSBDL-triple knockout SH-SY5Y cells
presented even more autofluorescent storage material. This material could likely
represent lipofuscin, a highly oxidized cross-linked aggregated mixture of protein and
lipid which also accumulates with aging (Jung et al. 2007) within lysosomes. The
finding in the multiple knockout cell lines indicates a stronger dysregulation of
lysosomal enzyme activity and higher amount of accumulated lysosomal storage
material. In addition, transmission electron microscopy (TEM) images from SH-SY5Y
CTSBDL-deficient cells revealed enlarged lysosomes filled with electron dense
material. A combined deficiency of CTSB, CTSD and CTSL in cells has not yet been
described to date. Since CTSBDL-triple deficient mice would most likely not be viable
or fertile one relies on such cellular studies and an in vivo analysis to analyze the

redundant functions of these three enzymes is likely not feasible.

Recently, lwama et al. created pancreas-specific (-Apan) single and also double
CTS-KO mice with the combinations CTSBD-Apan, CTSBL-Apan and CTSDL-Apan
(lwama et al. 2021). All mice were viable but CTSBD-Apan-deficient mice showed a
significant lower weight as compared to wildtype littermates. After two months of age
CTSBD-Apan-deficient mice developed increased numbers of cytoplasmic vacuoles in
the pancreas which might originate from lysosomes (lwama et al. 2021; Huang et al.
2020). Electron microscopy images of pancreatic acinar cells from CTSBD-Apan-
deficient mice revealed large numbers of autolysosome-like structures (lwama et al.
2021). This study could demonstrate that only a combined loss of CTSB and CTSD in
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the pancreas is causing an enlargement of lysosomes and that both CTSB and CTSD

play an important role in the lysosomal/autophagic clearance in the pancreas.

During this work, the SH-SY5Y CTSBDL-triple deficient cells also showed significantly
increased lysosomes and LAMP1 expression which surprisingly could not be rescued
by re-transfecting single or all three missing CTSs. Re-transfection of a single CTS
protease to the SH-SY5Y CTSBDL-triple-deficient cells would essentially lead to a
double-CTS-knockout mutant (similar to experiments described by Iwama et al.) but
also failed to reduce the observed increase of LAMP1 expression in the triple
cathepsin-lacking cells. This might indicate that CTSB, CTSD and CTSL sequentially
process substrates in a hierarchical manner in the SH-SY5Y cells. Substrates need to
be proteolyzed by one CTS prior the next CTS gets access to the same substrate

polypeptide.

However, there are also some technical limitations to be considered when interpreting
these data. Not all cells may have been transfected and not all plasmids may have
reached the same cell to efficiently restore the lysosomal phenotype. Since it was not
possible to stain three different CTSs in parallel as well as lysosomal markers and to
perform an analysis of autofluorescence at the same time the interpretation of the
microscopy analysis was limited. Despite of these limitations a mild trend towards
lowered LAMP1 expression after re-addition of CTSB, CTSD and CTSL to the SH-
SY5Y CTSBDL-deficient cells was observed suggesting a partial restoration of the
lysosomal activity and tendencies towards fully functional degradation of the

accumulated and endocytosed substrates.

5.3 CTSBDL-triple deficiency leads to mild impairment of the autophagic flux

Loss of protease activity, enlarged lysosomes and accumulated storage material are
often associated with a reduced autophagic flow (Ballabio and Gieselmann 2009;
Jalanko and Braulke 2009). In a previous study, the expression of the autophagy
marker LC3-ll, which represents a lipidated form of LC3-1 associated with
autophagosomal membranes throughout the autophagic maturation (Mizushima et al.
2010; Klionsky et al. 2016), was not altered in MEFs deficient in CTSB but significantly
upregulated in MEFs deficient in CTSL or CTSBL KO (Cermak et al. 2016). Iwama et
al. also analyzed LC3-Il in their CTS-Apan mice and found upregulated LC3-II protein
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levels in CTSBD-Apan mice (lwama et al. 2021). Analyzing neural stem cell-derived
astrocytes and brain lysates from CTSD-deficient mice, also revealed higher LC3-I
levels (Marques et al. 2020; Di Spiezio et al. 2021). Therefore, autophagy seems to be
differently affected in organs and especially CTSD is important for autophagic
degradation within the brain but apparently not in pancreas. Treating CTSD-deficient
mice with recombinant human (rh)-proCTSB or rh-proCTSL could partially decrease
the LC3-Il accumulation caused by deficiency of the aspartyl-protease CTSD indicating
a partial functional compensation by both cysteine-proteases (Di Spiezio et al. 2021).
Within this work, SH-SY5Y CTSD KO cells showed an accumulation of LC3-II
indicating again the special role of CTSD. Importantly, a CTSBDL-triple deficiency in
SH-SY5Y led to further increased accumulation of LC3-II suggesting that the combined
degradation by the three major cathepsins is required for the efficient autophagic
degradation. However, autophagic flux assays revealed a rather mild impairment of
this process. Data obtained from RFP-GFP-LC3-transfected SH-SY5Y cells combined
with an autophagic flux assay suggest an accumulation of autolysosomes after
CTBDL-triple knockout and after starvation combined with BafAl-treatment. These
data are in line with the findings from Tanida and colleagues reporting that HelLa cells
have a slightly increased LC3-1l expression upon inhibition of aspartyl- and cysteine-
type lysosomal hydrolases using PepA/E64D treatment as compared to non-treated
cells (Tanida et al. 2005). It was also demonstrated that HEK cells have lower LC3-II
expression levels after PepA/E64D treatment (Tanida et al. 2005), which again reflects
the cell type-specific functions of CTSs. However, in both cell types autolysosomes
accumulated upon starvation and treatment with PepA/E64D indicating LC3-Il is mainly

turned-over by lysosomal hydrolases after formation of autolysosomes.

SH-SY5Y CTSBDL-triple deficient cells revealed accumulation of LC3-1l upon
starvation and there is probably an accumulation of autolysosomes. However, CTSB,
CTSD and CTSL seem to not be the only lysosomal hydrolases able to degrade LC3-II
as its level is even further increased after BafAl treatment (maximal lysosomal
inhibition of proteolytic activity). This indicates that despite the lack of three major
lysosomal hydrolases other proteases are still capable in hydrolyzing substrates such
as LC3-Il. From preliminary peptidome analysis retrieved from HelLa lysosomes lacking
CTSB, CTSD, CTSL and CTSZ (data not published) it is known that enlarged
lysosomes are filled with a lower number of peptides compared to lysosomes of HelLa
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WT cells. These peptides differ in size as single amino acids are still cleaved off from
the C-terminus (“peptide ladders”) suggesting the activity of exopeptidases to be
responsible for the “trimming” of these peptides. Therefore, sufficient free amino acids
and small peptides are available and may be released (e.g. through the lysosomal
amino acid transporter SLC38A9 (Wyant et al. 2017)) released into the cytoplasm
stimulating mTOR (mammalian target of rapamycin) activity and reduce the induction
of autophagy after transcription factor EB (TFEB) phosphorylation in most cells
(Kobayashi 2015; Wyant et al. 2017).

In fact, proteome analysis of CTSBDL-deficient SH-SY5Y cells revealed significant
upregulation of the endopeptidase Legumain, the lysosomal exopeptidase Dipeptidyl-
peptidase 7 (DPP7) and the exopeptidases Tripeptidyl-peptidase 1 (TPP1) and TPP3
indicating a compensatory effect for the loss of the three major lysosomal hydrolases
in SH-SY5Y cells. Unfortunately, peptidome analysis of the SH-SY5Y CTSBDL-
deficient cells was not yet possible as their lysosomes seem to be too fragile for their
enrichment. Interestingly, by proteome analysis Galectin 1 (Gall) and Gal3 were found
upregulated in the SH-SY5Y CTSBDL-deficient cells. Among other functions,
Galectins recognize galactose-containing glycoconjugates found in luminal
membranes of different intracellular organs including lysosomes (Ludger et al. 2018).
Since Gall is able to bind the carbohydrates of LAMP1 and LAMP2 during lysosomal
damage (Dimitroff 2015) higher protein expression of LAMP1 and LAMP2 as found in
the SH-SY5Y CTSBDL-KO cells could cause the higher abundance of Gall within
these cells. On the other hand, Gal3 is involved in the repair of damaged lysosomes
(Jia et al. 2020). This might explain the difficulties in isolation of lysosomes from
SH-SY5Y CTSBDL-deficient cell as overexpressed LAMP1 might cause an

upregulation of Gal3.

Besides LC3, p62/SQSTML1 (sequestosome-1) is another marker for autophagy that is
often investigated (Klionsky et al. 2016; Mizushima et al. 2010). In CTSB-, CTSD- or
CTSL-Apan mice no upregulation of p62 (lwama et al. 2021) was observed. Again only
the combined loss of CTSD and CTSL within the pancreas led to increased p62 levels
together with increased LC3-1I levels indicating an impairment of autophagy (Iwama et
al. 2021). However, p62 protein levels usually decrease upon short-term starvation and
are then restored by transcriptional upregulation induced by released amino acids from

the lysosome (Sahani et al. 2014). In SH-SY5Y CTSD KO and CTSL KO cells the
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expression of p62 was also significantly upregulated. Proteome data derived from SH-
SY5Y CTSBDL-triple deficient cells also revealed a significant upregulation of p62.
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Figure 49: Impacts of a deficiency of CTSB, CTSD and CTSL in SH-SY5Y cells on the
autophagic pathway. Under physiological conditions lysosomes and autophagosomes fuse
to form autolysosomes. Lysosomal hydrolases are able to degrade storage material. Amino
acids and small peptides are released into the cytosol and can activate mTORC1 which in turn
blocks autophagy. Under CTSBDL-deficiency lysosomes are enlarged and lysosomal
hydrolases like the endopeptidase Legumain and exopeptidases like DPP7, TPP1 and TPP3
are upregulated. Lysosomes can still fuse with autophagosomes to form autolysosomes.
Protein expression associated with neurodegenerative diseases like APP, Tau and a-synuclein
are found to be upregulated. Exopeptidases are still capable in degrading proteins resulting in
peptides with sequences differing in single amino acids (“peptide ladders”) which cannot be
fully degraded by the lysosomal hydrolases. As single amino acids can still be released from
the lysosome they can therefore activate mTORC to inhibit autophagy. This process seems to
be slowed down as bulk proteolysis in the absence of CTSB, CTSD and CTSL is slowed down.
mTOR - mammalian Target of Rapamycin, ULK1 - Unc-51 like autophagy activating kinase,
DPP7 — Di-peptidyl-peptidase 7, TPP1 - Tripeptidyl-peptidase 1, TPP3 - Tripeptidyl-peptidase
3, APP — Amyloid Precursor Protein, aa — amino acid

Together with the unaltered expression of LC3-1l in the single CTSD KO and CTSL KO
SH-SY5Y cells, it suggests that autophagy is probably not severely disturbed in these

cells. Unlike the single CTSD and CTSL KO, CTSBDL-triple deficiency led to mild
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impairment of the autophagic flux as a result of accumulation of both LC3-1l and
partially p62. Probably, p62 levels are increased as p62 can bind to LC3-Il during the
formation of autophagosomes. While the main CTSs are missing both LC3-1l and p62
cannot be degraded. It could also be that single amino acids are still released causing
upregulation of the p62 synthesis (Sahani et al. 2014).

Figure 49 depicts a proposed model of the impacts of a deficiency of CTSB, CTSD and
CTSL in SH-SY5Y cells and summarizes the major aspects regarding the impairment
of the autophagic flux in the absence of the major lysosomal proteases discovered

during this study.

5.4 CTSB, CTSD and CTSL can partially compensate for each other sharing
the same substrates
Surprisingly the deficiency of three major cathepsins only mildly impaired autophagy.
Endocytosis is a central pathway to transport molecules to the lysosome for
degradation. Proteome analysis in combination with a KEGG (Kyoto Encyclopedia of
Genes and Genomes) in silico pathway analysis revealed that proteins and enzymes
involved in the regulation of endocytosis are not affected by the loss of CTSB, CTSD,
and CTSL in SH-SY5Y cells. BSA-AlexaFluor 647 was similarly endocytosed by both
WT and CTBDL-deficient SH-SY5Y cells and processed, indicating successful delivery
of the BSA to the lysosomes. However, an appearance of a 50 kDa fragment found in
the SH-SY5Y CTSBDL KO cells indicated its possible accumulation within the
lysosomes. Notably, this fragment is still proteolyzed as the signal intensity fainted with
time. This finding is in line with the available peptidome data revealing those “peptide
ladders” due to compensatory overexpression of exopeptidases. The expression of
exopeptidases like Tripeptidyl-peptidase 1 (TPP1), TPP3, Dipeptidyl-peptidase 7
(DPP7) were found to be upregulated by proteome analysis pointing towards
alternative cleavage events in the experiment where BSA was analyzed as a substrate.
In general, proteome data were gained from whole cell lysates. Dysregulated protein
abundance could either mean up- or down-regulation or less degradation within the
lysosome caused by the loss of the cathepsins’ activity in the SH-SY5Y cells.
Upregulation of lysosomal enzymes like TPP1, TPP3, DPP7, and also Legumain
indicate such compensatory consequences as a response for the missing activity of

CTSB, CTSD and CTSL. The protein expression and maturation of CTSB, CTSD and
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CTSL was not affected after only one specific of these cathepsins was depleted in the
SH-SY5Y cell. The appearance of the respective mature form of the cathepsins

seemed to remain unaffected by the lack of a single cathepsin.

Several independent studies addressed the compensatory effects by other lysosomal
hydrolases caused by the loss of certain CTSs. The analysis of MEFs and mouse
thyroid samples deficient in CTSL revealed an upregulation of CTSD, while CTSB
remained unaffected (Friedrichs et al. 2003; Dennemarker et al. 2010). CTSBL-
deficient mice also showed an increased CTSD protein expression (Felbor et al. 2002).
Additionally, proteome analysis of lysosomes isolated from mouse brains deficient in
CTSB and CTSL revealed an upregulation of the lysosomal enzymes CTSD,
hexosaminidases A and B and Palmitoyl-protein Thioesterase 1 (PPT1) (Stahl et al.
2007). Tholen et al. analyzed skin samples from mice deficient in either CTSB or CTSL
(Tholen et al. 2013). They found upregulated CTSZ protein levels in CTSB KO mice
and upregulated CTSB, CTSD and CTSZ levels in CTSL KO mice. All these data
support the idea of compensatory effects caused by the loss of a certain CTSs. As
stated before CTSB, CTSD and CTSL act in concert and are precisely regulated within
the lysosomal enzyme network. Therefore, proteomic data collected from SH-SY5Y
CTSBDL-deficient cells would possibly contribute to this hypothesis and strengthen the
idea of their delicate interplay. How this interplay is regulated, however remains largely

unknown.

5.5 CTSB, CTSD and CTSL are involved in APP degradation

The SH-SY5Y CTSBDL-cell-derived microscopy and proteomic data pointed towards
accumulation of lysosomal storage material. Upregulated protein levels of Integrin
subunit a2 (ITGA2) and the Amyloid Precursor Protein (APP) were found. Immunoblot
analysis could confirm an increased expression of C- and N-terminal APP fragments.
There was a tendency towards an increased ITGA2 protein expression in the SH-SY5Y
CTSBDL-deficient cells. Interestingly, SK-N-SH cells (neuroblastoma cell line,
SH-SY5Y are cloned from this cell line) treated with the pan-Cathepsin inhibitor K777
also showed upregulated ITGA1 (homolog to ITGA2) and upregulated APP protein

expression levels (Halakos et al. 2021).
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ITGA2, a collagen receptor, is commonly overexpressed within neuroblastoma cells
(Semeniak et al. 2019; Hee et al. 2020). It was demonstrated that collagen biosynthesis
seems to be promoted by CTSB in bronchiolitis oblitrans syndrome (Morrone et al.
2021) while secreted CTSL could be involved in the hydrolysis of collagen XVl
(COL18A1) during angiogenesis (Felbor et al. 2000). The loss of CTSB and CTSL
possibly leads to a dysregulation in the collagen metabolism causing either an
upregulation of expression of the collagen receptor ITGA2 if there are higher levels of
collagen or an increase in the endocytosis of ITGA2 to degrade the receptor when
collagen levels are low. Indeed, proteome data revealed some upregulated collagen
protein levels in the SH-SY5Y CTSBDL-deficient cells compared to wildtype cells like
COL4A2 and COLB6AL. As receptor and ligand (collagen and ITGA2) are bound and
endocytosed ending up within lysosomes, the lack of CTSs could cause an increase
in both proteins.

APP on the other hand is not necessarily a new substrate for CTSB, CTSD and CTSL
(Oberstein et al. 2020; Suire et al. 2020; Wang et al. 2015) but the accumulation of a
17 kDa N-terminal APP fragment in the SH-SY5Y CTSBDL-deficient cells might be of
specific interest. As stated before, CTSB, CTSD and CTSL play an important role in
the brain and APP is also mainly expressed this organ. Pathophysiological cleavage
leads to generation of Amyloid-B (AB) which is prone to aggregate in Alzheimer’'s
disease (AD) patients (Knopman et al. 2021). Previously it could already be shown
that a deficiency of CTSB, CTSL or both led to accumulation of the APP C-terminal
fragments (CTFs) C83 and C99 in MEFs (Cermak et al. 2016). Cermak and colleagues
also treated CHO WT cell with Pepstatin A (aspartyl-protease inhibitor) which did not
lead to an accumulation of the C83 and C99 APP CTFs (Cermak et al. 2016). During
this study, APP CTFs were only upregulated in the CTSBDL-deficient SH-SY5Y cells
but not in any of the single CTS KO cells supporting Cermak and colleagues’ findings
that only the loss of more than one CTSs leads to accumulation of the APP CTFs.
Lauritzen et al. demonstrated that lysosomal cathepsins are involved in the
degradation of APP CTFs through autophagy (Lauritzen et al. 2016). Conversely, the
loss of three major CTSs should lead to an accumulation of these fragments causing
a disturbed degradation. By re-addition of single cathepsins to the SH-SY5Y CTSBDL-
deficient cells the expression of both APP CTFs remained high, i.e. no prominent

reduction of the level of these fragments was observed. However, re-transfection of all
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three cathepsins in parallel led to lowered APP CTF protein levels suggesting that the
APP CTF increase in CTSBDL-deficient SH-SY5Y cells was rescuable. The major
degradation of the C83 and C99 APP fragments is indeed mediated by the common
activities of CTSB, CTSD and CTSL.

The 17 kDa N-terminal fragment might be of interest as the N-terminal part of APP is
usually released as soluble APP (e.g. sAPPa and sAPP) into the cytosol (Chow et al.
2010). Soluble APPa (sAPPaq) is internalized by endocytosis and delivered to
lysosomes by receptor-mediated transport mainly through LRP1 (Kounnas et al. 1995).
Soluble APPB also interacts with the LRP family indicating the same endocytic
degradation pathway (Guo et al. 2021). Interestingly, LRP1 was also among the
upregulated proteins found in proteome analysis of the SH-SY5Y CTSBDL-deficient
cells. This might indicate an increased transport of the soluble APP fragments to the
lysosomes. Since here, the major cathepsins are missing, an N-terminal-fragment of
APP is able to accumulate. This fragment can be partially degraded after re-
transfection of CTSB, CTSD or CTSL to the but again the activity of all three cathepsins
was required to completely hydrolyze and reduce the appearance of this N-terminal
polypeptide as visualized in immunoblot experiments. This again indicates a
hierarchical and precise interplay of CTSB, CTSD and CTSL within the lysosomal

network.

In addition to APP, other proteins related to neurodegenerative diseases were found
to be upregulated in the SH-SY5Y CTSBDL-deficient cell lines by proteomic analysis.
The expression of Tau, a central microtubule interacting protein accumulating and
forming fibrils in AD patients (Knopman et al. 2021), and a-synuclein, a protein found
to be aggregated in patients suffering from Parkinson’s disease (PD) (Baba et al.

1998), were upregulated when the three cathepsins are deficient.

5.6 Recombinant human Cathepsin D cleaves recombinant AB1-42 in vitro

Among the lysosomal proteinases CTSD has received particular attention. Based on

in vivo data it was concluded that CTSD exerts roles in murine brain development and

neuronal homeostasis (Benes et al. 2008; Di Domenico et al. 2016). CTSD may also

be beneficial to support the degradation of aggregated and toxic proteins delivered to

the lysosome as has been observed in Alzheimer’s disease (Di Domenico et al. 2016).
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Early and often initiating factors in Alzheimer’s disease are the generation and reduced
clearance of Amyloid- 1-42 (AB1-42) (Selkoe und Hardy 2016). Since CTSD may be
involved as an intracellular AB hydrolyzing protease (Suire et al. 2020), this study
aimed to shed more light on the potential beneficial role of CTSD in the regulation of
the APP and AB metabolism.

In this study it could be demonstrated that recombinant human CTSD is able to cleave
human AB1-42 in an in vitro set up. CTSD prefers hydrophobic residues at P1 (Pimenta
et al. 2001; Sun et al. 2013) which are also present and used in human AB1-42 at
positions Leul7, Phel9, Phe20, and Leu34, respectively. Another additional cleavage
event was discovered at position Glu22. These CTSD-mediated cleavage positions
were analyzed by LC-MS and confirmed data generated by Hamazaki et al. who
identified the same cleavage sites of CTSD in AB1-42 at positions Leu34 and Phel9
(Hamazaki 1996). An independent study found the cleavage sites in human AB1-42 at
positions Phel9, Phe20 and Leu34 (Suire et al. 2020). Interestingly, the cleavage
events after Leul7 and Glu22 observed during the present work have not yet been
described. Leucin is a hydrophobic amino acid which is a preferred residue at position
P1 in the cleavage pocket of CTSD (Pimenta et al. 2001; Sun et al. 2013). Glutamic
acid is an acidic amino acid which was previously found to be favored by CTSD at
position P3 in combination with leucin in synthetic peptides (Pimenta et al. 2001) and
might represent a cleavage site for position P1 in AB1-42 by CTSD. However, the
fragment generated after Glu22 cleavage was found to be the less abundant one
indicating a lower affinity for CTSD to cleave after glutamic acid. Taken together, LC-
MS data confirm that CTSD has the potential to hydrolyze human AB1-42 in vitro to
generate smaller fragments that might be less prone to aggregate and could possibly
contribute to the clearance of toxic AB1-42 peptides by other endo- and exopeptidases.

5.7 Intracranial dosing of rhpro-CTSD to CTSD-deficient mice did not alter the
amount of AB-species

Several studies already connected a dysfunctional lysosome-autophagy system to

ageing or the development of AD and other neurodegenerative disorders (Aman et al.

2021; Liu und Li 2019; Zhang et al. 2009). Yang et al. showed that a deficiency of the

lysosomal cysteine-protease inhibitor cystatin B in an AD-mouse model TQCRNDS8
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(overexpressing APP695 including the APP-Swe K670N, M671L and APP-Ind V717F
mutations (Chishti et al. 2001)) led to a clear reduction of AB levels within the brain
(Yang et al. 2011). In an independent study five different murine AD models were
analyzed and it was revealed that a declined acidification of neuronal lysosomes and
therefore less active lysosomal hydrolases contributed to the aggregation of AB (Lee
et al. 2022). In agreement, a reduced expression or modifications of subunits of the v-
ATPase, which is responsible for lysosomal acidification (Song et al. 2020), were
functionally linked to the pathology (intracellular neurofibrillary tangles and extracellular
AB aggregates), observed in AD patients and AD-related mouse models (Johnson et
al. 2020; Lee et al. 2010; Wolfe et al. 2013). A potential impairment of lysosomal
protease function could be an important trigger to accelerate the molecular AB-related
pathology in AD and an additional supply with active lysosomal proteases may be
considered to be protective in this pathological cascade. With CTSD as the main
lysosomal cathepsin active at low pH within the CNS analysis on the proteolysis of
APP and AB has been of interest (Vidoni et al. 2016; Suire und Leissring 2021).

Marques et al. demonstrated the successful application of a modified type of an
enzyme replacement therapy (ERT) in CTSD-deficient mice, a mouse model for human
neuronal ceroid lipofuscinosis (Marques et al. 2020). Application of recombinant pro-
CTSD reduced accumulated storage material, improved neuropathology and
increased the lifespan of the treated mice. Interestingly, CTSD-deficient mice when
treated with rhpro-CTSD also showed decreased a-synuclein levels and endo-
lysosome and autophagy function were restored after treatment (Prieto Huarcaya et
al. 2022). As insoluble A levels from cerebral extracts of CTSD-deficient mice seemed
to be higher (Suire et al. 2020), this treatment-strategy, i.e. delivery of pro-CTSD into
the brain, might also be beneficial in the clearance of different types of AB forms to

prevent or delay the AB plaque burden.

During this work it could be revealed that rhpro-CTSD dosing to CTSD-deficient mice
led to a successful delivery of the enzyme to the lysosome and led to the maturation
of the CTSD pro-peptide into its active form. Despite of the successful lysosomal
delivery the levels of full-length APP and APP C-terminal fragments (CTFs) C83 and
C99 were not altered in the rhpro-CTSD-treated mice compared to PBS treated ones.
As an interesting side-finding it was observed that CTSD-deficient mice show a

tendency towards lower soluble APP levels, the precursor for AR, compared to WT
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mice. However, it could not be confirmed that this resulted in changed AB levels in
CTSD-deficient mice. Since early studies suggest that CTSD may also directly act as
B- or y-secretase and could potentially cleave APP at the respective cleavage sites of
BACEL1 or Presenilin (Schechter und Ziv 2008; Sadik et al. 1999), one may also have
expected changes in the processing of APP and levels of AB-peptide which were not
found after administration of pro-CTSD. Furthermore, it has been reported that both,
BACE1 and CTSD show a lower activity towards wildtype AR and a higher activity
towards mutated “Swedish” AB also indicating that CTSD may be involved in the
amyloidogenic pathway (Schechter und Ziv 2008). Additionally, the proposed
y-secretase activity of CTSD was found in experiments where CTSD was incubated
with an 100-amino acid APP C-terminal fragment (C-100) containing the cytoplasmic
domain of APP and parts of AB (Sadik et al. 1999). The experiments at this time
suggested that CTSD acts as y-secretase in vitro, however there is no evidence for an
in vivo y-secretase activity. A direct involvement of CTSD in APP processing was
excluded since virus-mediated expression of human APP in CTSD-deficient neurons
did not result in an altered cleavage pattern and AB generation as compared to

transduced neurons from wildtype mice (Saftig et al. 1996)

5.8 Rhpro-CTSD treatment does not alter the processing of APP in HEK cells

Treating HEK cells expressing the Swedish APP variant with rhpro-CTSD led to a
successful delivery of the enzyme to lysosomes as revealed by the analysis of the
enzymatic activity and the processing of CTSD to the mature form. Despite of the
established lysosomal activity of CTSD the rhpro-CTSD treated cells did neither show
an altered proteolytic processing of APP nor a different abundance and type of A
species. In this context it is interesting to note that the dosed CTSD did not show a
higher affinity towards mutated “Swedish” AR, as previously suggested by Schechter
and colleagues (Schechter and Ziv 2008). In such a case one would have expected
more generation of SAPPB-Swe and C99 APP fragment. There was also no change in
soluble or insoluble AB1-40 or AB1-42 upon CTSD treatment in the HEK cells
expressing Swedish APP. Additionally, the level of AR and sAPPBswe in the cell

supernatants were not altered. This strongly suggests that CTSD does not directly or
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indirectly exert - or y-secretase activity in the used experimental setup as previously
suggested (Schechter and Ziv 2008; Sadik et al. 1999)

5.9 Intracranial injection of rhpro-CTSD does not alter the APP processing in
5XFAD mice
During this work, 5xFAD mice were intracranially dosed with rhpro-CTSD at early age
to boost lysosomal CTSD activity as early as possible and were analyzed at different

ages.

APP is cleaved by the a-secretase ADAM10 at or on its way to the cell surface which
leads to a soluble APPa and a membrane-bound APP C-terminal fragment (C83)
(Jorissen et al. 2010; Haass and Willem 2019). However, the majority of APP is
transported to the endosomes and lysosomes (Wang et al. 2017). Within the
endosomal compartments B-secretase (BACE-1) further cleave APP (Kumar-Singh
2008; Whyte et al. 2020). The resulting membrane-bound but also soluble APP
fragments may be subject to proteolytic cleavage by lysosomal proteases after
endosome-lysosome fusion (Figure 50, left). Full-length APP, N-and C-terminal APP
fragments and AB can all end up in lysosomes and may get in contact with the
exogenously provided rhpro-CTSD (Figure 50, right). By injecting rhpro-CTSD to
5xFAD mice, the enzyme is recognized by different types of receptors including Low
Densitiy Lipoprotein Receptor Related Protein 1 (LRP1) and Mannose-6-phosphate
Receptor (MPR) (Drobny et al. 2022) and endocytosed. During the endocytic
maturation CTSD gets activated within the lysosomes due to the acidic pH and
processing by CTSB and CTSL (Laurent-Matha et al. 2006; Erickson et al. 2013). Such
lysosomes with an increased CTSD protein level and activity may fuse to endosomes
containing APP, N- and C-terminal APP-fragments including AR and could

hypothetically better hydrolyze these APP-derived polypeptides including A.
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Figure 50: How could intracranially injected CTSD cleave APP and AB? Schematic overview of
APP cleavage events by a-, B- and y-secretases and the generated APP fragments. APP can be cleaved
at the cell surface by a-, B- and y-secretases and release soluble APP fragments including AR . Within
the endosome B-secretases further cleave APP. The AB peptide is either released at the plasma
membrane after B- and y-secretase cleavage or after exocytosis. AR is able to form extracellular plaques
or gets endocytosed by endosomes which can fuse with lysosomes. Intracranially dosed pro-
Cathepsin D (pro-CTSD) is endocytosed by the neurons and activated within the lysosomes to form
mature CTSD. The lysosomes with boosted CTSD activity can fuse with endosomes containing APP,
N- and C-terminal APP fragments and AB.

The half-life of CTSD was not long enough to maintain higher enzymatic activity in the
5xFAD mice at three months of age, i.e. 2.5 months after the last dosing. Marques et
al. determined the half-life of CTSD to be longer than 72h for CTSD in MEF cells
(Marques et al. 2020). A considerable amount of CTSD protein and activity could still
be determined until postnatal day 34 (P34), which was 15 days after the last injection,
within the brain of rhpro-treated CTSD-deficient mice (Marques et al. 2020). This
indicates that the activity of recombinant CTSD within the brain of mice lasts at least
for 15 days. However, in this study the 5XxFAD mice treated with rhpro-CTSD did not
exert a measurable enzymatic CTSD activity 42 to 72 days after the last dosing. In the
mice analyzed at two and three months of age the concentration of the exogenously
added CTSD was below the detection limit. Other clinically approved enzyme
replacement therapy (ERT) strategies suggest treatment every other (e.g.
velaglucerase alfa for Type | Gaucher disease) to every second week (e.g. cerliponase

alfa for CLN2) to maintain sufficient enzymatic activity of the replaced enzyme (Ratko
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et al. 2013). Therefore, injecting rhpro-CTSD to 5xFAD at P1 and P20 may not be

sufficient to maintain enzymatic activity for more than two months of age.

The initial idea that dosing 5XFAD mice with rhpro-CTSD at early age (P1 and P20)
could reduce AP plaque appearance could not be confirmed as this chosen treatment

strategy failed to prevent or postpone A peptide generation and plaque formation.

Analyzing 5xFAD mice at one month of age, i.e. 8 days after the last dosing at P20,
revealed no striking differences in the expression levels of soluble or membrane-bound
APP fragments. There was a slight but significant reduction of the soluble APPa and
the APP C-terminal C99-fragment after rhpro-CTSD dosing. It is conceivable that the
boosted lysosomal CTSD activity contributed to a reduction of the APP-C99 fragment
due to cleavage events of CTSD within APP-C99 which have been described by Sadik
et al. in an 100-amino acid long C-terminal fragment (C-100) containing the
cytoplasmic domain of APP and parts of Ap after incubation with recombinant CTSD
(Sadik et al. 1999). SH-SY5Y CTSBDL-deficient cells analyzed in this study revealed
upregulation of both C-terminal APP fragments C83 and C99 when compared to their
respective wildtype cell line. Re-transfection of CTSD to these SH-SY5Y CTSBDL-
deficient cells led to a reduction of both C-terminal fragments indicating that CTSD is
able to hydrolyze both APP-C83 and APP-C99. Notably, both sequences of the C-
terminal APP-C99 (uniprot.org, human APP: P05067, ID: PRO_0000000091) and the
APP-C83 (uniprot.org, human APP: P05067, ID: PRO_0000000094) contain possible
cleavage sites for CTSD as both contain the favored Phe-Phe bond and Leu residues
fitting in the cleavage pocket of CTSD (Pimenta et al. 2001; Sun et al. 2013). CTSD
cleavage sites in the soluble APP fragments were also identified by in vitro assays
(Dreyer et al. 1994). There is not much known about the affinity of CTSD towards the
different APP fragments, however it is not the only lysosomal enzyme that is able to
cleave APP. Other cathepsins like CTSB or CTSL can also proteolyze APP (Schechter
and Ziv 2011; Cermak et al. 2016) which was also analyzed in this study in the
SH-SY5Y CTSBDL-deficient cells after re-transfection with CTSB or CTSL.

Analyzing mice of two and three months of age, i.e. 42 or 70 days after the last dosing,
did not reveal obvious differences in the processing of APP. The analysis of insoluble

AB within the formic acid fractions which should indicate the presence of AB plaques
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did also not reveal a reduction of these AR forms. This might again be due to the fact

that the dosed CTSD is not stable over longer periods of time.

5.10 ApB levels are surprisingly elevated in the CSF of 5XxFAD mice after rhpro-
CTSD dosing
A non-expected effect was observed in the cerebrospinal fluid (CSF) of rhpro-CTSD-
treated one-month old 5xFAD mice. Here, the level of AB1-42 was found to be 2.7-fold
increased after rhpro-CTSD treatment. Also, a clear tendency towards an elevated
amount of AB1-40 was found. Amyloid- can be cleared from the brain through the
interstitial fluid (ISF) followed by transport mediated by Low Density Lipoprotein
Receptor-related Protein 1 (LRP1) through the blood-brain barrier (BBB) but also by
perivascular transport into the cerebrospinal fluid (CSF) (Figure 51, left) (Kumar-Singh
2008; Spies et al. 2012; Menéndez Gonzélez 2017). While the levels of CTSD were
found to be upregulated in the CSF of AD patients (Schwagerl et al. 1995), there are
reduced levels of AB1-42 in the CSF compared to the AB1-40 levels in AD patients
(Spies et al. 2012; Teunissen et al. 2018). The elevated AB1-42 levels found in the
CSF of one-month old 5xFAD mice after CTSD treatment might indicate an
upregulated generation of those peptides as CTSD is also thought to exert B-secretase
activity (Schechter and Ziv 2008). However, DEA or RIPA fractions from those mice

did not show altered expression of soluble or membrane-bound APP fragments.

While AB1-42 is more prone to aggregate to form Amyloid-B plaques residing in the
brain, AB1-40 is more efficiently cleared from the brain by LRP1 (Deane et al. 2009;
Spies et al. 2012). In this study, proteome analysis of the SH-SY5Y CTSBDL-triple-
deficient cells compared to wildtype cells revealed an upregulation of LRP1. When now
rhpro-CTSD-dosing in 5XFAD leads to increased CTSD protein levels and activity, this
might also cause a reduced expression of LRP1 at the blood-brain-barrier or the blood-
CSF-barrier. Therefore, an upregulated CTSD activity might also cause a decreased
clearance through the BBB via LRP1 and the majority of AB1-42 and AB1-40 remains
in the CSF (Figure 51, right).

The early rhpro-CTSD-treatment could possibly also lead to reduced AB-plaque
formation in the one-month-old 5xFAD. However, the effects of CTSD on elevated A

levels found in the CSF on one-month old mice needs to be further elucidated.
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Figure 51: The influence of rhpro-CTSD on Amyloid-B clearance in the brain. Amyloid (8 can be
cleared from the brain through the interstitial fluid (ISF) followed by active transport through the Low
density Lipoprotein Receptor-related Protein 1 (LRP1) into the blood or passive transport through the
cerebrospinal fluid (CSF) followed by LRP1-mediated transport into the blood (left). The majority of
Amyloid f is cleared from the brain via LRP1. When 5xFAD are dosed with rhpro-CTSD (right) there
seems to be an increased generation or presence of AB1-40 and AB 1-42. Additionally, the expression
of LRP1 might be reduced (possibly by endocytic degradation modified by CTSD) indicating
accumulation of Amyloid- species in the CSF.

5.11 Amyloid-B-containing plaque load and neuroinflammation are not altered
after rhpro-CTSD dosing to 5xFAD mice
Rhpro-CTSD treatment did not alter the AB-containing plaque number, size and
morphology in the analyzed three-month old 5xFAD mice, i.e. after 70 days of the last
injection at P20. Lysosome-like organelles massively accumulate around AB-
containing plaques (Gowrishankar et al. 2015). Those LAMP1-positive lysosomes are
apparently unable to efficiently degrade plaque components including AB. Those
lysosomes are located within swollen axons which are in contact with Amyloid-plaques
(Gowrishankar et al. 2015). Within these swollen axons the lysosomal CTSB, CTSD
and CTSL were not detected (Gowrishankar et al. 2015). A possible local impairment

of the lysosome transport within axons caused by AP deposits was suggested
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(Gowrishankar et al. 2015). Interestingly, also an impaired lysosomal acidification of
lysosomes surrounding AB plaques was revealed (Lee et al. 2022). Here, it was
speculated that the faulty acidification occurs prior AR deposition in the brain and
therefore is causing the intraluminal lysosomal A accumulation (Lee et al. 2022). The
impaired acidification is possibly caused by a lowered v-ATPase activity and leads to

inactivity of most lysosomal proteases including CTSD (Lee et al. 2022).

LAMP1-positive vesicles accumulating around AR plaques were also found in the
5XFAD mice during this present work. The v-ATPase and CTSD activity or lysosomal
pH of the lysosomes surrounding AR plaques could not be determined during this
study. It is conceivable that the dosed CTSD does not reach these lysosomes
surrounding AB plaques or that the intra-lysosomal pH is too low to activate CTSD to

properly assist in the degradation of A.

Neuroinflammatory markers like Ibal and GFAP were not altered upon CTSD
treatment in 5XFAD mice. In CTSD-deficient mice, both astrocyte and microglia activity
was found upregulated (Suzuki et al. 2022). Disease associated microglia (DAM) which
are found and activated in AD patients express high levels of CTSD (Muzio et al. 2021).
Therefore, there seems to be different functions of CTSD in microglia as a deficiency
but also an increase of CTSD in the brain can cause activation of microglia. More
research is needed to further elucidate CTSD’s function on microglia or astrocyte
activation. Microglia was not upregulated after rhpro-CTSD-dosing int the 5XxFAD mice

as analyzed in this study.

Astrocyte activity can be induced due to the presence of AR deposits (Escartin et al.
2021). In 5xFAD mouse model used during this study such an induction of astrocyte
activity was not observed. An early dosing with rhpro-CTSD did also not have an
influence on the activation status of astrocytes. As a reason, that three-month-old
5XFAD mice treated with rhpro-CTSD at P1 and P20 did not show any change in
microglia or astrocyte activity one could assume that there is no additional CTSD
enzyme activity in the brain 70 days after the last dosing at P20. Since rhpro-CTSD
dosing to 5xFAD mice failed to reduce the AB load within the brain, it is therefore not
too surprising that a reduction of the activation of astrocytes and also microglia was

not observed.
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6 Outlook

Multiple CTSBDL-deficient SH-SY5Y cell lines were generated and analyzed regarding
phenotypic and morphological changes of their lysosomes and the consequences of
the loss of the major cathepsins for the autophagic pathway, the substrate usage and
the lysosomal storage.

These cell lines could be suitable for studies on the metabolic regulation in lysosomal
storage disorders or neurodegenerative diseases as proteins like APP, Tau, LRP1 or
a-synuclein were found to be upregulated in proteomic analysis. Those proteins are
connected to severe diseases like Alzheimer’s or Parkinson’s disease. It could
therefore also function as a cellular model to study on possible drugs targeting those
proteins for further therapies. For example recent approaches that specifically target
substrates for protein degradation, e.g. Autophagy-targeting chimera (AUTAC) and
Proteolysis targeting chimera (PROTAC) (Pei et al. 2021; Sakamoto et al. 2001;
Zengerle et al. 2015) could be helpful to find new treatment strategies for
neurodegenerative disorders. These molecules consist of two protein-binding
domains: one domain binds to the substrate while another domain either binds to LC3
(to target the substrate to the autophagosome, AUTAC) or to the E3-Ligase (to target
the substrate to the proteasome, PROTAC). The target is then either transported to

the autophagosome via LC3 or is ubiquitinated and degraded through the proteasome.

To further analyze the lysosomal peptide load in the SH-SY5Y CTSBDL-deficient
lysosomes, it would be interesting to isolate lysosomes by lysosomal
immunoprecipitation using tagged versions of the lysosomal membrane protein
TMEM192 (Singh et al. 2020). Once, lysosomes of the SH-SY5Y CTSBDL-deficient
cells are isolated, proteome and peptidome analysis would provide better insights into
the non-utilized lysosomal substrate variety in the SH-SY5Y CTSBDL-deficient
lysosomes. To further confirm possible new protein/peptide substrates for the
respective cathepsins, one could create stably re-transfected SH-SY5Y cell lines with
either one or all three missing CTSs re-expressed followed by proteome or peptidome
analysis to find possible new CTS-specific substrates or unique and individual
cleavage preferences. This could also help to better understand the hierarchy of

cleavage events of the different CTSs.
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CTSD might play a special role in Alzheimer’'s disease and APP processing, AB
degradation and clearance. The in vitro and in vivo models analyzed during this work
could partly confirm the involvement of CTSD in the AB processing. However, detailed
in vivo analysis failed to demonstrate beneficial therapeutic effects after exogenously
adding cathepsin D to cells and mice. This might be due to the use of an AD mouse
model (5xFAD) with a rapidly progressing neuropathology. A therapeutic approach with
only two injections at early age could not reveal a postponed development of the Ap
burden in those mice. The recently approved enzyme replacement therapy for CLN2
works with weekly dosing of tripeptidyl peptidase 1 (TPP1) to patients caring mutations
in TPP1 (Markham 2017; Kohlschtter et al. 2019). Rhpro-CTSD dosing could possibly
reduce the AB burden in a less severe AD mouse model (e.g. APPlon mice) developing
AB plaques at ten months of age (later than 5xFAD mice which develop AB plaques
already at three months of age) with weekly intracerebroventricular injections. Another
treatment strategy could be a combined treatment with CTSB, CTSD and CTSL as
suggested by Di Spiezio et al. due to the hierarchical cleavage process of CTSB and

CTSL on protein aggregates (Di Spiezio et al. 2021).
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7 Summary

Lysosomal hydrolases are capable of degrading proteins and peptides that enter the
compartment by endocytosis, phagocytosis and autophagy. Cathepsins (CTS) are acid
lysosomal proteases classified by their structure and catalytic mechanisms. Deficiency
or impairment of CTSs are associated with the development of lysosomal storage
diseases, neurodegeneration and cancer. Despite the essential role of CTSs for
lysosomal proteolysis, there is a need to understand how CTS are functionally

embedded in the network of lysosomal proteases and protein degradation pathways.

This study focused on the major and most abundant CTSs expressed in human
neuroblastoma-derived SH-SY5Y cells. Using CRISPR/Cas9 editing, CTSB-, CTSD-,
CTSL-, and CTSBDL-triple deficient (KO) SH-SY5Y cells were generated. The detailed
investigations of these cell lines revealed significantly enlarged lysosomes and
accumulated lysosomal storage material in multiple CTS-deficient cell lines. Despite
the lack of the three major CTSs assays addressing the autophagic flux pointed
towards an only mild impairment. Endocytosed serum albumin was slower degraded
in the triple KO cells, suggesting that the remaining active lysosomal hydrolases are
still capable to contribute to the lysosomal protein degradation. To obtain insight into
the substrate usage of the different CTSs, proteome analysis of whole-cell lysates from
wildtype and CTS-depleted cells was performed. The proteome analysis revealed
some overexpressed proteins which can be assigned to the autophagic system like
LC3 or p62. In addition, amyloid precursor protein (APP) and APP fragments, which
are linked to amyloid-beta (AB) peptide production later forming plaques in Alzheimer’s

disease (AD), are processed through CTS-mediated cleavages.

Hence, another focus of this work was the analysis of the possible beneficial function
of cathepsin D (CTSD) in AD. Based on a recent study that could reveal that dosing
recombinant CTSD has a therapeutic effect in a murine model of Neuronal Ceroid
Lipofuscinosis type 10 and in cells and mice storing a-synuclein it was envisaged that
CTSD may exert a similar benefit in AD models. Here, it was aimed to reduce or delay
AD-related hallmarks such as AB plaque burden, neuroinflammation, and microgliosis
by boosting the lysosomal protein turnover with recombinant human pro-CTSD (rhpro-
CTSD). The previously established method to intracranially inject rhpro-CTSD to young
mice was adapted to deliver high concentrations of CTSD to lysosomes of cells within
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the mouse brain. Careful monitoring revealed uptake and maturation of the pro-CTSD
enzyme to its mature and active form. Despite successful delivery, no evidence of
CTSD having therapeutic effects on APP cleavage, AB burden, neuroinflammation,
and microgliosis was found, ruling CTSD out as a suitable drug target for the treatment
of AD.

124



Zusammenfassung

8 Zusammenfassung

Lysosomale Hydrolasen sind in der Lage Proteine und Peptide, die das Organell Gber
Endozytose, Phagozytose oder Autophagie erreichen, zu degradieren. Cathepsine
(CTS) sind saure lysosomale Proteasen, die durch ihre Struktur und ihren
katalytischen Mechanismus klassifiziert werden konnen. Der Verlust oder eine
beeintrachtigte Funktion der Cathepsine ist mit der Entstehung lysosomaler
Speicherstoff-erkrankungen, Neurodegeneration oder auch Krebs assoziiert. Trotz
ihrer essentiellen Rolle in der lysosomalen Proteolyse, besteht die Notwendigkeit zu
verstehen, wie Cathepsine funktional in das Netzwerk der lysosomalen Proteasen und

der Proteinabbauwege integriert sind.

Diese Arbeit fokussierte sich auf die wichtigsten und am haufigsten exprimierten
Cathepsine in SH-SY5Y Zellen, die von einem Neuroblastom abstammen. Mithilfe der
CRISPR/Cas9-Methode, wurden SH-SY5Y Zelllinien generiert, denen CTSB, CTSD,
CTSL oder alle drei Cathepsine fehlen. Die detaillierte Untersuchung dieser Zelllinien
ergab, dass die SH-SY5Y CTSBDL-defizienten Zellen signifikant vergrof3erte
Lysosomen mit akkumuliertem Speichermaterial besitzen. Trotz des Verlusts der
Haupt-Cathepsine, wiesen Experimente auf eine nur geringe Beeintrachtigung des
Autophagie-Flusses auf. In den SH-SY5Y CTSBDL-defizienten Zellen wurde
endozytiertes Serumalbumin langsamer abgebaut, was darauf hindeutet, dass die
Ubrigen aktiven Hydrolasen noch ausreichend zur Funktionalitat der lysosomalen
Proteindegradierung beitragen. Um einen Einblick in die gemeinsame Substratnutzung
der verschiedenen Cathepsine zu bekommen, wurde das Proteom der CTSBDL-
defizienten SH-SY5Y Zelllinien im Vergleich zum Wildtyp analysiert. Unter den
vermehrt vorhandenen Proteinen konnten die Autophagie-assoziierten Proteine LC3
und p62 gefunden werden. Weiterhin wurden das Amyloide Vorlauferprotein (APP)
und dessen Fragmente gefunden, welche zur Amyloid- Produktion beitragen und bei

der Alzheimer Erkrankung eine Rolle spielen.

Ein weiterer Fokus dieser Arbeit lag bei der Analyse eines mdglicherweise positiven
Einflusses von CTSD bei der Alzheimer Erkrankung. Aktuelle Studien zeigten, dass
die Verabreichung von rekombinantem CTSD eine therapeutische Wirkung bei einem
murinen Mausmodell der Neuronalen Ceroid Lipofuszinose Typ 10, sowie bei Zellen
und Mausen, die a-Synuklein speichern, hat. Daher wurde vermutet, dass CTSD

ahnliche Vorteile bei Alzheimer Mausmodellen haben kénnte. Das Ziel war hier, die
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Amyloid-B Plaques, Neuroinflammation und Mikrogliose durch die Gabe von
rekombinantem humanen CTSD zu reduzieren. Die zuvor etablierte Methode, das
Enzym intrakraniell zu injizieren wurde angepasst, um hohe Mengen von CTSD in die
Lysosomen der Gehirnzellen zu bringen. Eine sorgfaltige Analyse ergab, dass das pro-
CTSD von den Lysosomen aufgenommen und aktiviert wurde. Trotz erfolgreicher
Verabreichung, hatte CTSD keine therapeutische Wirkung auf die APP Prozessierung,
die Amyloid-B Plaques, Neuroinflammation oder Mikrogliose. Daher scheint CTSD kein

geeignetes Therapeutikum fur die Behandlung der Alzheimer Erkrankung zu sein.
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Figure 52: Selected LC/MS spectra of AB1-42-derived peptides formed by proteolysis by rh-CTSD
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10.2 List of Abbreviations

AA, aa Amino acid

AD Alzheimer’s disease

AICD APP intracellular domain

AMC 7-Amino-4-Methylcoumarin

ANOVA analysis of variance

APF-1 ATP-dependent proteolysis factor
APP Amyloid Precursor Protein

APPswe APP swedish

APS Ammonium persulfate

AB Amyloid-

BafAl Bafilomycin Al

BBB blood-brain barrier

bp base pair

BSA Bovine Serum Albumin

CLN Neuronal Ceroid Lipofuscinosis

CNS central nervous system

CRISPR Clustered Regularly Interspaced Short Palindromic Repeats
CSF cerebrospinal fluid

CTF C-terminal fragment

CTS cathepsin

DABCO 1,4-diazabicyclo[2.2.2]octane

DAPI 4' 6-diamidino-2-phenylindole
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