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ABSTRACT
Autophagy is a vesicular system which is a lysosomal degradation pathway found in
organisms ranging from yeast to mammals. To date, extensive studies have unraveled the
mechanism of autophagy biogenesis and more than thirty autophagy related (ATG) genes
have been identified. However, detailed molecular mechanisms of autophagic process have
not yet been elucidated. This study uncovered a novel role of cathepsin B (CTSB), a
lysosomal protease, in autolysosome clearance, termed autolysosome efflux. CTSB-deficient
immortalized and primary macrophages showed higher accumulations of autophagy specific
protein microtubule-associated protein 1 light chain 3(LC3)-I1 and they showed greater
numbers of FITC-LC3 punta within the cells. These LC3 punta colocalized with dequenched
(DQ)-fluorescent-conjugatedBSA, a lysosomal fluorescent marker, which indicated that the
accumulating autophagy vesicles in CTSB-deficient cells were autolysosomes. Further
investigations showed that CTSB-deficient macrophages accumulated autolyososomes due to
defects in autolysosome efflux. These results suggested that CTSB is a key player in
mediating autolysosome efflux. A clear linkage between autolysosome efflux and cell death
was not found. This study implicates that CTSB may be used as a potential tool to further
investigate autolysosome vesicle trafficking and identify the role of autolysosome efflux.
Further research in autolysosome efflux will provide insights into the autophagy life cycle
and possibly provide novel therapeutic strategies for treating many diseases caused by
defective or overactive autophagy such as neurodegenerative diseases, pancreatitis or cancer.
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Chanter 1 -Introduction

1.1. Autophagy

Autophagy is a vesicular system which functions as a lysosomal degradation pathway
found in organisms ranging from yeast to mammals'. To date three types of autophagy have been
characterized based on their physiological functions and modes of formation: chaperone-
mediated autophagy, microautophagy and macroautophagy. In chaperone mediated autophagy,
specific proteins are transported into lysosomes with the help of chaperone proteins2 Micro- and
macroautophagy involve cytoplasmic sequestration by vesicles, followed by the delivery of
vesicles to lysosomes for the degradation and recycling of vesicle contents . Macroautophagy
involves the formation of a cytosolic double membrane vesicle that fuses with the lysosome. In
contrast, microautophagy involves sequestration of the cytosol or whole organelles at the surface
of the degradative organelle and it doesn’t require intermediate transport vesicles4. The focus of
this thesis will be on macroautophagy which will be referred to as autophagy from this point on.

In normal conditions, autophagy is an important process in maintaining cellular
homeostasis by degrading damaged organelles and proteins as energy sources'. Autophagy is
also an important stress adaptation mechanism during hypoxia, nutrient deprivation and growth
factor depletion56. In the immune system, autophagy plays important roles in innate immunity,
such as limiting viral replication , facilitating bacterial degradation ' and providing protection
against bacterial toxins10. In addition, autophagy is an important component of adaptive
immunity as it is involved in Major Histocompatibility Complex (MHC) class Il antigen
presentation by processing long-lived endogenous proteins". Thus, autophagy is an essential
process in both cell survival and immune defense systems. Defects in autophagy can lead to

several diseases such as pancreatitis12 neurodegenerative diseases'3 and cancerl4d At the same



time, uncontrolled autophagy has been reported to be involved in cell death. For example,
macrophages and fibroblasts exhibited accumulations of autophagic vesicles upon certain cell
death stimuli, which were prevented by inhibiting the autophagy processi318 The mechanism by
which autophagy may contribute to cell death remains unknown and further investigations are

required to elucidate the roles of autophagy in cell death13 19.

1.2. Molecular mechanism of autophagy pathways

1.2.1. Formation of autophagosomes

Autophagy is a dynamic multistep process which requires multiple gene products, referred
to as ATG proteins3 Autophagy is initiated by the formation of a cup-shaped structured
membrane, called isolation membrane (IM; also known as phagophore) within the cytosol
(Figure 1.1). The IM elongates and encloses cytosolic components within a double membrane
vesicle, known as autophagosome. Initiation of autophagy is mediated by the formation of ATG
1, ATG 17 and ATG 13 complex, which is negatively regulated by the serine/theronine kinase
mTOR2. In normal conditions, constitutively activated mTOR phosphorylates ATG 13 and
prevents the ATG 1/ATG 13 complex formation. During nutrient deprivation, mTOR is inhibited
and ATG 13 is dephosphorylated. Dephosphorlyated ATG 13 then binds to ATG land ATG 17

to initiate autophagy2L

Another important component involved in the formation of autophagy is a class lll
phosphoinositide kinase-3 (PI3K) complex that consists of Vps34 (a PI3K), beclin-1, ATG 14,
and Vpsl5 (a myristylated kinase)2. The PI3K complex is essential for phosphorylation of

phosphatidylinositols (PtdINs) to produce phosphatidylinositol 3-phosphates (Ptdins(3)P) which



Figure 1.1. A schematic diagram of the autophagic pathway. Elongation of phagophore/IM
forms a double membrane autophagosome. Autophagosomes undergo maturation by fusion with
lysosomes to create autolysosomes. Autophagosomes can fuse with early endosome or MVB to
form an amphisome which later will fuse with a lysosome to form an autolysosome. In the
autolysosomes, the inner membrane as well as the luminal content of the autophagic vacuoles is

degraded by lysosomal enzymes that act optimally within this acidic compartment.
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is a lipid product that is highly enriched in the inner surface of IMs and autophagosomes
compared to the outer surfaces23. In yeast, PtdIns(3)P is responsible for binding of the ATG 18
ATG 2 complex to the autophagosomes. The function of ATG 18-ATG 2 complex is unknown,
but it has been proposed to interact with an unknown component on the IM to promote formation
of autophagosomes. Treatment of cells with chemical PI3K inhibitors such as 3-methyl adenine
(3-MA) or wortmannin, or small interfering RNAs (siRNAs) against one of the complex
components can inhibit autophagy initiation24. Autophagy also can be inhibited by siRNA-

mediated silencing of ATG genes such as ATG5, ATG 7 and beclin-12

The next step is the vesicle elongation which requires two ubiquitin-like conjugation pathways
(Figure 1.2). The first ubiquitin-like system involves the conjugation of ATG 5to ATG 12 with
the help of the El-like enzyme ATG 7 and the E2-like enzyme ATG 10. The ATG 5-ATG 12
conjugate then forms a complex with ATG 16, called the ATG 16-complex. The second pathway
involves the conjugation of LC3 to phosphatidylethanolamine (PE) by the El-like enzyme ATG
7 and the E2-like enzyme ATG 3. While LC3 resides in the cytoplasm (referred to as LC3-1), the
lipidated form of LC3 (referred to as LC3-1l1) is associated with the autophagic vesicle
membrane. LC3-IlI formation can be easily monitored by examining a shift from diffuse to
punctuate fluorescent staining pattern of the protein or an increase of electrophoretic mobility of
LC3-1l on SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis) compared

with LC3-1. Examining LC3-11 formation is often used to detect the presence of autophagy A



Figure 1.2 A schematic diagram of the two ubiquitin-like conjugation pathways required
for IM elongation (adapted from 2. ATG 12 is activated by ATG 7 (an EI enzyme),
transferred to ATG 10 (an E2 enzyme) and conjugated to ATG 5 which later forms a complex
with ATG 16, called ATG 16L complex. The second modifier necessary for autophagosome
formation is LC3, a cytosolic form LC3-1 is activated by ATG 7, transferred to ATG 3 (an E2
enzyme) and finally conjugated with phosphatidylethanolamine (PE), generating the membrane

bound form LC3-II.
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syntaxin, vesicle associated membrane protein (VAMP, also called synaptobrevin3?) or 25 kDa
synaptosome-associated protein (SNAP-25) families38. Sets of SNARE proteins are involved in
membrane fusion by assembling into core complexes'® On membranes, SNARE proteins have

been found to be localized to cholesterol-rich lipid-raft membrane domains40.

Regarding autophagy vesicle trafficking, SNARE proteins have been identified to be
involved in autophagosome maturation. In Saccharomyces cerevisiae, SNARE proteins such as
Secl8 (NSF) and Vesicle transport through interaction with t-SNAREs homolog Ib (Vtilb; a
SNARE), which are generally involved in homotypic vesicle fusions, are also required for
autophagosome vacuole fusion4l In mammalian cells, Vtilb knockout mice accumulate
autophagosomes, showing that this SNARE and its SNARE complex are required for

autolysosome maturation42.

Once autolysosomes are formed, the degraded protein products or degraded organelles are
released into the cytosol or extracellular space43. To date, information regarding the mechanism
of autolysosome degradation or its clearance is limited. In this thesis, the process of

autolysosome clearance will be termed ‘autolysosome efflux’.



1.3. Biological function of autonhagy

1.3.1. Autophagy and cell survival

Autophagy is a cellular process required for the proper degradation of proteins and this
important function of autophagy is apparent during nutrient deprivation. In yeast, autophagy
provides energy by breaking down proteins44. Established cancer cells utilize autophagy for cell
survival during starvation and hypoxiald Autophagy is also essential for maintaining cellular
fitness. Genetic knockdown of ATG 7 or ATG 5 in mice induces accumulation of ubiquitinated
proteins4s or neuro-degeneration, respectively46. Neurons in Alzheimer’s disease show impaired
maturation of autophagosomes to autolysosomes which results in an accumulation of amyloid-P
peptide (AP), a key pathogenic factor of Alzheimer’s disease, within autophagosomes3 47.
Defects in autophagy lead to DNA damage1448, protein aggregation49, and generation of reactive
oxygen species (ROS)® which can lead to cancer. Thus, autophagy is critical for the
maintenance of cellular protein and organelle homeostasis and, during stress, it is an essential

cell survival mechanism which provides extra sources of nutrients and energy.

1.3.2, Autophagy and cell death

Despite its role in cell survival, autophagy is associated with certain cell death. There are at
least three different cell death programs described: apoptotic cell death, which is the most
extensively studied cell death, necrotic cell death51-:53 and autophagic cell death5253. Apoptosis is
characterized by distinct morphological features including cell shrinkage, membrane blebbing,
chromatin condensation, nuclear fragmentation and budding off of apoptotic bodies4. Apoptosis
is initiated by serial activation of various cysteine-aspartyl-specific proteases (caspases)

including caspases-2,-3,-6,-7,-8,-9 and -1054°7 Apoptosis also involves the release of

10



cytochrome c¢ from the mitochondria through the outer membrane pores composed of pro-

apoptotic mitochondrial proteins such as BID3and BAXD9.

Necrosis is morphologically described by cytoplasmic swelling, rupturing of the plasma
membrane, and nuclear fragmentation. In contrast to apoptosis, necrotic cell death causes
inflammation as it can lead to release of pro-inflammatory cytokines such as IL-8, and TNF-cc60.
The molecular mechanisms of necrosis are still poorly understood6l. Intracellular events that are
commonly observed in necrotic cell death are the production of reactive oxygen species (ROS)
by mitochondria, release of lysosomal proteases such as calpains and cathepsins into the

cytoplasm, and failure of Ca2 homeostasis6l

Autophagic cell death is morphologically characterized as cell death in the presence of
autophagy6'. Autophagic cell death has been observed during the development of diverse
organismsa3% and different cell types such as macrophages1§ acinar cells6 and neuronal cells62
The molecular mechanism of autophagic cell death is considered to be caspase-independent16'18
However, autophagy has been shown to be involved in caspase-dependent cell death6l, 67.

Therefore, a clear mechanism of autophagic cell death still remains to be defined.

As previously mentioned, autophagic cell death is usually described to be a caspase-
independent process and this has been demonstrated in macrophages and fibroblasts’6'18 In
macrophages, caspase-independent autophagic cell death has been demonstrated with bacterial
lipopolysaccharides (LPS) and pan-caspase inhibitor benzyloxycarbonyl-Val-Ala-Asp (zVAD)
treatmentl6 Treatment with LPS alone increases apoptotic events such as caspase-8 and DNA
fragmentation6889. In addition, it also cleaves receptor interacting protein-1 (RIP-1) which is
upstream of ROS production16 70. When macrophages are treated with zVAD in addition to LPS,

they show a greater degree of cell deathl6 Macrophages undergoing LPS and zVAD-induced cell

11



death show an accumulation of autophagic vesicles and ROS production. Treatment with 3-MA
or treatment with siRNAs against beclin-1 prevents LPS and zVAD-treatment induced cell death,

which indicates that autophagy is required for this process.

Yu et al.,, showed treatment of L929 fibroblast cells with zVAD induces autophagy-
dependent cell death which is downstream of RIP-1 activation18 They demonstrated that
autophagy is responsible for inducing cell death, because treating the cells with ATG 7 or beclin-
1siRNA prevented cell death. Interestingly, they showed a correlation between zVVAD-induced
cell death and ROS accumulation, both of which are inhibited by treating the cells with the PI3K

inhibitor wortmannin17.

Physiologically, autophagy has been reported to play a role in caspase-dependent cell death
in salivary gland cells during Drosophila development. It was shown that there is an increase in
caspase transcription levels, increased caspase activity, and DNA fragmentation, which are
characteristics of apoptosis. Yet there is also accumulation of vacuolar structures that resemble
autophagic vesicles7l, and ATG7 knockdown results in incomplete degradation of salivary gland
during Drosophila development in vivo72 In medulla blastomas, autophagy also has been
reported to be involved in caspase-dependent cell death67. Treatment with the matrix-associated
glycoprotein secreted protein, acidic and rich in cysteine (SPARC) induces autophagy, which is
upstream of caspase-3 and caspase-8 activation. Autophagy inhibition by 3-MA blocks caspase

activation and caspase-dependent apoptotic cell death.

12



1.4. Cathensin B

Cathepsin B (CTSB) is a lysosomal cysteine protease of the papain family that has
exopeptidase activity at acidic pH (4-5) and endopeptidase function at neutral pH . CTSB is
ubiquitiously expressed in many different cell types74. It is localized in the lysosome, but also
found in the cytoplasm? and the periplasmic space76. Cytosolic localization of CTSB is
important for cell death such as apoptosis as it is involved in caspase-3 activation . CTSB has
also been shown to be involved in the activation of the NOD-like receptor family, pryin domain
containing 3 (NLRP3), which induces caspase-1 activation and the secretion of proinflammatory
cytokines including interleukin-ip, 18 and 2377. In the periplasmic space, CTSB is involved in
extracellular matrix remodeling7 by degrading extracellular matrix proteins such as laminin,
fibronectin and collagen 1V at both neutral and acidic pHs779. CTSB can also activate other
proteolytic enzymes such as latent collagenase which is capable of digesting fibrillar collagen in
extracellular matrix88L Hence, CTSB has been reported to be important for cancer metastasis7’

and its expression is often increased specifically at the invasive edge of tumors&

1.4.1. Cathepsin B and cell death

CTSB has been shown to be involved in apoptosis. Apoptosis induced by overexpression
of p53 or cytotoxic agents can be blocked by pharmacological inhibition of CTSB&. Other
studies revealed that CTSB is released into the cytosol and causes cytochrome c release from
mitochondria84, resulting in the activation of caspase-3 and, ultimately, cell death67,85. CTSB has
also been shown to be involved in non-apoptotic cell death. For example, PC12, a rat
pheochromocytoma cell line, undergoes a caspase- and autophagy-dependent cell death in the

absence of the nerve growth factor62 Interestingly, the cell death is prevented by caspase-3

13



inhibition alone; however, when caspase-3 and CTSB are inhibited together, the cells are no
longer protected from deathI2 This study indicated that CTSB may play a protective role in
caspase-independent cell death, given that the caspase-dependent cell death process was
prevented by a caspase-3 inhibitor. Hence, it is possible that autophagy-dependent cell death
could have proceeded in the presence of a CTSB inhibitor; however, more specific and detailed
experiments are required to determine whether CTSB is involved in autophagy-dependent cell

death.

1.4.2. Cathepsin B and vesicle trafficking

In previous studies, lysosomal proteases have been suggested to be involved in lysosomal
vacuole trafficking. In yeast, inhibition of a lysosomal protease, proteinase B, caused
accumulation of autophagic vacuoles8. In cathepsin B and L knockout mice, neuronal tissues
shows large vacuole accumulations87. Our previous study showed that CTSB is required for the
transportation of TNF-a containing vesicles to the plasma membrane in macrophages88. Rat
pancreatic acinar cells treated with CA-074ME, a cathepsin B inhibitor, show accumulation of
large vacuoles which contain partially degraded materials. In pancreatitis, acinar cells have
defective maturation of CTSB®&) resulting in the accumulation of vesicles that are positive for
lysosomal and autophagic markers, lysosomal associated membrane proteins (LAMP)-2 and
LC3-11, respectivelyl2 These observations suggest that CTSB plays a crucial role in vesicle or

lysosomal vacuole trafficking.

14



1.5. Rationale, Hypothesis and Research Objectives

CTSB is a lysosomal protease that is involved in matrix remodeling, vesicle trafficking and
cell death. CTSB has also been reported to play a protective role in caspase-independent cell
death, and its absence can lead to cell death. Hence, these data suggests that CTSB may play a
protective role in autophagic cell death by maintaining proper vesicle trafficking, possibly after
the formation of autolysosomes. Therefore, | hypothesize that CTSB is required for
autolysosome clearance (efflux), and that inhibition of autolysosome efflux causes autophagic
cell death. In order to address this hypothesis, | first assessed if CTSB is important for
autophagy vesicle trafficking using macrophages from mice with genetic knockdown of CTSB
and, if so, at which step of autophagy CTSB plays a role. | then investigated whether a defect in
autophagy efflux sensitizes cells to autophagy cell death using three different autophagic cell

death inducing stimuli: anthrax lethal toxin, LPS+zVAD and serum starvation.
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Chapter 2 - Methods and Materials

2.1. Materials and Reagents

CTSB inhibitor IV (CA074-Me) was purchased from Peptide Institute (Osaka, Japan). MG 132
were purchased from Calbiochem. LF and PA were prepared in the laboratory as previously
described 909L Antibodies for LC3 and p38 mitogen-activated protein kinase were obtained from
Cell Signaling Technologies (Pickering, ON). Antibodies for actin were obtained from Abeam

(Cambridge, MA).

2.2. Cell Culture

The human monocytic cell line THP-1 and bone marrow-derived immortalized macrophages
(BMDIM) from a C57BL/6 mouse (obtained from Dr. B. Aggarwal, Houston, TX) were
cultured in RPMI (Roswell Park Memorial Institute) 1640 medium containing 10% heat-
inactivated fetal bovine serum (Sigma), 10 mM MEM (Modified Eagle’s Medium) nonessential
amino acids solution, 100 units/ml penicillin G sodium, 100 pg/ml streptomycin sulfate, and 1
mM sodium pyruvate. Cells were grown at 37 °C in a humidified atmosphere containing 5%

coz

2.3. Preparation of Mouse Peritoneal macrophages

Resident peritoneal macrophages were obtained from mice by normal saline lavage. Mice
received intraperitoneal injection of 3% thioglycollate 4 days before the preparation of peritoneal
macrophages. Peritoneal macrophages were harvested by the lavage of the peritoneal cavity with
5 ml of phosphate-buffered saline. Cells were incubated at 37 °C overnight in a humidified

atmosphere of 5% C02.

16



2.4. Total Cell Lysate Preparation and Immunoblot Analysis

Total cell lysate preparation and immunoblotting procedures were performed as previously
described 42. Briefly, cells were lysed in ice-cold lysis buffer (20 mM MOPS, 2 mM EGTA, 5
mM EDTA, 1mM Na3vo4 40 mM P-glycerophosphate, 30 mM sodium fluoride, 20

mM sodium pyrophosphate, and 1% Triton X, pH 7.2) containing a protease inhibitor mixture
(Roche Applied Science). The cell lysates were incubated on ice for 10 min and centrifuged at
12,500 rpm for 15 min at 4 °C. The supernatants were separated by SDS-polyacrylamide gels
followed by transfer onto nitrocellulose membranes (Bio-Rad). The membranes were blocked
with 5% (w/v) skim milk for 1h at room temperature and then incubated overnight at room
temperature with the primary antibody. The membranes were washed, incubated with secondary
antibody for 1 h (Pierce), and developed using an enhanced chemiluminescence detection system

(ECL) (Pierce).

2.5. Immunofluorescence Staining and Autophagic Flux Analysis

For immunofluorescence staining, macrophages were plated on coverslips and were fixed with
4% formaldehyde. Immunofluorescent staining was performed using anti-LC3 primary
antibodies biotinylated anti-rabbit 1gG secondary antibodies and TexasRed-avidin D (Vector
Laboratories). The stained cells were imaged using an Olympus TX51 microscope and Q Capture
Pro 6.0 software. Autophagy flux was analyzed by flow cytometry and fluorescent microscopy
using DQ™ Red BSA (self-quenched red BODIPY dye conjugated to BSA; Molecular Probes,
Eugene, OR) and DQIMGreen BSA. DQ-BSA requires enzymatic cleavage in acidic
intracellular lysosomal compartments to generate a highly fluorescent product that can be

monitored by fluorescent microscopy or flow cytometry. BMDIM were incubated in RPMI
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media containing DQ-BSA® Green (10 (.ig/ml) for 15 min and washed twice with PBS. Cells
were then further incubated in media for 6H and the cells were fixed with 4% formaldehyde.
Immunofluorescent staining was performed using anti-LC3 primary antibodies biotinylated anti-
rabbit IgG secondary antibodies and TexasRed-avidin D. Colocalizations of TexasRed-LC3 and
red fluorescent of DQ-BSA were imaged using an Olympus 1X51 microscope and Q Capture Pro
6.0 software. For flow cytometry analysis, the human monocytic cell line THP-1 was incubated
in RPMI media containing DQ-BSA (10 pg/ml) for 15 min at 37 °C in 5% CO2. Cells were
washed twice with PBS and then incubated for 45 min to ensure that DQ-BSA had reached the
lysosomal compartment. THP-1 cells were further incubated in the presence or absence of
CAO074-Me for the indicated times. Cells were harvested, and red-fluorescence of DQ-BSA was
analyzed by flow cytometry using a FACSCalibur flow cytometer (BD Biosciences), and
CellQuest (BD Biosciences) and FlowJo (Treestar) v. 7.2.4 software. For confocal images
analysis, cells were plated on coverslips after treatment as above and fixed with 4%
formaldehyde. The fluorescent degradation products of DQ-BSA in lysosomes were imaged

using a Bio-Rad Radiance 2000 two-photon confocal microscope and LaserSharp 2000 software.

2.6. Statistical analyses
Statistical significance was determined by unpaired Student's t-test using a GraphPad Prism v.5.

Differences were considered significant with a P-value <0.05.
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2.7. Measurement of Cell Viability

2.7.1. Cell Viability Assay

The extent of cell death was measured using either crystal violet uptake in live cells or propidium
iodide (PI; Sigma, Irvine, CA) permeability analysis. The crystal violet uptake assays

were performed as described previously 9j. The integrity of the plasma membrane was assessed
by determining the ability of cells to exclude PI. Cells were trypsinized, collected by
centrifugation, washed once with PBS, and resuspended in PBS containing 1 pg/ml Pl. The
levels of Pl incorporation were quantified by CellQuest software on a FACSCalibur flow
cytometer (Becton Dickinson). Cell size was evaluated by forward-angle light scattering. PI-

negative cells were considered to be live cells.

2.7.2. MTT Assay

MTT assays were performed in a 96-well plate according to manufacturer's instruction (Sigma).
Briefly, after treatment, MTT was added to each well at a final concentration of 250 pg/ml. After
incubating at 37 °C for an additional 2 h, culture media was carefully aspirated, and 100 pi of
dimethyl sulfoxide (DMSQ) was added to dissolve crystals. Optical densities of the wells were
analyzed using an automatic enzyme-linked immunosorbent assay plate reader (Bio-Rad) at a
wavelength of 590 nm. The ratio of cell death was determined based on the optical density of the

treated wells compared with those from nontreated cells with no cell death.
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Chapter 3-Results

3.1. CTSB is involved in autolysosome efflux

3.1.1. CTSB-deficient macrophages accumulate larger acidic vacuoles than wild type

macrophages.

To examine whether CTSB is involved in vacuole trafficking, bone marrow-derived
immortalized macrophages (BMDIM) prepared from C57BL6/j (CTSB+) or CTSB" (C57BL6/j
background) mice were examined under a microscope. Large vacuoles were readily detected in
non-treated CTSB_/ but not in CTSB++ BMDIM (Figure 3.1, row 1). When cells were exposed
to various known autophagy inducing agents including LPS (1uM)+zVAD (50uM) or anthrax
lethal toxin (LeTx; lethal factor (LF) 250 ng/ml and protective antigen (PA) 1500 ng/mL), or
were cultured in serum-deprived media (Serum Starvation), the sizes of these vacuoles were
further increased in CTSB'/ cells (Figure 3.1, rows 2-4). These vacuoles were co-localized with
red fluorescent puncta in cells treated with LysoTracker® Red, a membrane permeable red
fluorescent dye that emanates red fluorescence under acidic conditions, suggesting that they are
acidic vacuoles. Interestingly, CTSB +#+ BMDIM were about 23 pm in diameter, however, not

all but many ofthe CTSB" BMDIM were larger than that of CTSB ++BMDIM (Figure 3.1).

3.1.2. CTSB-deficient macrophages accumulate autophagic vesicles.

LC3-1 (18 kDa) converts to a phosphatidylethanolamine-conjugated LC3-11 (16 kDa) upon
autophagy induction, and the amount of LC3-11 in a cell correlates with the extent of autophagic
vesicle formation 25. Large acidic vacuoles were more easily observed in CTSB "macrophages
than CTSB+/+macrophages. Since even larger acidic vacuoles were viewed in CTSB "

macrophages treated with autophagy-inducing stimuli, we examined
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Figure 3.1. CTSB-deficient BMDIM accumulates acidic vacuoles. BMDIM from C57BL/6j
wild type (CTSB+4) and CTSB-deficient (CTSB'A mice were plated on cover slips. Cells were
treated with either LPS (lug/ml)+zVAD (50uM) for 4 H or LeTx (LF 250 ng/ml and PA 1500
ng/mL) for 3 H, or incubated with cell culture media with (Control (CNT)) or without serum
(serum starvation) for 5H. BMDIM were then treated with LysoTracker ® Red for 15 mins and
washed with PBS twice. After washing, cells were fixed with 4% formaldehyde and visualized
using Olympus fluorescent microscope. [Scale bar: 23p.M]. Data represent one of two

experiments.
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whether the presence of autophagic vesicles was enhanced in these cells by looking at LC3-II

formation using Western blot analysis.

Without any treatment, basal levels of LC3-I11 in CTSB"7 cells were higher than those of
CTSB++ cells (Figure 3.2A, lane 1 and 4; Figure 3.2B, lane 1 and 3). All of the autophagy-
inducing stimuli slightly induced LC3-11 formation in wild-type cells, but LC3-11 formation was
more prominent in CTSB" BMDIM (Figure 3.2A, lane 2, 3, 5 and 6; Figure 3.2B, lane 2 and 4).
Immunoblots against the mitogen-activated protein kinase p38 (p38) were used as loading

controls88.

Similarly, primary peritoneal macrophages isolated from CTSB++ and CTSB" mice were
treated with LPS+zVAD or LeTx, and LC3-Il protein levels were analyzed by Western blots.
CTSB'' peritoneal macrophages showed higher LC3-11 protein levels than CTSB" + peritoneal

macrophages at basal level and after the treatments of autophagy inducers (Figure 3.3).

LC3 is recruited to the membrane as autophagy vesicles are formed 5and the recruitment can
be visualized by monitoring the formation of LC3 puncta. To further investigate the involvement
of CTSB in autophagy, recruitment of LC3 to vacuoles was visualized by fluorescence
microscopy. After immunofluorescence staining of cells using an LC3 antibody-conjugated with
biotinylated-FITC, levels of FITC fluorescent puncta formation were examined in CTSB"" and
CTSB'7 BMDIM. In agreement with LC3 Western blots in Figure 3.2, CTSB" BMDIM had
greater FITC-LC3 punta than those in CTSB » BMDIM when treated with LPS+zVAD (CTSB "
BMDIM 35.30+2.18 S.E.M. vs. CTSBH+H+BMDIM 25.3+2.95 S.E.M., PO.OI, n=10) or LeTx
(CTSB'7 BMDIM 30.30+2.80 S.E.M. vs. CTSB++BMDIM 19.1+1.51 S.E.M., PO.OI, n=10),
or cultured in serum-deprived media (CTSB'7 BMDIM 29.60+2.49 S.E.M. vs. CTSB+t BMDIM
20.70+1.48 S.E.M., P<0.01,n=10) (Figure 3.4).
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Figure 3.2. CTSB-deficient BMDIM accumulate LC3-11. BMDIM from C57BL/6j (CTSB++)
or CTSB-deficient (CTSB'A mice were treated with LPS (lug/ml)+zVAD (50uM) for 2 H or
treated with LeTx (LF 250 ng/ml and PA 1500 ng/mL) for 2 H (A), or incubated with cell
culture media with (CNT) or without serum (Serum Starved) for 4H (B). LC3-1 and Il proteins
were analyzed by Western blotting. Western blots against p38 were used as loading controls.
Densitometric LC3-11/p38 ratios are shown beside the blots. Data represent one of two

independent experiments.



%

%

%

%

%

4

4

CNT

Serum Starved

CNT

Serum Starved

LC3-lip38

o (00)

+/+8S19

-[-4S19

gS1d +/+4S19IGT

CNT
LPS + zVAD

LeTx

CNT
LPS + zVAD

LeTx

LC3-11/p38

+/+8S19



Figure 3.3. CTSB-deficient primary peritoneal macrophages have higher LC3-11
accumulation. Peritoneal macrophages isolated from C57BL/6j wild type (CTSET + and CTSB-
deficient (CTSB_/) mice were treated with LPS (200ng/ml)+zVAD (50 uM) (A) or LeTx (LF
250 ng/ml and PA 1500 ng/mL) for 2H (B). The LC3 Il and Il proteins were analyzed using
Western blot. Western blots against actin were used as loading controls. Densitometric LC3-

Il/ratios ratios are shown beside the blots. Data represent one of two independent experiments.
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Figure 3.4 CTSB deficient BMDIM show a higher amount of autophagic vesicles.

BMDIM from C57BL/6j (CTSB++) or CTSB-deficient (CTSB") mice were treated with LPS
(lug/ml)+zVAD (50uM) or LeTx(LF 250 ng/ml and PA 1500 ng/mL) for 2 H, or incubated
with cell culture media with (CNT) or without serum (Serum Starvation) for 4H. After fixing
cells with 4% formaldehyde, immunofluorescent staining was performed using anti-LC3
primary antibodies biotinylated anti-rabbit IgG secondary antibodies and FITC-avidin D. Cells
were visualized using an Olympus microscope at 400x magnification (A). [Scale bar: 11pM],
Dotted lines indicate the cell margin. Data represents one of two independent trials. LC3-FITC
punta per cells were determined (B). Ten cells were counted at random. MeantS.E.M. **:

P<0.01. ***: P< 0.0001. Student’s t-test.
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CTSB" BMDIM also appeared to have larger FITC-LC3 puncta than those of CTSB /+ BMDIM
(CTSB" BMDIM 1.04+£0.07pm S.E.M. vs. CTSB++BMDIM 0.57+0.04pm S.E.M., P<0.0001,
n=20) (Figure 3.4 and 3.5). Also, CTSB™ primary peritoneal macrophages showed greater
numbers of FITC-LC3 puncta than those of CTSB' + primary peritoneal macrophages when
treated with LPS+zVAD (CTSB" 56.93+6.95 S.E.M. vs. CTSB+/+34.27£2.95 S.E.M., P<0.01,
n=15) or LeTx (CTSB"™ 49.20+4.47 S.E.M. vs. CTSB++34.73+3.37 S.E.M., P<0.05, n=15)

(Figure 3.5), which had similar patterns as LC3 Western blots in Figure 3.3.

3.1.3. Autolysosome efflux is defective in CTSB-deficient macrophages.

Accumulation  of autolysosomal vesicles could be caused by delayed
autophagosome/autolysosome clearance (efflux). To examine whether autolysosome efflux is
defective in the absence of CTSB, dequenched (DQ)-green fluorescent-conjugated BSA (DQ-
BSA® green) was loaded onto BMDIM and its clearance was monitored. DQ-BSA Green® is a
non-membrane permeable self-quenched BODIPY (Dipyrromethene Boron Difluoride) dye
conjugated to BSA that enters the cell by endocytosis and is dequenched after enzymatic
cleavage of the fluorescent dye in acidic compartments which can be monitored by a
fluorescence microscope. First, in order to confirm that DQ-BSA®Green containing puncta
were localized to autolysosomes, BMDIM were pre-incubated with DQ-BSA®Green and
immunoflurorescent staining was performed in sequence using anti-LC3 primary antibodies,
biotinylated anti-rabbit IgG secondary antibodies and TexasRed-avidin D (Figure 3.6A). As
shown in Figure 3.6A, DQ-BSA®Green containing puncta and TexasRed®LC3 positive puncta
were mostly co-localized (yellow), indicating that DQ-BSA® Green containing vesicles were in
fact autolysosomes. Since DQ-BSA® Green positive vesicles were likely autolysosomes,

disappearance of DQ-BSA® Green was monitored using fluorescence microscopy.
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Figure 3.5. CTSB-deficient primary macrophages show a higher amount of autophagic
vesicles. Peritoneal macrophages isolated from C57BL/6j (CTSB++) or CTSB-deficient (CTSB'
) mice were treated with LPS (200 ng/ml)+zVAD (50uM) or LeTx (LF 250 ng/ml and PA 1500
ng/mL) for 2 H, or incubated with normal media (CNT) . After fixing cells with 4%
formaldehyde, immunofluorescent staining was performed using anti-LC3 primary antibodies
biotinylated anti-rabbit 1gG secondary antibodies and FITC-avidin D. Cells were visualized
using Olympus Olympus microscope at 600x magnification (A). [Scale bar: 11pM], Dotted
lines indicate the cell margin. Data represents one of two independent trials. LC3-FITC punta per
cells were determined (B). Fifteen cells were counted at random. Mean+S.E.M. *P<0.05,

**pP<0.01. Student’s t-test.
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Figure 3.6. CTSB-deficient BMDIM have a defect in autolysosome efflux.

BMDIM from C57BL/6j (CTSB++) or CTSB-deficient (CTSB'/) mice were incubated with cell
culture media containing DQ-BSA ® Green (10 pg/ml) for 15 min at 37 °C in 5% CO02. Cells
were washed with PBS and incubated further with fresh cell culture media for 45 min to ensure
that DQ-BSA had reached the lysosomal compartment. Cells were then further incubated with
media for 6 H and then fixed with 4% formaldehyde. Immunofluorescent staining was performed
using anti-LC3 primary antibodies biotinylated anti-rabbit IgG secondary antibodies and
TexasRed-avidin D. Cells were visualized using Olympus fluorescent microscope at 600 x
magnification (A). Data represents one of two independent experiments. After the same
treatment with DQ-BSA ® Green as above, cells were then fixed with 4% formaldehyde at the
indicated time points. Cells were visualized using Zeiss LSM510 META confocal microscope at
630x magnification and ZEN software (B). [Scale bar: 11pM], Dotted lines indicate the cell
margin. Data represents one of two independent trials. DQ-BSA puncta per cell were counted
(C). Minimum of 20 cells were counted at random. MeanzS.E.M. ns: not significant, ***: P <

0.0001. Student’s t-test.
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After pulsing CTSB++ and CTSB'7 BMDM with DQ-BSA® Green for 15 min,
dequenched DQ-BSA® Green-containing vesicles were visualized. At 5 H post DQ-BSA®
Green pulse, CTSBand CTSB'7T BMDIM retained dequenched DQ-BSA ®Green-containing
puncta (Figure 3.6B column 1 & 3.6C). At 10 H, CTSB ++BMDIM almost completely cleared
DQ-BSA® Green puncta; however, CTSB'7 BMDIM still harbored larger fluorescent DQ-
BSA® Green puncta (Figure 3.6B) and had greater numbers of DQ-BSA®Green puncta at 10 H
(CTSB'7T BMDIM  7.95£1.53 S.E.M. vs. to CTSB++ BMDIM 0.88+0.35 S.E.M., n=40,
PO.0O0OQI) (Figure 3.6C), suggesting that clearance of DQ-BSA® Green containing vesicles was

delayed in CTSB'7 BMDIM.

Consistent with previous data with BMDIM, DQ-BSA®Green puncta co-localized with
TexasRed-LC3 markers (Figure 3.7A) in primary peritoneal macrophages indicating that DQ-
BSA® Green containing vesicles were autolysosomes. In addition, the clearance of DQ-BSA®
Green puncta was examined in freshly isolated peritoneal macrophages. However, they were
examined after 24H post DQ-BSA® Green load instead of after 10H in order to see if DQ-
BSA® Green vesicles still persisted (Figure 3.7B & 3.7C). Indeed, CTSB" cells were delayed in
clearing DQ-BSA® Green puncta than CTSB++cells at 24 H (CTSB " macrophages 8.47+0.93
S.E.M. compared to CTSB++macrophages 3.04+0.57 S.E.M., n=30, P<0.0001) (Figure 3.7B &

3.7C).

The role of CTSB in autolysosome efflux was also examined in the human monocytic cell
line THP-1, using DQ-BSA® Red in the presence or absence of the membrane permeable CTSB
inhibitor CA074-Me. THP-1 cells were pulsed with DQ-BSA® Red for 15 min, then dequenched
DQ-BSA® Red-containing vesicles were visualized. At 20 H post DQ-BSA® Red pulse, CA-

074-Me treatment caused a delay in the clearance of DQ-BSA® Red puncta (Figure 3.8A). DQ-
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BSA® Red fluorescence was also quantified by flow cytometry analysis. After 21 H post load,
THP-1 cells alone showed lower DQ-BSA® Red fluorescence than CAQ074-Me treated cells
(THP-1 4.37£0.02 S.E.M. compared to THP-1 with CAQ074-Me 9.93+0.06 S.E.M., n=2,
PO.00O0I) (Figure 3.8B). Hence, in the presence of CA074-Me, the rate of DQ-BSA® Red
clearance was delayed when compared with that of non-treated cells. Overall, these results
suggest that CTSB is involved in the efflux of DQ-BSA® containing vesicles such as

autoysosomes, in human and mouse macrophages.

3.2. Function of Autolysosome efflux

3.2.1. Autolvsosome efflux and autophagy-induced cell death

Although autophagy is a cell survival mechanism during stress or starvation, aberrant
activation of autophagy was shown to be involved in cell death, known as autophagic cell
death®233 To examine if there is a correlation between autolysosome efflux and cell death,
BMDIM were treated with LPS+zVVAD or LeTx, or cultured in serum-free media. Treatment
with LPS+zVAD was shown to induce autophagic cell death in primary peritoneal
macrophages16. CTSB++or CTSB"7T BMDIM were treated with LPS (lug/ml)+zVAD (50uM) for
24 H and cell viability was determined using an MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide, a tetrazole) assay. MTT, a yellow tetrazole, is reduced to purple
crystals in mitochondria of living cells 9. CTSB"™ BMDIM were susceptible to LPS+zVAD-
induced cell death but CTSB" BMDIM were not susceptible (CTSB” BMDIM 17.76% +2.55

S.E.M. vs. CTSB++BMDIM 92.81% +5.49 S.E.M., n=7, PO.00OI) (Figure 3.9A).
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Figure 3.7. CTSB-deficient peritoneal macrophages have a defect in autolysosome efflux

Peritoneal macrophages isolated from C57BL/6j (CTSB++) or CTSB-deficient (CTSB /') mice
were incubated with cell culture media containing DQ-BSA ® Green (10 pg/ml) for 15 min at 37
°C in 5% CO02. Cells were washed with PBS and incubated further with fresh cell culture media
for 45 min to ensure that DQ-BSA had reached the lysosomal compartment. Cells were then
further incubated with media for 6 H and then fixed with 4% formaldehyde. Immunofluorescent
staining was performed using anti-LC3 primary antibodies biotinylated anti-rabbit 1gG
secondary antibodies and TexasRed-avidin D. Cells were visualized using Olympus fluorescent
microscope at 600 x magnification (A). Data represents one of two independent experiments.
After the same treatment with DQ-BSA ® Green as above, cells were then fixed with 4%
formaldehyde at the indicated time points. Cells were visualized using Olympus microscope at
600x magnification (B). [Scale bar: 1lpM]. Dotted lines indicate the cell margin. Data
represents one of two independent trials. DQ-BSA puncta per cell were counted (C). Minimum

of 20 cells were counted. Mean+S.E.M. ns: not significant, ***; P < 0.0001. Student’s t-test.
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Figure 3.8. CTSB inhibition shows defect in autolysosome efflux (published in%). THP-1
cells were incubated with RPMI media containing DQ-BSA (10 pg/ml) for 15 min at 37 °C in
5% CO2. Cells were washed and incubated further with cell culture media for 45 min to ensure
that DQ-BSA had reached the lysosomal compartment. Cells were then further incubated with
fresh cell culture media in the presence or absence of CA074-Me (50 pM). Cells were then
plated on coverslips and fixed with 4% formaldehyde at the indicated time point. The fluorescent
products of DQ-BSA were imaged using the Bio-Rad Radiance 2000 two-photon confocal
microscope at 630X and LaserSharp 2000 software (A). Dotted lines indicate the cell margin.
For flow cytometry analaysis, THP-1 cells were pretreated with DQ-BSA as above in (A) and
cells were incubated with cell culture media with or without CA074-Me (50 pM), then harvested

at indicated time points. The fluorescence mean for each population was analyzed using Flow Jo

(B).
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Figure 3.9. CTSB-deficient BMDIM are susceptible to LPS+zVAD-induced cell death.
BMDIM from C57BL/6j (CTSB ) or CTSB-deficient (CTSB") mice were treated with LPS
(lug/ml)+zVAD (50uM) for 24 H (A), or cells were pretreated with Nec-1 (40uM) for 1H then
treated with LPS (lug/ml)+zVAD (50uM) for 24 H (B). MTT was added 2 H before the end of
experiment to determine cell viability (n=3). BMDIM from C57BL/6j (CTSB++) and CTSB-
deficient (CTSB'7) mice were pretreated with Nec-1 (40uM) for 1 H and then treated with LPS
(lug/ml)+zVAD (50uM) for 2 H. The LC3-1 and Il proteins were examined using Western blot
(C). Western blots against p38 were used as loading controls. Densitometric LC3-11/p38 ratios

are shown beside the blot. Data represent one of two independent experiments.
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Since our previous study showed that the receptor interacting protein (Rip)-1 is involved in the
production of reactive oxygen species (ROS) and cell death in LPS+zVAD-treated
macrophages1g involvement of Rip-1 was also examined in the LPS+zVAD-induced cell death
of CTSB'7 BMDIM. Cells were pretreated with the Rip-1 inhibitor Necrostatin 1 (Nec-1; 40uM)
for 1 H and then treated with LPS+zVAD for 24 H. As shown in Figure 3.9B, pretreatment with
Nec-1 was protective from cell death induced by LPS+zVAD in CTSB'7 BMDIM (CTSB'7
BMDIM 17.76% +2.55 S.E.M. vs. CTSB'7T BMDIM with Nec-1 77.09% +6.42 S.E.M., n=3,
P<0.0001). Consistent with our previous reportlg LPS+zVAD-induced LC3-11 accumulation was
slightly inhibited by Nec-1 in both CTSB++and CTSB'7 BMDIM (Figure 3.9C).

| further examined whether CTSB is involved in the LPS+zVAD-induced cell death in
primary macrophages. However, unlike BMDIM, primary peritoneal macrophages isolated from
CTSB" mice were less susceptible to LPS+zVAD starting at 18H (at 18H: CTSB’’ macrophages
45.17% +2.02 S.E.M vs. CTSB++ macrophages 32.92% +1.54 S.E.M, n=3, P=0.04 and at 24H:
CTSB'7T macrophages 42.93% +1.07 S.E.M. vs. CTSB+ macrophages 28.74% +0.79 S.E.M,
n=3, P=0.0087) (Figure 3.10A). Primary peritoneal macrophages isolated from CTSB'Tmice also
showed less susceptibility to LPS+zVAD starting 25uM of zVAD (zVAD 25uM: CTSB'7
macrophages 86.15% +1.54 S.E.M. vs. CTSB++ macrophages 69.04% %0.45 S.E.M, n=3,
P=0.0087. zVAD 50uM: CTSB'7 macrophages 42.93% +1.07 S.E.M. vs. CTSB++ macrophages
28.74% £0.79 S.E.M, n=3, P=0.0087 and zVAD IOOuM: CTSB'7 macrophages 34.15% +1.03
S.E.M. vs. CTSB++ macrophages 29.01% +0.49 S.E.M, n=3, P=0.046) (Figure 3.10B). Both
CTSB and CTSB'7 peritoneal macrophages were protected from the cell death by Nec-1

pretreatments (CTSB++ macrophages 34.12% +1.78 S.E.M. vs. CTSB++ macrophages
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Figure 3.10. LPS+zVAD induced cell death in CTSB++and CTSB"' macrophages.

Peritoneal macrophages isolated from C57BL/6j (CTSB++) or CTSB-deficient (CTSB’7) mice
were pretreated with Nec-1 (40uM) for 1H then treated with LPS (200ng/ml)+zVAD (50 uM) for
24 H (A). The cells were treated with LPS (200ng/mL)+zVAD (50uM) for indicated times (B) or
LPS (200ng/mL) and different concentrations of zVAD (C) for 24 H. Cell viability was
determined by crystal violet staining. (n=2). Peritoneal macrophages isolated from C57BL/6j
wild type (CTSB H) or CTSB-deficient (CTSB’’) mice were pretreated with Nec-1 (40uM) for 1
H then treated with LPS (200ng/ml)+zVAD (50 uM) for 2 H. LC3-I and LC3-11 proteins were
analyzed by Western blot (D). Western blots against Actin were used as loading controls.
Densitometrie LC3-11/Actin ratios are shown beside the blot. Data represent one of two

independent experiments. MeantS.E.M. *P<0.05. Student’s t-test.
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with Nec-1 92.94% +£7.02 S.E.M., n=4, P=0.0002 and CTSB'7 macrophages 41.64% +1.29
S.E.M. vs. CTSB'7 macrophages with Nec-1 91.60% +0.77 S.E.M., n=4, P=0.0001 ) (Figure
3.10C), suggesting that Rip-1 kinase is involved in the cell death. However, CTSB'7 peritoneal
macrophages showed much higher LC3-Il protein level than those in CTSB 44+ which was
partially inhibited by Nec-1 pretreatment (Figure 3.10D).

To further examine whether the defect in autolysosome efflux contributes to autophagic cell
death, LeTx induced cell death was examined in CTSB4' and CTSB"™ BMDIM. Both CTSB41
and CTSB" BMDIM were treated with LeTx (LF 250 ng/ml and PA 500 ng/mL) for 24 H and
cell viability was determined by Pl (propidium iodide) permeability using flow cytometry. Pl is a
membrane impermeable fluorescent dye that interacts with chromosomes when a cell loses its
membrane integrity. Pl was used as an alternative method to determine cell death. CTSB"
BMDIM were susceptible to LeTx induced cell death (CTSB'7 BMDIM 93.25% PI positive cells
vs. CTSB 4 BMDIM 26.21% PI positive cells) (Figure 3.11) and CTSB " primary peritoneal
macrophages showed susceptibility to LeTx-induced cell death after 2.5 H of treatment (CTSB44
macrophages 90.95% +2.28 S.E.M. vs. CTSB"™ macrophages 43.19% +0.81 S.E.M., n=2,
P=0.0026) (Figure 3.12). CTSB+" BMDIM and CTSB44primary macrophages were much more

resistant to LeTx-induced cell death.

To examine whether defects of autolysosome efflux in CTSB" BMDIM contribute to cell
death induced by serum starvation, cells were cultured in media with (CNT) or without serum

(Serum starved) for 24 H and cell viability was determined by PI permeability using flow
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Figure 3.11. CTSB-deficient BMDIM are susceptible to LeTx-induced cell death. BMDIM
from C57BL/6j (CTSB++ or CTSB-deficient (CTSB_/) mice were treated with LeTx (LF 250
ng/ml and PA 500 ng/mL) for 24 H. Cell viability was determined by PI staining followed by

flow cytometry (n=I).
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Figure 3.12. CTSB-deficient peritoneal macrophages are sensitized to LeTx induced cell
death. Peritoneal macrophages isolated from C57BL/6j (CTSB++) or CTSB-deficient (CTSB'/)
mice were treated with LeTx (LF 250 ng/ml and PA 1500 ng/mL) for the indicated time points

(A) or treated with different concentrations of LeTx (B). Cell viability was determined by crystal

violet staining. (n=2)



A)

B)

oo

X1
1o

i>

13
)

CTSB +/+ CTSB -/-

Time (H)

Dy 08§ WPas
f

LeTx (ng/mL)

50



CTSB '’ and CTSB” showed a similar degree of cell death (CTSB *f macrophages 43.91%
+14.39 S.E.M. vs. CTSB / macrophages 32.54% +2.48 S.E.M., n=2, P=0.512) (Figure 3.13),
despite the fact that CTSB"' BMDIM have higher accumulation of autophagic vesicles during

serum starvation (Figure 3.2).
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Figure 3.13. CTSB-deficient BMDIM are not sensitized to serum starvation-induced cell
death. BMDIM from C57BL/6j (CTSB++4 or CTSB-deficient (CTSB'") mice were incubated
with cell culture media with (CNT) or without serum (Serum Starved) for 24H. Cell viability was
determined by PT staining followed by flow cytometry (n=2). Mean£S.E.M. ns: not significant.

Student’s t-test.
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Chapter 4-Discussion

4.1.1 CTSB-mediated autolysosome efflux

In previous studies, CTSB has been suggested to be involved in certain vesicle
trafficking1287. In yeast, inhibition of proteinase B, an orthologue of mammalian CTSB, induces
a large accumulation of autophagic vacuoles8. CTSB and CTSL (cathepsin L) double knockout
mice show large vesicle accumulation in neuronal tissues8/ A recent study also substantiated the
role of cathepsins in autolysosme vesicle traffickingl2 They showed that acinar cells in
pancreatitis have inactive CTSB and CTSL and accumulate both LAMP-2 positive and LC3
positive vesicles, possibly autolysosomes. This study identified CTSB as a key player mediating
autolysosome efflux. We showed that CTSB'7 BMDIM harbored larger acidic vesicles in
comparison to those of CTSB ++ BMDIM (Figure 3.1). These acidic vesicles were increased in
size in response to autophagy inducing stimuli, suggesting a link between the observed acidic
vesicles and autophagy. Further investigation showed that CTSB deficiency resulted in increased
accumulation of LC3-1l protein (Figure 3.2 & 3.3), and greater number and size of LC3 punta
(Figure 3.4 & 3.5). These results suggest that the LC3-11 accumulations that were observed by

Western blot reflect the accumulation of autophagic vesicle in the cytosol.

Further investigation revealed that LC3-11 staining co-localized with DQ-BSA® containing
vesicles (Figure 3.6A & 3.7A). This observation confirmed that 1) In the absence of CTSB,
autophagosome and lysosome fusion occurs without any apparent abnormalities and 2) DQ-
BSA® containing vesicles are autolysosomes. However, the clearance of DQ-BSA® containing
vesicles was delayed in both CTSB" BMDIM and primary macrophages when compared with
that of wild-type cells (Figure 3.6B, 3.6C, 3.7B and 3.7C), suggesting that CTSB is important in
mediating autolysosome efflux.
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We also showed that inhibition of CTSB by CA-074Me caused an increase in LC3-11
levels and accumulation of autophagic vacuoles33. CA-074ME-treated THP-1 cells also showed
defects in the clearance of DQ-BSA® Red containing vesicles (Figure 3.8). Since CA-074ME
inhibits protease activity and not expression of CTSB, the proteolytic activity of CTSB seems to

be important for mediating a proper autolysosome efflux.

However, the absence of CTSB did not completely block autolysosome efflux (Figure 3.6
C & 3.7C), suggesting that there are compensatory mechanisms or/and that CTSB is involved in
one of many autolysosome vesicle traffickings. To date, little is known about the mechanisms of
autolysosome efflux, except that certain components such as cell membrane cholesterol and
SNAREs have been shown to be involved. A potential role of cholesterol in autophagic vesicle
trafficking is demonstrated in Niemann-Pick type C (NPC), an autosomal recessive
neurodegenerative disease caused by mutations in the NPC1 or NPC2 gene(s) involved in
intracellular cholesterol transport%. Neurons in this disease show accumulation of intracellular
cholesterol within LC3-positive vesicles97 or LAMP-2 positive vesicles9. In the brain tissues of
NPC afflicted individuals, there are high LC3-Il levels, as well as the presence of autophagic
vacuole-like structures and MVBs97. NPC1 deficient cells or cells treated with the drug
U18666A, a cholesterol synthesis inhibitor which causes a phenotype similar to
NPC1 mutations9, show defective back-fusion between intraluminal vesicles to the surrounding
MVB membranel® Since the MVB intraluminal membrane back fusion process in NPC1
deficient cells or U 1866A-treated cells is defective, a proper cholesterol homeostasis could be
important for autolysosome efflux. Congruent with the observations in NPC1 deficient cells,
alveolar epithelial type Il cells treated with the membrane cholesterol-depleting agent methyl-P-

cyclodextrinll have less ability to fuse with lamellar bodies1I® and accumulation of autophagic
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vesicles within the cytosollB These studies collectively suggest that cholesterol is a possible
component regulating autolysosome efflux.

The involvement of membrane cholesterol in vesicle trafficking has been associated with
SNARESs. Secretory vesicles are preferentially docked to sites on membrane sheets that contain
clusters of syntaxin 1 and SNAP-25, and the integrity of these clusters are maintained by
cholesterol40. Chintagari et al. showed that upon cholesterol depletion by methyl-p-cyclodextrin,
the cluster of SNARESs such as SNAP-23 or syntaxin 2 was disrupted and formation of the fusion
pore was inhibited. Thus, these data suggest that the maintenance of proper SNARE protein
clusters by cholesterol is essential for intracellular vesicle trafficking. Therefore, NPC1 deficient
cells may be unable to maintain the SNARE protein clusters properly, resulting in defective
autophagy vesicle trafficking.

In our previous study, CTSB was shown to be involved in TNF-containing cargo vesicle
trafficking to the plasma membrane, which is a SNARE-mediated process® (Figure 4.1). Q-
SNAREs, such as syntaxin 6, syntaxin 7 and Vtilb of pro-TNF-containing vesicles and R-
SNARE VAMP3 on recycling endosomes are important for their fusion14 Subsequently, TNF-
containing vesicles fuse to the plasma membrane and the process requires VAMP 3 on TNF-
containing vesicles and the Q-SNARE complex of the plasma membrane, comprised ofsyntaxin
4 and SNAP-23106 Post-translational modifications of SNARE proteins and the binding of
regulatory proteins are important for SNARE fusion complex formation106 107. Since CTSB has
been shown to be involved in both transcription and post-translational protein processes for
proteins such as proreninl® thyroglobulinuwand other proteinasesll0 CTSB was proposed to
possibly regulate SNARE components either at the transcriptional or post-translational levels to

mediate TNF-containing vesicle trafficking to plasma membrane.
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Figure 4.1. A diagram illustrating involvement of CTSB in vesicle trafficking. CTSB is
involvement TNF-a vesicle trafficking to plasma membrane and back fusion of intraluminal
vesicles to release LeTx into the cytosol. In this study, CTSB has been shown to be involved in

autolysosome efflux. In the absence of CTSB, these processes are blocked.






Similarly, CTSB may be involved in autolysosome efflux by modulating SNARE components or
cholesterol metabolism. SNARE proteins have been demonstrated to be important for
autophagosome maturation4l, but the involvement of SNARE proteins in autolysosome efflux
has not yet been elucidated.

It is known that autophagic vesicles can traffick to the plasma membranes. A previous
study reported that MHC-II-protein complex gained access to the plasma membrane through
autophagylll It was found that endogenous Epstein-Barr virus nuclear antigen 1 (EBNA1)
localized to autophagic vesicles and treatment with the autophagy inhibitor 3-MA decreased
EBNA1-specific CD4+ T cell recognition of EBV-transformed B cells and EBNA1-transfected
Hodgkin’s lymphoma cells. As MHC-11-dependent presentation requires lysosomal proteases112,
we may speculate that autophagosomes containing EBNAL1 fuse with lysosomes to form
autolysosomes. Ultimately, autolysosomes are trafficked to the plasma membrane for MHC-II-
protein presentation.

In this study, | showed that CTSB is involved in autolysosome efflux. However, the target
of CTSB that is involved in autolysosome efflux still remains to be identified. It is possible that
CTSB directly or indirectly targets a luminal molecule(s) that is required for autolysosome
efflux. Recently, we showed that CTSB is required for the back fusion of intralumenal vesicles
to release LeTx into the cytosol9%. The LeTx study, together with the study of CTSB-mediated
TNF-a cargo vesicle trafficking suggests that CTSB is involved in the fusion process of

intralumenal vesicles to the surrounding membranes (Figure 4.1).
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4.1.2. Limitations

CTSB" BMDIM and primary macrophages showed larger vesicles (Figure 3.1, 3.4A,
3.5A, 3.7B, 3.8B & 3.9A). Similarly, NPC1 deficient neurons also show accumulation of large
LAMP-1 positive intracellular vesicles113 and Chinese hamster ovary (CHO) cells treated with
U18666A show larger and brighter fluorescing LC3-11 puncta than non-treated cells114. These
studies suggest that the large vesicles are a feature of cells with defective autolysosome efflux.

Unfortunately, this study did not fully address whether autophagosome/autolysosome
formation (influx) was enhanced in the absence of CTSB due to limited time. One of the
methods to measure autophagy influx is examining LC3-1l turnover in the presence and absence
of lysosomal degradation by Western blots25. Preventing lysosomal degradation can be achieved
by treatment with agents that block fusion of autophagosomes with lysosomes such as vinblastin,
a chemical inhibitor that blocks lysosomal fusion by preventing microtubule-dependent transport
of lysosomes115

This study also did not address whether LC3-11 degradation in autolysosomes were
targeted by CTSB. In order to investigate this question, electron microscopy (EM) gold labeling
using antibodies against LC3 could be done to see whether autophagosomes/autolysosomes have
greater abundance of LC3 within the lumen or on the surfaces. If there are greater amounts of
LC3 labeling, we can assess whether CTSB targets LC3-I1 proteins directly for degradation. HIS
tagged-LC3 proteins can be expressed in E.coli and purified using nickel columns. The purified
LC3 protein can be incubated with CTSB in vitro and run on a SDS-PAGE gel to detect whether

proteins are fragmented or not.
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4.2. Physiological role of autolysosome efflux

This thesis investigated a possible linkage between autolysosme efflux and cell death.
Previous studies have shown that autolysosome efflux is required for the survival of cells and
defects in efflux is involved in the pathogenesis of several diseases including Niemann-Pick type
C disease (NPC)"6. To investigate possible physiological roles of autolysosme efflux, |

examined whether autolysosome efflux protects macrophages from autophagic cell death.

4.2.1. LPS + zVAD induced cell death

In BMDIM, LPS+zVAD induced Nec-1-dependent autophagic cell death in CTSB" cells
but not in CTSB A cells (Figure 3.9A & 3.9B), which was correlated with LC3-11 accumulation
(Figure 3.9C). However, CTSB" primary peritoneal macrophages were slightly less sensitive to
LPS+zVAD induced cell death than CTSB +primary peritoneal macrophages (Figure 3.10A, B
& 3.10 C), which was not correlated with the LC3-1I accumulations observed in these cells
(Figure 3.10D). These results indicate that defective autolysosome efflux per se in primary
peritoneal macrophages was not the main contributor of the cell death. The reason for the
different responses in between BMDIM and primary peritoneal macrophages is not clear.
However, it is possible that primary peritoneal macrophages were also susceptible to non-
autophagic cell death induced by LPS+zVAD and masked the effects of autophagic cell death. In
fact, multiple pathways have been shown to be involved in LPS+zVVAD-induced macrophage
death® "7. Also, unlike primary macrophages, BMDIM were obtained through stably
transfecting the oncogenes c-Myc and c-Raf. Could these oncogenes render BMDIM resistant to

non-autophagic cell death such as apoptosis and autophagic cell death which was eminent in
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BMDIM? These questions could be addressed by specifically preventing autophagic or non-
autophagic cell death. | have tested the chemical autophagy inhibitor 3-MA with inconclusive
results. 3-MA failed to prevent LC3-1I accumulation (Appendix Al) and cell death induced by
the autophagy stimuli tested (data not shown). In fact, a recent study showed that 3-MA can be a
promoter of autophagy after 9 hours of treatment118 In this study, cell death was measured after
24 hours of treatment, thus, autophagy could have been rather induced by 3-MA. Using siRNA
against ATGs could have been an alternative approach to prevent autophagic cell death. We are
currently optimizing siRNA protocol to inhibit expression of ATGs and no data is available at

this moment.

The difference in cell death between primary and immortalized macrophages may also be
due to ROS regulation. Yu et al. showed that zZVAD-induced autophagy in L929 fibroblasts can
selectively degrade catalase, an ROS scavenger, which results in greater accumulation of ROS
followed by necrotic cell deathl7. In primary macrophages, LPS+zVAD was shown to induce
Rip-1-dependent ROS productionl6 Many tumor cells express higher antioxidants to avoid
oxidative damage"9 121 Thus, CTSB++BMDIM may be protected from ROS-mediated necrotic
cell death whereas primary macrophages are susceptible. Indeed, acute myeloid leukemia cells

are resistant to TNFa due to enhanced antioxidant responses, while primary monocytes were

susceptible to TNFa-induced cell death12

It was unexpected to find that CTSB++ primary macrophages were slightly more
susceptible to LPS+zVAD induced cell death than CTSB" cells. Cathepsin B has been reported
to mediate certain caspase-independent cell death pathways123 Non-small cell lung cancer cells
treated with microtubule stabilizing agents induces caspase-independent cell death and inhibition

of cathepsin B results in protection against the drug induced cell death. As mentioned before,
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LPS+zVAD induced cell death in macrophages involves multiple pathways® " 7. Hence,
LPS+zVAD may have partially induced CTSB-dependent cell death pathway and the absence of

CTSB may have provided some protection against the cell death.

4.2.2. LeTx induced cell death

Next 1 examined whether defects of autophagy efflux contribute to LeTx-induced cell
death. Indeed, CTSB'7 BMDIM and primary peritoneal macrophages accumulated more
autolysosomes after LeTx treatment (Figure 3.2A & 3.3.A) and were more susceptible to LeTx-
induced cell death than CTSB, + cells (Figure 11 & 12). These observations support our
hypothesis that proper regulation of autolysosome efflux prevents autophagic cell death.
However, it still needs to be confirmed whether the observed cell death is bonafide autophagic
cell death. Experiments examining whether LeTx-induced cell death was prevented in CTSB"
cells by knocking down beclin-1 or ATG-5 using siRNA could provide a conclusive evidence
for the hypothesis. LeTx induces rapid caspase-1 activation and cell death through activating the
NALPIb receptor in certain in-bred mouse strains including 129/Svj and Balb/c, but not in
C57BL/6, due to differences in NALPIb alleles124 Since CTSB" mice were generated using
embryonic stem cells with 129/Svj genetic background, it may be possible that CTSB" mice still
harbor the NALPIb allele from 129/Svj. Since NALPIb-induced cell death can be inhibited by
the proteasome inhibitor MG1321%5 we examined whether LeTx-induced cell death in CTSB"
macrophages could be prevented by MG 132. In fact, MG 132 was able to prevent LeTx-induced
cell death in CTSB" BMDIM (Appendix A2), suggesting that cell death could be mediated
through NALPIb. More definitive studies such as genotyping the NALBIb allele or examining
the effects of caspase-1 inhibitors or autophagy inhibitors are required to make a conclusion.
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4.2.3. Serum Starvation-induced cell death

It is generally accepted that autophagy is a cell survival mechanism during serum
starvationX 44. However, in certain circumstances, autophagy enhances cell death. For example,
inhibition of autophagy with PI3K inhibitor LY294002 protected PC12 cells from serum
starvation-induced cell death 126. In addition, serum starvation mainly induces apoptosis 127, and
CTSB is an important player in apoptosis67 I2S. In this study, serum starvation caused about 40%
cell death in both CTSB+' and / macrophages (Figure 3.14), although LC3-11 was more highly
accumulated in CTSB™ serum starved cells (Figure 3.2B). It is difficult to determine whether the
serum starvation-induced cell death observed in macrophages is due to autophagy or apoptosis.
This complexity is due to the dual roles of autophagy in both cell death and survival. Therefore,
CTSB deficiency may negatively and positively contribute to apoptosis and autophagic cell
death, respectively. Further detailed experiments such as examining cell death after specifically
inhibiting apoptosis or autophagy may provide conclusive evidence regarding the role of
autolysosome efflux in autophagic cell death in CTSB™ macrophages. Apoptosis can be

inhibited by BAX siRNA or zVAD treatments.

4.2.4. CTSB-mediated autolvsome efflux is required for anthrax toxin receptor 2-mediated

anthrax toxin delivery into the cytoplasm.

Our lab showed that autolysosome efflux plays an important role in LeTx delivery to the
cytosol. LeTx is one of the key virulence factors secreted by Bacillus anthracis, the causative
agent of anthrax129 130 LeTx is composed of LF and PA. LF is a metalloproteinase and in certain

mouse cells, induces necrosis by activating NACHT-leucine-rich repeat and pyrin domain-
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containing protein 1b (NALPIb)124. LF also directly cleaves the mitogen-activated protein kinase
kinases (MEKSs) and causes inactivation of these proteins. PA functions as a cytoplasmic
transporter that delivers LF to the cytosol, and is responsible for inducing autophagy% which is
required for LF delivery to cytosol. Incorporation of LF into the cytoplasm is initiated by the
binding of PA to the host surface through interacting with either of two known receptors: anthrax

receptor(ANTXR)IIjI and ANTXR212 Although ANTXR1 and -2 share high amino acid
sequence homology (~60% in extracellular domains and ~68% in the first 145 residues of

cytoplasmic domain) and post-translational modifications such as palmitoylation and
ubiquitination13 134 the pH thresholds for PA to form a transmembrane pore are different in
these two receptors 135 1% it was shown that PA dissociates from ANTXR2 and forms a pore at a
lower pH than that required for ANTXR1. Our recent study showed that LeTx is delivered to
autolysosomes, and CA-074Me treatment blocked autolysosome efflux and LF translocation to
cytosol in ANTXR1 knockdown cells but not in ANTXR2 knockdown”5. This suggested that
cathepsin B-mediated autolysosome efflux is involved in the delivery of ANTXR2-associated LF
into the cytoplasm. Further investigations are required to identify roles of autolysosome efflux as

no other roles of autolysosome efflux have been identified to this date.

4.3. Future directions

In addition to the experiments suggested above, the following experiments will unravel the role

of CTSB in autolysosome efflux and its physiological roles.
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4.3.1. CTSB protease activity and autolvsosome efflux

CTSB has two peptidase activities depending on pH: exopeptidase activity in low pH and
endopeptidase activity in neutral or higher pH137. By elucidating which protease activity of
CTSB is important in autolysosome efflux, we may narrow down whether CTSB is localized to a
low pH or neutral pH environment to mediate autolysosome efflux. By using a method
previously described, we can generate a CTSB mutant without exopeptidase activity by
removing the occluding loop13 We could use this mutant to determine whether exopeptidase

activity of CTSB is important for autolysosome efflux or not.

4.3.2. Proteases involved in autolysosome efflux

In order to determine whether there are compensatory mechanisms for CTSB in
autolysosome efflux, we could investigate whether other proteases are involved as CTSB is a
protease itself. One of the potential proteases to investigate is CTSL which is one of the major
lysosomal proteases involved in protein catabolism13 As mentioned previously, CTSB and
CTSL double knockout mice show large vesicle accumulation in neuronal tissues87. CTSB and
CTSL have been demonstrated to compensate for each other during maturation of the postnatal
central nervous system in v/'vo87. During reovirus disassembly to generate infectious subvirion
particles, removal of both CTSB and CTSL activity by chemical inhibitors or by genetic
knockdown completely abrogates disassembly and growth of reovirus while removal of CTSL
activity alone only decreases the capacity of cells to support reovirus disassembly. Hence, CTSL

may have a compensatory mechanism in the absence of CTSB during autolysosome efflux.

66



4.3.3. Proteins involved in autolysosome efflux

In the current literature, very limited information is available regarding the mechanism of
autolysosome efflux. In order to understand the autolysosome efflux process, we need to identify
proteins involved in the process. Proteins known to be involved in vesicular trafficking such as
SNAREs and Annexin Il will be good candidates to investigate. SNARE proteins are
transmembrane proteins that have been extensively documented to be involved in vesicular
membrane fusion and exocytosisl0'4L Autophagic vesicle trafficking also requires SNARE
proteins for the autophagosome fusion process4l Potential SNARE proteins for autolysosome
efflux would be VAMP-7 and syntaxin-4, which are required for lysosome fusion with the

plasma membrane3.

Another potential protein family to investigate for a role in autolysosome efflux are the
Annexins. Annexin 1l is a Ca2+ dependent lipid-binding protein that is found on endosomes,
plasma membranes and a subset of exocytotic transport vesicles142 It is involved in aggregating
vesicles by binding to different membranes}® and has been documented to play a role in the
exocytic pathway, as its inhibition disturbs surface transport of apical proteinsi4 and insulin-
stimulated plasma membrane translocation of GLUT-4144 Also, Ca2f levels required for Annexin
Il to bind to membranes is similar to those needed to promote exocytosisl46. This suggests that it
may facilitate intracellular vesicle binding to the plasma membrane. Annexin Il was also
reported to associate and co-localize with CTSB in the caveolae, a lipid raft, of tumor cells7o.
This suggests that annexin Il and CTSB may also associate with each other intracellularly and
possibly be involved in modulating exocytosis. By identifying the proteins involved in
autolysosome efflux, we will be able to have a better understanding of autolysosomal vesicle

trafficking.
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4.4, Conclusion

To date, extensive studies have unraveled the mechanism of autophagy biogenesis and
more than thirty ATG genes have been identified. Although it is obvious that the sequestered
components of autolysosomes are released into the cytosol to maintain cellular homeostasis, little
is known about how autolysosomes are cleared. We named this process “autolysosome efflux”
and showed that CTSB is one of the important players in this process. Unfortunately we were
unable to find a clear physiological role of autolysosome efflux in autophagic cell death; a
definitive conclusion awaits with more detailed studies. Interestingly, we showed that some
pathogenic microbes utilize the autolysosome efflux system to deliver toxins into the cytoplasm
9 Further investigations are required to unravel a detailed mechanism of autolysosome efflux
and to determine CTSB targets in the regulation of autolysosome efflux. These future researches
will provide better insights into the autophagy life cycle and a better understanding of autophagy
process can potentially provide novel therapeutic strategies for treating many diseases caused by

defective or overactive autophagy such as neurodegenerative diseases, pancreatitis or cancer.
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Appendix Al. 3-MA treatment induces LC3-1l. BMDIM from CTSB-deficient (CTSB'") mice
were treated with 3-MA (5mM) for 8H. LC3-I and Il proteins were analyzed using Western

blotting. Western blot against actin was used as loading controls. Data represent one of three

independent experiments.
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Appendix A2. MG132 inhibits LeTx induced cell death in CTSB-deficient BMDIM.
BMDIM from CTSB-deficient (CTSB_/) mice were pretreated with MG132 (I0uM) for 1H and
treated with LeTx for 2 H. MTT was added 2H before the end of experiment to determine cell

viability. (n=3)
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