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ABSTRACT

The study was designed to develop xenograft mouse model in pediatric cancers
with focus upon neuroblastoma - the most common form of solid tumors in childhood
cancer and leukemia- the most prevalent form of pediatric cancer. The thesis consists
of two sections- Sectionl includes testing and validating the therapeutic efficacies of
novel compounds in preclinical models of neuroblastoma and Section 2 details the
development of an experimental animal model for childhood leukemia. The study on
neuroblastoma was designed to test a panel of reversible and irreversible inhibitors of
cathepsin B and L to induce death of neuroblastoma cells. Efficacy of the compounds
depends on their ability to inhibit enzyme activity of cathepsins B and L. Five
compounds that differ in mode and rate of inhibition of enzymes were tested to
evaluate their ability to cause neuroblastoma cell death. Cysteine protease inhibitors
that could not achieve at least 90% inhibition of enzyme activity in vitro failed to
control neuroblastoma tumor growth in vivo. Treatment with inhibitors caused an
increase in markers of cell stress and induced expression of autophagic markers LC3-
IT indicating that apoptosis was preceded by autophagy. The levels of LC3-II were
highest for cells treated with irreversible inhibitors than reversible inhibitors. In
contrast to irreversible inhibitors which markedly impaired tumor growth in vivo;
reversible inhibitors failed to induce neuroblastoma cell death and did not control
tumor growth .These results illustrated that irreversible inhibitors are better candidates

for control of tumor growth and bring about death of neuroblastoma cells. It is

Xii



concluded that development of drugs to target these two proteases may provide a
novel approach in treating neuroblastoma.

Section 2 includes the study designed to create human leukemia xenografts in
immunodeficient mice. This would provide an important tool to understand various
aspects of leukemia disease origin and subsequent progression while identifying and
evaluating novel therapeutic strategies. The disease models developed in this study
used both cell lines and primary human acute lymphoblastic leukemia cells to create
xenografts that recapitulate clinical features of the disease. Similar to the human
environment, the injected leukemia cells in the mouse are exposed to both favorable
and unfavorable conditions for engraftment. Cells harvested from the spleens of
engrafted mice readily initiated leukemia in secondary and tertiary recipients. High-
level infiltration of bone marrow, spleen, and liver was observed. The
immunophenotypes of xenografts were essentially unaltered compared with that of the
patient sample. In this study we hypothesized that the biologic characteristics of
childhood ALL xenografts accurately reflected the clinical disease. The animal disease
models developed in this study provides powerful experimental tools to prioritize new

therapeutic strategies for future clinical trials.
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SECTION 1: NEUROBLASTOMA



Chapter 1

INTRODUCTION

1.1 Neuroblastoma

Neuroblastoma develops from neuroblast stem cells of the neural crest.
Normally, these cells divide and after a migratory phase they differentiate into cells of
the peripheral nervous system or into adrenal medulla cells in the center of the adrenal
gland. In humans, most of this developmental process occurs prior to birth.
Neuroblasts that fail to mature and continue to divide lead to neuroblastoma, a solid
cancerous tumor that becomes apparent in infants and children aged less than 5 years.
Neuroblastoma can originate in the nerve tissue near the spine in the neck, chest,
abdomen, or pelvis, and more often in the adrenal glands. Thus it can be considered to
be a developmental defect caused by failure of neural crest cells to differentiate into
cells of the adrenal glands and peripheral nervous system. Sometimes it can also be
detected in a prenatal (before birth) ultrasound scan. Most often, however,
neuroblastoma is detected after the cancer has spread to other parts of the body, such
as the lymph nodes, liver, lungs, bones, and bone marrow[reviewed in Maris 2010,
van Noesel et al. 2004, Volchenbum et al 2009]. The clinical presentation is highly
variable, ranging from a mass that causes no symptoms to a primary tumor that causes

critical illness as a result of local invasion, widely disseminated disease, or both.



1.2 Incidence Rates of Neuroblastoma

Neuroblastoma is the most common form of extra cranial solid tumor in
children. More than 650 cases are diagnosed each year in North America. The
prevalence is about 1 case per 7,000 live births and its incidence is about 10 cases per
1 million every year in children younger than 15 years of age (London W.B et al.2005)
37% are diagnosed as infants, and 90% are younger than 5 years, with a median age at
diagnosis of 19 months. Neuroblastoma accounts for 6% of all childhood cancers in
the United States. It is the most commonly occurring cancer in babies younger than
one and the third most common tumor in children. The five-year survival rate for
children with low-risk neuroblastoma is higher than 95% (Cancer Facts & Figures
2013). For children with intermediate-risk neuroblastoma, the survival rate is 80% to
90%. However, for children with high-risk neuroblastoma, the survival rate is only 30

to 50%.


http://www.cancer.net/node/18689

1.3 The International Neuroblastoma Staging System

Stage/Prognostic Group

Description

Stage 1

Localized tumor with complete
gross excision, with or without
microscopic residual disease;
representative ipsilateral lymph nodes
negative for tumor microscopically
(nodes attached to and removed with

the primary tumor may be positive).

Stage 2A

Localized tumor with
incomplete gross excision;
representative ipsilateral nonadherent
lymph nodes negative for tumor

microscopically.

Stage 2B

Localized tumor with or without
complete gross excision, with ipsilateral
nonadherent lymph nodes positive for
tumor. Enlarged contralateral lymph

nodes must be negative microscopically




Stage 3

Unresectable unilateral tumor
infiltrating across the midline, with or
without regional lymph node
involvement; or localized unilateral
tumor with contralateral regional lymph
node involvement; or midline tumor
with bilateral extension by infiltration
(unresectable) or by lymph node
involvement. The midline is defined as
the vertebral column. Tumors
originating on one side and crossing the
midline must infiltrate to or beyond the

opposite side of the vertebral column.

Stage 4

Any primary tumor with
dissemination to distant lymph nodes,
bone, bone marrow, liver, skin, and/or
other organs, except as defined for

stage 4S.




Stage 4S Localized primary tumor, as
defined for stage 1, 2A, or 2B, with
dissemination limited to skin, liver,
and/or bone marrow (by definition
limited to infants younger than 12
months).[ Taggart et al. 2011] Marrow
involvement should be minimal (i.e.,
<10% of total nucleated cells identified
as malignant by bone biopsy or by bone
marrow aspirate). More extensive bone
marrow involvement would be
considered stage 4 disease. The results
of the mIBG scan, if performed, should

be negative for disease in the bone

marrow.

mIBG = metaiodobenzylguanidine,

http://www.cancer.gov/cancertopics/pdg/treatment/neuroblastoma/HealthProfessional/Table3

1.4 Current Therapies for Neuroblastoma

Treatment for neuroblastoma generally depends on various factors including
size and location of the tumor, degree of metastasis, the risk classification, possible
side effects, family preferences, and the child’s overall health. In most cases, the
treatment is tailored according to the risk group the patient is assigned to and may

require a combination of therapies. The neuroblastoma is often not detected until after


http://www.cancer.net/node/19429

the cancer has spread. If the tumor has not spread, surgery alone may be able to
remove the entire tumor. If the tumor cannot be completely removed, the patient may
undergo radiation therapy or chemotherapy to kill the remaining cancer cells in the
body. Chemotherapy drugs kill cancer cells by inhibiting their ability to grow and
divide. The drugs are often delivered systemically via the bloodstream to reach cancer
cells throughout the body. Chemotherapy may be used as the primary treatment for
neuroblastoma, or it may be given before surgery to shrink the tumor or after surgery
to kill any remaining cancer cells. Some of the most commonly used chemotherapeutic
agents are Carboplatin ,Cyclophosphamide and Doxorubicin. Radiation therapy is
also recommended in some cases where high-energy x-rays or other particles are
applied to destroy cancer cells. Side-effects of general cytotoxic chemotherapy are
particularly severe for children, and the success rate for treatment of patients with
advanced stages of neuroblastoma remains poor. Furthermore, these therapies that
were originally designed to treat adult cancers are particularly toxic to growing
children and can cause life-long side effects and even lead to the development of
additional cancers. It is for these reasons that alternative approaches of treatment are
required. In this study, we hypothesized that implementation of compounds from
therapeutic studies that are already in clinical trials for treatment of other diseases,
such as Osteoporosis (Perez-Castrillon JL et al 2010) and Chagas disease (Mohammed
Sajid et al 2011), will provide drugs with better pharmacokinetics which may enhance

the development of a new treatment for neuroblastoma.


http://link.springer.com/search?facet-author=%22Mohammed+Sajid%22
http://link.springer.com/search?facet-author=%22Mohammed+Sajid%22

1.5 Biology of Cathepsins

Cathepsins are the primary enzymes responsible for mammalian protein
degradation in the lysosome. There are several enzymes involved in lysosomal
proteolysis which are active only in the right environment. In the lysosomes, proteins are
degraded to smaller peptides and amino acids by combined actions of endo- and exo-
peptidases. Almost all the endolysosomal proteases are called cathepsins. There are 11
human cathepsin cysteine proteases, cathepsins B,H,L,S,C,K,O,F,V,X and W and two
aspartic proteases, cathepsins D and E. The cysteine cathepsins are structurally related to
the plant enzyme, papain. Cathepsins are synthesized as inactive pre-pro-enzymes having
a signal peptide and an N terminal pro-peptide. The signal peptide delivers the cathepsin
precursor into the lumen of the rough endoplasmic reticulum and is co-translationally
removed (Kornfeld S 1992). The pro region is required for folding of the nascent
cathepsin and inhibits proteolytic activity of the enzyme by blocking the active site. The
three dimensional structure of the pro-enzyme is stable at neutral pH, maintaining the
precursor in its inactive state. The procathepsin undergoes asparagine-linked glycosylation
and carbohydrate processing in the Golgi. As the pH drops during transport to the late

endosomes the pro cathepsins become less stable and are processed into active proteases.

1.6 Role of Cathepsins in Cancer

As described above, in normal cells cysteine cathepsins are usually localized
within the lysosome or other intracellular compartments, and their main function is to
aid in protein degradation and processing. In some human and mouse cancers
increased expression and activity levels of cysteine cathepsins have been reported.

Under some pathological conditions, these cathepsins get translocated from the



intracellular compartments to the cell surface and are sometimes even secreted by
tumor cells. The enzymes can then degrade ECM components and basement
membranes, thereby assisting in tumor cell invasion and metastasis (Sloane et al.,
1994). Other studies have shown that elevated levels of tumor cathepsins can exceed
levels of extracellular cathepsin inhibitors (cystatins) leading to uncontrolled
proteolysis of the ECM. Cathepsins were also found to play a major role in
angiogenesis. In order for the tumor to increase in size they need to be fed on by the
formation of new blood vessels. It has been shown that cathepsin B degrades ECM,
enabling migration of endothelial cells. It also aids in tumor associated angiogenesis
by activating TGF-f, a critical factor for the development of the vascular structure.
Detection of these proteins in extracellular fluids may extend their application to

diagnosis (Advances in Enzyme Regulation 2001).

1.7 Role of Cathepsins in the Development of the Nervous System

Cathepsins play a vital role in the development of the nervous system. For
example, deficiency in cathepsin K has been shown to have a multiple-level impact on
brain development and metabolism. Studies have shown that the metabolism and
structure of non-neuronal cells were significantly disconcerted in the CNS of cathepsin
K knockdown animals (S Dauth et al 2011). The analysis of neuronal markers
demonstrated that the architecture of the neuronal layers was affected by cathepsin K
deficiency in particular in the hippocampus, a region of the CNS known for its
importance in the regulation of anxiety and memory. The highest specific activity of
cathepsin K has been observed within this region of the brain. In the present study, the

focus is on the effects of cathepsins B and L in inducing neuroblastoma cell death.


http://www.sciencedirect.com/science/article/pii/S0065257101000346#BIB77
http://www.sciencedirect.com/science/article/pii/S0065257101000346#BIB77

Mice that are deficient in both cathepsin B and L exhibit extensive neuron death in the
cerebral cortex and in the cerebral Purkinje and granule cell layers and eventually
develop a pronounced brain atrophy. Most of the animals that are deficient in both the
enzymes die during the weaning period even if they are carefully nursed as the
neurons of these animals develop a lysosomal storage disorder. Results from all the
previous studies clearly indicate that cathepsin B and L play essential roles during
postnatal maturation and in maintaining the integrity of the central nervous system in

mice (Sonja Stahl et al 2007).

1.8 Effect of Inhibition of Cathepsins B and L by FYAD on Neuroblastoma
Cells

Previous studies have shown that neuroblastoma cells are uniquely sensitive to
inhibition of both cathepsins B and L, causing apoptotic cell death (Donna M.
Cartledge et al 2012). A specific irreversible inhibitor, Fmoc-Tyr-Ala-CHN, (FYAD),
can bind to both cathepsins B and L and cause a complete chemical knockdown of the
enzymes’ activities. Cellular apoptosis was not attained by partial enzyme inhibition.
Previous studies in our lab have shown that more than 90% enzyme inhibition is
required to affect cell growth and induce cell death. Cell death by cathepsin inhibition
may be due to the accumulation of proteins that are normally degraded by the
combined activity of cathepsin B and L. This was proven by electron microscopy
studies which traced the accumulation of dense granules in neuroblastoma cell lines
over time. Proteomic studies have also shown that cell death may be preceded by
autophagy by the accretion of the marker for cell stress and autophagy ,LC3-II.

[Colella et al.2010].

10


http://www.sciencedirect.com/science/article/pii/S1570963907001537

In summary, inhibition of cathepsins B and L may provide some insight to a
potential novel therapeutic approach to treat neuroblastoma. A prime limitation of
FYAD was its inability to achieve complete inhibition of the enzyme’s activity in vivo
and thus failed to induce cell death. In the present study, a panel of inhibitors have
been tested to see their potential effects in treating neuroblastoma, both in vitro and in

Vivo.

1.9 Autophagy

During development and nutrient stress, in order to maintain the balance of energy
sources the cells undergo a self degradative process called autophagy. This process is
important to remove misfolded or aggregated proteins, clearing damaged organelles, such
as mitochondria, endoplasmic reticulum and peroxisomes. In addition to all these
functions autophagy promotes cellular senescence and cell surface antigen presentation,
protects against genome instability and prevents necrosis. Autophagy plays a key role in
diseases like cancer, neurodegeneration, cardiomyopathy, diabetes, liver disease,
autoimmune diseases and infection.

Autophagy begins with formation of an isolation membrane, known as a
phagophore, which expands to engulf intra-cellular cargo, such as protein aggregates,
organelles and ribosomes, thereby forming a double-membrane autophagosome
(Mizushima N. 2007). The autophagosome then fuses with the lysosome and promotes
degradation of the autophagosomal contents by lysosomal acid hydrolases. Lysosomal
permeases and transporters transfer the amino acids and other by-products of degradation
back out to the cytoplasm, where they can be re-used for metabolism (Mizushima N.

2007). Hence autophagy is referred to as a ‘recycling factory’ by providing energy through

11



ATP generation and preventing cell damage by removing non-functional proteins and

organelles (Danielle Glick et al 2010).

1.10 Role of Autophagy in Cancer

In cancer, autophagy can act as a tumor suppressor and a mechanism of cell
survival. As a tumor suppressor it prevents the accumulation of damaged parts of the
cell (proteins and organelles). The high metabolic demand during rapid proliferation
of tumor cells results in increased cellular stress. Previous studies have shown that
inhibition of prosurvival autophagy by genetic or pharmacological means kills tumor
cells by triggering apoptotic cell death (Degenhardt K et al 2006)(Amaravadi RK et al
2007).

Other studies have shown that increased autophagy leads to cell death. The role
of autophagy in cancer is very complex, various pharmacological agents have been
shown to induce autophagic activity resulting in massive death of cells in some cancer
types ( Tsujimoto Y et al 2005). One of the major causes for chemo-resistance is
decreased apoptosis. Overcoming chemo-resistance would be the breakthrough needed
in development of therapies in cancer treatment. Thus, activation of autophagy in
apoptosis-resistant cancers could potentially provide a way to induce cell death and
obstruct malignant growth ( M A Hayat). Autophagic cell death is accompanied by the
formation of autophagosomes/autolysosomes without chromatin condensation (Levine
B et al 2004). As cancer cells are frequently resistant to drug-mediated apoptosis after
long-term chemotherapeutic treatments, the induction of autophagic cell death in
apoptosis-defective or apoptosis-resistant tumor cells may provide an alternative

therapeutic approach to tumor suppression (Alva AS et al 2004)

12


http://www.ncbi.nlm.nih.gov/pubmed/?term=Glick%20D%5Bauth%5D

Recently, a number of clinically approved or experimental anti-tumor drugs
have been shown to induce autophagy-related cell death in some malignant cells
(Chang CP et al 2007, Kondo Y 2005). Targeting autophagy in cancer will aim to
identify optimal strategies to alter autophagy for therapeutic advantage and also

provide new opportunities for drug development ( Zhineng J. Yang et al 2011)

13


http://mct.aacrjournals.org/search?author1=Zhineng+J.+Yang&sortspec=date&submit=Submit

1.11 Hypothesis

The hypothesis tested in this thesis is that irreversible inhibitors of cathepsins
B and L (FYAD, LHVS and K11777) will induce neuroblastoma cell death and impair
tumor growth, both in vitro and in vivo. Efficacy of irreversible inhibitors is also
compared to efficacy of reversible inhibitors. A series of reversible and irreversible
cathepsin inhibitors with different mechanisms and rates of inhibition were tested for
their ability to inhibit growth and/or cause death of neuroblastoma cells. The most
promising compounds were also tested in an animal model of neuroblastoma. The
long-term goal of this research is to determine whether inhibition of Cathepsin B and

Cathepsin L can provide a novel approach to treatment of neuroblastoma.
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Chapter 2

MATERIALS AND METHODS

2.1 Cell Lines and Culture

Two different neuroblastoma cell lines (SK-N-SH and IMR-32 cells, from
ATCC) were chosen for this study. The cell lines were cultured in MEM growth media
(Mediatech Inc., Manassas, VA, USA, #10-010-CV) supplemented with 10% FBS (# 35-
015-CV, Mediatech Inc. Manassas, VA), 1% sodium pyruvate ( Mediatech Inc.,
Manassas, VA, #25-30-CI) and 1% non essential amino acids (Mediatech Inc., Manassas,
VA, #25-30-CI). IMR-32 cells from more aggressive N- (neuroblastic) type tumors
were cultured in 75 cm?2 flasks and passaged upon reaching 80-90% confluence every 3-4
days by mechanical disruption. SK-N-SH cells representing less aggressive S-
(substrate-adherent) type tumors were cultured in 100 mm tissue culture plates, and
passaged by treating with 0.25% trypsin (Mediatech Inc. Manassas, VA, # 25-050-CI)
upon reaching 80-90% confluence every 2-4 days. Cells were kept at 37°C in a humidity

saturated chamber containing 95:5; v/v air: CO2 atmosphere.

2.2 Cathepsin Inhibitors

Fmoc-Tyr-Ala-diazomethane (FYAD), previously developed in our lab, is a
specific irreversible inhibitor of cathepsins B and L , and is now available from
Bachem (Torrance, CA). (3R,6 S,8R)-8-(4-Bromophenyl)-6-(2-fluoro-2-
methylpropyl)-5-oxo0-8-(trifluoromethyl)-1-thia- 4,7-diazacycloundec-9-yne-3-
carbonitrile (U.S. patent application 12/532,652), L-264, was a gift from M. David
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Percival (Merck-Frosst, Canada). N-methyl-piperazine-Phe-homo-Phe-vinylsulfone-
phenyl (K11777) was generously gifted by James McKerrow (University of
California, San Francisco). VBY-825 and VBY-754 are specific reversible inhibitors
of cathepsins B, L and S. VBY-129 is a specific reversible inhibitor of cathepsin S
and VBY-376 is specific reversible inhibitor of cathepsin B. LHVS is a specific
irreversible inhibitor of cathepsins B, L and S. These inhibitors were a gift from

Virobay (California).

2.3 Quantitative Assessments of Cell Viability

Cathepsin inhibitor-induced cytotoxicity was measured using the cell titer blue
viability assay (Promega, Madison, WI). Neuroblastoma cells were cultured in 96-well
plates. Cells seeded at 50 % confluence were incubated at 37 °C with 5% CO. for 24 h
to allow cell attachment to plates. Inhibitors or vehicle controls were then added in
serial dilutions and cells were incubated for 3 days. Media was aspirated after 3 days
and cell titer blue (5 pl of 1:5 PBS diluted reagent per 100 pul media, equivalent to 1 %
final concentration) was added to each well and incubated for 4 h at 37 °C.

Fluorescence intensity was then measured (535/595 nm, excitation/emission).

2.4 Quantitative Assessments of Enzyme Activity

The hydrolytic activity on synthetic substrates including Z-Phe-Arg-NMec was
determined according to the method of Mason et al 1985 with slight modifications.
Neuroblastoma cells were cultured in 96-well plates. Cells seeded at 50 % confluence
were incubated at 37 °C with 5% CO: for 24 h to allow cell attachment to plates.
Inhibitors or vehicle controls were then added at 2 different concentration (10 uM and

20 uM). Cells were treated in replicates of 6, with 6 wells containing media with no
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cells for each condition as blanks. Cells were incubated for 3 days. Media was
aspirated after 3 days and activity buffer (100 nM sodium acetate, pH 5.5, 1 mM
EDTA, 25 pl 1 dithiothreitol) was added to each well and incubated for 10 min at 37
°C. The enzymatic reaction was initiated by the addition of Z-Phe-Arg-NMec
substrate to a final concentration of 10 or 20 uM. The fluorescence intensity of
aminomethylcoumarin released was determined at excitation wavelength, 370 nm, and
emission wavelength, 460 nm, using a luminescence spectrophotometer (Victor X4,

Perkin-Elmer Ltd). Data are expressed as relative expression units.

2.5 Western Blot Analysis

Total cellular proteins were dissolved in 7 M urea, 2 M thiourea, 1 % chaps, 30
mM Tris, pH 8.5 lysis buffer. Equal amounts of protein (25 pg/lane) were separated by
SDS/PAGE electrophoresis and were transferred onto Immobilon-P PVDF membranes
(Millipore,Bedford, MA). Proteins were identified by immunoblotting with the
following antibodies: B-actin (A5441, Sigma, St Louis, MO), LC-3 (3868, Cell
Signaling, Danvers, MA). Western blot membranes were probed with anti-B-actin
antibodies as a control for protein loading. A solution consisting of 200 mM glycine,
0.1 % SDS and 1 % Tween-20 at pH 2.2 was used to strip membranes prior to re-

probing with different primary antibodies.

2.6 Xenograft Model of Neuroblastoma

SCID hairless sho strain code 474 mice were injected subcutaneously with 107
SK-N-SH cells. The cells were resuspended in 1 ml of ice cold PBS and placed on ice.
Iml of ice cold Matrigel (BD Matrigel Basement Membrane Matrix) was added to the

cells with continuous mixing. 100 pl of suspension was injected subcutaneously into
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left flank of 20 mice. Once the tumors developed , they were randomized into 2
groups. Group 1 (control) was treated with saline and Group 2 (treated) was treated
with an irreversible inhibitor of cathepsins B and L, K11777 (5 mg/ml in saline). The
mice were injected (100 pl) twice daily with saline or K11777 respectively for 10
consecutive days at the site of the tumor. Tumors were measured with calipers and
tumor volume calculated using a modified ellipsoid formula 1/2(Length x Width?).
The experiment was terminated 20 days after initiation of treatment or when tumors in
animals approached a volume of 1,000 mm’. Once the animals were sacrificed, the
different organs- kidney, liver, spleen, brain, blood and tumors were harvested for
further analysis. All animal experiments were conducted in accordance with the
protocols described in the NIH Guide for the Care and Use of Animals and were
approved by the Nemours Biomedical Research Institutional Laboratory Animal Care
and Use Committee (IACUC).

In separate experiments, SCID hairless sho strain code 474 mice were injected
subcutaneously with 107 SK-N-SH cells. 100 pl of suspension was injected
subcutaneously into left flank of 16 mice. Once the tumors developed , they were
randomized into 2 groups. Group 1 (control) was treated with PBS and Group 2
(treated) was treated with a reversible inhibitor of cathepsins B and L, L-264, in 100 pl
hydroxypropyl beta cyclodextrin (HPD) solution (45 % HPD, 10 % DMSO in PBS).
The mice were injected (100 pl) twice daily with saline (controls) or L-264 for 10
consecutive days at the site of the tumor. Tumors were measured with calipers and
tumor volume calculated using a modified ellipsoid formula 1/2(Length x Width?).
The experiment was terminated 20 days after initiation of treatment or when tumors in

animals approached a volume of 1,000 mm®. Once the animals were sacrificed, the
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different organs- kidney, liver, spleen, brain, blood and tumors were harvested for
further analysis. All experiments were approved under IACUC protocol NBR-2013-
004.

2.7 Small Interfering RNA Transfection for Cathepsin B Knockdown

Cathepsin B-specific small interfering RNA (siRNA) oligos were purchased
from Invitrogen (Cat. Nos. 13778075, 13778-150). Stealth RNAi (or siRNA) were
transfected into human SKNSH neuroblastoma cells using Lipofectamine RNAIMAX
in a 24 well plate. For each well to be transfected, RNAi duplex-Lipofectamine®
RNAIMAX complexes were prepared as follows.

e Add varying concentrations of RNAi duplex ranging from 10 nM to 50
nM in Opti-MEM® I Medium without serum in the well of the tissue
culture plate. Mix gently.

e Mix Lipofectamine® RNAIMAX gently before use, then add 10 pl
Lipofectamine® RNAIMAX to each well containing the diluted RNAi
molecules. Mix gently and incubate for 10-20 minutes at room
temperature.

Dilute cells in complete growth medium without antibiotics so that 500 pl
contains the appropriate number of cells to give 30-50% confluence 24 hours after
plating. Use 20,000-50,000 cells/well for suspension cells. To each well with RNAi
duplex - Lipofectamine® RNAIMAX complexes, add 500 pl of the diluted cells. This
gives a final RNA concentration ranging from10 nM to 50 nM. Mix gently by rocking
the plate back and forth. Incubate the cells for 72 hours at 37°C in a CO2 incubator

until ready to assay for gene knockdown.
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Chapter 3

RESULTS

We have previously demonstrated that FYAD, a cathepsin B and L inhibitor,
induces cell cycle arrest and apoptosis of the neuroblastoma cell lines SK-N-SH and IMR-
32 in a dose dependent manner (Colella et al. 2010). Induction of apoptosis was specific to
neuroblastoma cell lines, and not observed in other cancer cells and non-malignant
fibroblastic cell lines (Colella et al. 2010). Apoptosis and cell cycle arrest was
accompanied by accumulation of dense autophagic vesicles within inhibitor treated cells
(Colella et al. 2010). In this study we investigated the effects of various inhibitors on
neuroblastoma cell lines by measuring induction of cell death and inhibition of lysosomal

function.

3.1 Analysis of Enzyme Activity After Addition of Inhibitors to Neuroblastoma
Cells

The effect of reversible and non-reversible inhibitors of cathepsin B were
tested on SKNSH neuroblastoma cells. The cells were treated with two different
concentrations (20 pM and 10 uM) of inhibitors. The cells were seeded in a 96-well
plate and each row was subjected to treatment with different inhibitors. The inhibitors
used were two irreversible inhibitors of cathepsin B and cathepsin L (LHVS, FYAD),
and five reversible inhibitors (L264 — an inhibitor of cathepsins B and L; VBY-825
inhibitor of cathepsin B, cathepsin L and cathepsin S, VBY-754 inhibitor of cathepsin
B, cathepsin L and cathepsin S; VBY 129 - a specific inhibitor of cathepsin S; and

VBY376 — a specific inhibitor of cathepsin B). The cells treated with the above
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inhibitors were incubated for 3 days and remaining enzyme activity was measured.
For comparative analysis, we defined enzyme activity in the control as 100%. No
enzyme activity remained in cells treated with either concentration of the irreversible
inhibitors (Figure 3.2) .The reversible inhibitor of cathepsin S (VBY-129) had no
significant effect on activity against Z-Phe-Arg-NMec whereas the reversible inhibitor
of cathepsin B (VBY-376) inhibited the activity by approximately 50% (Figure 3.4).
However in cells treated with reversible inhibitors known to block activity of
cathepsin B, L and S (VBY-825 and VBY- 754), 70 — 90% of enzyme activity was
blocked (Figure 3.3). The quantification of the enzyme activity data are shown (Figure
3.5).

VBY-226 |- 9 B
VBY-754 |+ L. X5 X
LHVS L. L XX
VEY-129 | L X X X
VBY-376 | S W P
FYAD | C X X2
MEDIA | XX
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Figure 3.1: In the above figure, SKNSH cells were not treated with inhibitors and

were used as control to detect the cathepsin B + L enzyme activity.
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Figure 3.2: Enzyme activity of cathepsin B when treated with irreversible inhibitors

FYAD and LHVS.

A, Representative images of enzyme activity assay when SKNSH cells treated with

20 uM concentration of irreversible inhibitors FYAD and LHVS respectively. B,

Representative images of enzyme activity assay when cells treated with treated with

10 uM concentration of irreversible inhibitors FY AD and LHVS respectively.
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Figure 3.3: Enzyme activity of cathepsin B when treated with reversible inhibitors
VBY-825(cathepsin B, L and S inhibitor) and VBY-754 (cathepsin B, L and S
inhibitor).

A, Representative images of enzyme activity assay when SKNSH cells treated with
20 uM concentration of reversible inhibitors VBY-825 and VBY-754 respectively. B,
Representative images of enzyme activity assay when SKNSH cells treated with 10

UM concentration of reversible inhibitors VBY-825 and VBY-754 respectively.
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Figure 3.4: Enzyme activity of cathepsin B when treated with reversible inhibitors
VBY-129 (cathepsin S inhibitor) and VBY-376 (cathepsin B inhibitor).

A, Representative images of enzyme activity assay when SKNSH cells treated with
20 uM concentration of reversible inhibitors VBY-129 and VBY-376 respectively.
B, Representative images of enzyme activity assay when SKNSH cells treated with 10

UM concentration of reversible inhibitors VBY-129 and VBY-376 respectively.
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Figure 3.5: Comparative representation of enzyme activity of cathepsins B and L

when treated with various reversible and irreversible inhibitors on SKNSH cells.
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A, Representation of the various enzyme activities of cathepsin B when SKNSH cells
are treated with 20 M concentration of the different inhibitors. B, Representation of
the various enzyme activities of cathepsin B when SKNSH cells are treated with 10
UM concentration of the different inhibitors. Values are mean of six measurements

and bars show standard deviation.

3.2 Dose-Dependent Effect of Inhibitors on Neuroblastoma Cell Viability
SK-N-SH cells were treated either with the vehicle (control) or protease
inhibitors for 72 h as described in materials and methods. The cells were treated with a
series of concentration of reversible or irreversible inhibitors of cathepsins B and L
and our results show that there was a decrease in cell viability in the cells that were
treated with the irreversible inhibitor FY AD, as shown previously. LHVS only caused
a reduction in cell viability at the highest concentration. The reversible inhibitors that
blocked the activity of cathepsin B, L and S (VBY-754, VBY-825) did not impact cell
viability at any concentration. A decrease in cell viability was seen in cells treated
with high levels of a cathepsin S specific inhibitor (VBY129) and cathepsin B specific
inhibitor (VBY-376) but it was noted that these compounds precipitated at the higher
concentrations and consequently cell viability was impacted by non-specific solubility

1ssues.
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Figure 3.6: Concentration effect of cathepsin inhibitors on neuroblastoma cell

survival.

A-C shows SK-NSH cells were treated with FYAD, LHVS,VBY-825,VBY-754,
VBY-129, VBY-376 ( 4.5%10°nM - 5*10°nM), or with DMSO vehicle control. Media
supplemented with individual inhibitors or with vehicle control was added to the cells

and incubated for three days. At the end of incubation, viability was measured using

cell titer blue.

3.3 Accumulation of Cleaved LC-3 in Inhibitor Treated Neuroblastoma Cells.
Accumulation of processed LC-3, a known marker of autophagy, indicates
significant induction of autophagy. Previous studies have shown that in untreated
conditions the primary form of LC-3 corresponds to the uncleaved form that is
cytosolic, whereas in treated cells there is a major portion of the cleaved form that is
incorporated into membranes of autophagic vesicles. Western blot analysis revealed

the accumulation of a cleaved form of LC-3 (LC3-II) in cells treated with the
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irreversible inhibitors FYAD and LHVS (Figure 3.7). LC3-II bands were also seen
when treated with the two reversible inhibitors of both cathepsins B and L, VBY-754
and VBY-825. This was not the case with the VBY-129 cathepsins S inhibitor and

LC-3 was only partially processed in cells treated with the VBY-376 cathepsin B

inhibitor.

Cotrl DMSO  FYAD VyBY-376 VBY-129 LHVS VBY-754 VBY-825
LC3T e wmme = = S_— S s 16kDa
LC31 -— A 1D,

AT ————————————————— KD 3

Figure 3.7: Accumulation of LC-3 in inhibitor treated neuroblastoma cells.

SK-N-SH cells were treated with protease inhibitors as described in materials and
methods, then whole cell lysates were harvested and subject to immunoblotting. The
cleaved form of LC-3 was seen at very low levels in untreated condition, but in

irreversible inhibitor treated cells it showed a dramatic increase.

3.4 Cathepsin B Knockdown by Small Interfering RNA(siRNA) Transfection
Silencer® Select Validated siRNAs are individual siRNA duplexes that have
been verified experimentally to reduce the expression of their individual target genes.
Each siRNA has been functionally confirmed and is guaranteed to reduce target gene
expression by at least 80% when measured 48 hours post- transfection.. Varying
concentrations of control siRNA sequences and cathepsin B siRNA sequences were

transfected respectively ranging from 10 nM to 50 nM. The efficacy of the knockdown
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of cathepsin B was shown by the significant decrease in the cathepsin B levels when

compared to the controls at all concentrations of siRNA used (Figure 3.8).
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Figure 3.8: Cathepsin B knockdown by small interfering RNA(siRNA) Transfection.
SKNSH cells were treated with varying concentrations of control and cathepsin B
siRNA respectively ranging from 10 nM to 50 nM. A, SKNSH cells were transfected
with control siRNA for 72 hrs and western blot analysis shows cathepsin B protein
levels at different siRNA concentrations thereby revealing no significant knockdown
of the protein levels. B, SKNSH cells were transfected with cathepsin B siRNA for
72hrs and western blot analysis shows cathepsin B protein levels at different siRNA
concentrations. It signifies the effecting knockdown of cathepsin B protein levels

when compared to the controls
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3.5 Cathepsin B and L Knockdown by Combining Small Interfering
RNA(siRNA) Transfection and Cathepsin B and L Inhibitor FYAD

In this trial, we combined cathepsin B and L siRNA transfection along with
irreversible inhibitor (FYAD) to determine if sensitivity of the cells towards the
inhibitor increased. Our results showed that siRNA knock down of both cathepsins B
and L did not affect cell viability directly and did not enhance sensitivity to FYAD.
We were not able to show effectiveness of siRNA of down-regulation of cathepsin L
because the antibody against this enzyme was not sufficiently sensitive to detect the
protein in these cells. Knockdown of cathepsin B was approximately 80%. We have
previously shown that more than 90% of the activity against cathepsins B and L needs
to be blocked to cause death in these cells and consequently were unable to

demonstrate the critical role of cathepsins B and L in neuroblastoma cell survival

using siRNA technology.
siRNA siRNA siRNA siRNA
Cat-B Cat-L Cat-B+L FYAD Cat-B+L+FYAD
Control (50nM) (50nM) (50nM) Control (10um) (50nM)(10uM)

33kDa
Cat-B
25kDa

Figure 3.9: Cathepsin B knockdown by combining small interfering RNA(siRNA)
Transfection and cathepsin inhibitor FY AD.

SKNSH cells were treated with 50 nM concentration of cathepsin B siRNA, cathepsin
L siRNA and cathepsin Band L siRNA respectively. SKNSH cells were also treated
with 10 uM FYAD and cathepsin B,L siRNA and FYAD in combination respectively.

SKNSH cells were transfected with various combination of siRNA and inhibitor for
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72 h and western blot analysis shows that there was no significant changes when used

in cathepsin B,L siRNA and FYAD in combination.

3.6 Invivo Characterization of the Effects of L264, Reversible Cathepsin B
Inhibitor

Treatment of sub-cutaneous tumors with L.-264 twice daily for 10 days failed
to arrest tumor growth (data not shown). During time of injections, measurement of
tumor volume by calipers was complicated due to the effect of the volume of drug and
vehicle control injected at the tumor site. Significant differences in volume were not
detected between control and treated animals. However, after cessation of treatment,
tumor volumes were significantly higher in treated animals than controls at all time-
points ( data not shown). In separate experiments, tissues from treated and control
animals were excised after completion of dosage with inhibitor. After the 10 day
treatment of L264, the control and the treated animals were euthanized and organs
were harvested to determine the effect of treatment on cathepsin B protein levels.
Kidney(3-15 fold increase), liver(9-18 fold increase) and tumor (10-90 fold increase)
samples showed a significant increase in the cathepsin B protein levels in the treated
animals when compared to that of the controls. However, cathepsin B levels in the
brain of the treated animals did not show any increase in the protein levels which

illustrates that the drug is not effective against proteases in brain.
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Figure 3.10: /n vivo characterization of the effects of L.264, reversible cathepsin B
inhibitor.

107 SK-N-SH cells were injected subcutaneously into two groups of 10 hairless/SCID
mice. When the first tumors were visible, vehicle or 1264 was injected at the tumor
site and tumors measured daily with calipers. After treatment the animals were excised

and tissue samples were collected from vehicles and treated animals. A and B show



two separate sets of tissue samples from treated and control animals. Western blots of
control and treated samples were exposed to film in the same cassette to ensure
identical exposure to enable comparative analysis. Fold increase of cathepsin B
relative to control animals from untreated animals is shown below. A dramatic
increase in levels of cathepsin B protein in kidney, liver and tumor were seen,

compared to the control samples.

3.7 Levels of Cathepsin B Protein in Tumors During and After Treatment with
L264

In this part of the study we wanted to examine the effects of the drug L.264 on
cathepsin B protein levels in the tissues post treatment. SKNSH cells injected into
hairless/SCID mice, divided equally into vehicles and treated. Among the treated group
equal number of mice were sacrificed at different time points during treatment and the
others continued all ten days of treatment and were sacrificed after they were placed
under observation for ten days post treatment. Tissue samples were collected from all

the sample and cathepsin B protein levels were estimated by Western Blot analysis.

Dayl Day 10
Start End
Treatment Treatment
O @ Q @] Mouse euthanized
Day 7 Day 20
Mouse euthanized Post Treatment
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Figure 3.11: Cathepsin B protein levels in tumors during and after treatment with
L264.

10" SK-N-SH cells were injected subcutaneously into two groups of hairless/SCID
mice. When the first tumors were visible, vehicle or L264 was injected at the tumor
site and tumors measured daily with calipers. One group of treated and control
animals were sacrificed on day 7. A second group continued treatment for ten days
and were placed under observation for ten more days. These animals were sacrificed
ten days post treatment. Tissue samples were collected from vehicles and treated
animals. A, Representation of the time frame of the experiment depicting the various
time points at which the animals were sacrificed. B, Western blotting was used to
show levels of cathepsin B in tumor tissue. 10 days after ending of treatment, levels
of cathepsin B in tumors of treated animals returned to levels in tumors of control

animals.
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3.8 Arrest of Tumor Growth In Vivo by K11777,Irreversible Cathepsin B
Inhibitor
Treatment of subcutaneous tumors with K11777 twice daily for 10 days
arrested tumor growth. During time of injections, measurement of tumor volume was
done by using calipers and significant differences in volume were detected in control
and treated animals. After cessation of treatment, tumor volumes were significantly

lower in treated animals than controls at all time-points.

-~ Control
= K11777 Treated
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Figure 3.12: Effects of K11777 on tumor growth in vivo. 10’SK-N-SH cells were
injected subcutaneously into hairless/SCID mice.

When the first tumors were visible, vehicle or K11777 was injected at the tumor site
and tumors measured daily with calipers. Tumors were significantly smaller in treated

animals. An asterisk denotes p<0.05. Control animals did not survive beyond 13 days.
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3.9 Effects on Enzyme Activity of Various Tissues due to Cathepsin Inhibition
by Drug K11777

In a different set of experiments, K11777 was administered to 6 week old Scid
hairless outbred mice strain code 474 (purchased from the Jackson Laboratories) and
tissues harvested at 0, 1, 3, 6, 12 and 24 hours after treatment. Tissue was
homogenized and enzyme activity measured. In liver and kidney tissue when the drug
was injected at 0 hr,1 hr and 3 hrs, there is a drop in the cathepsin enzyme activity. By
6 hrs there is a gradual increase in the cathepsin enzyme activity. Figure 3.13 shows
that by 24 hours the cathepsin enzyme activity returns to normal. However in the brain
tissue there was no significant change in the cathepsin enzyme activity over a period
of 0 - 24 hours which indicates that in vivo, K11777 inhibits cathepsin activity by over

70% but is not effective against proteases in brain.

Start of Orr 1I.1r 3I.1r 62r lihr Z:Ihr Tissues
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Figure 3.13: Effects of K11777 on cathepsin enzyme activity in vivo.

Mice were injected subcutaneously with the drug K11777 and tissue harvested at
regular intervals of 0, 1, 3, 6, 12 and 24 hours. Liver, kidney and brain tissues were
harvested from each animal. Cathepsin enzyme activity was measured at the given
time intervals. A drop in activity levels were seen in the liver and kidney samples
before returning to normal levels by 24 hours. By contrast, activity levels in brain did

not significantly change over time.
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Chapter 4

DISCUSSION

Although neuroblastoma is a unique pediatric cancer, current therapies were
originally developed for more common adult cancers and adapted for use in children.
Unfortunately the major cytotoxic chemotherapies have severe side-effects in children
and the response of advanced neuroblastoma to current therapies is poor. In previous
studies, it has been shown that inhibition of the lysosomal proteases cathepsins B and
L induces selective apoptosis of neuroblastoma cells without affecting normal or other
cancer cells lines. Induction of apoptosis was preceded by accumulation of autophagic
vesicles within inhibitor treated cells, suggestive of a role for autophagy in inducing
cell death. The primary goal of this study was to more rigorously test the hypothesis
that inhibition of cathepsins B and L causes cell death in neuroblastoma cells using
compounds that are already being developed in programs targeting similar enzymes as

new therapeutic approaches to treat other ailments.

4.1 Efficacy of Compounds to Induce Neuroblastoma Cell Death Depends on
the Inhibition of Cathepsin B and L. Enzymes.

A diverse group of reversible and irreversible cathepsin inhibitors were
evaluated for their ability to inhibiting neuroblastoma tumor cell growth. Previous
studies have shown that FYAD (Fmoc-Tyr-Ala-CHN;) binds to both cathepsins B and
L and that complete inhibition of both of these enzymes is maintained in cultured
neuroblastoma cells, creating a chemical knockout of both enzyme activities. It was

also shown that at least 90% inhibition of cathepsins must be achieved in order to
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cause SKNSH cell death. In this study, I showed that two irreversible inhibitors of
cathepsins B and L, FYAD and LHVS, efficiently inhibited enzyme activity at the two
different concentrations (Fig 3.2) used. The added inhibitor concentration of 10 — 20
UM may be lower than the concentration of enzymes in lysosomes, which can be in
the millimolar range, so mechanisms for increasing compound concentration in
lysosomes are required to ensure effectiveness of reversible inhibitors. Once inhibitor
diffuses into the lysosome it will bind to enzyme and maintain a concentration
gradient of free inhibitor until all enzyme is inhibitor bound. Thus even very low
concentrations of inhibitors should eventually block activity of cathepsins B and L.
Steady-state levels of activity will depend upon the rate at which enzymes are
inactivated and rate of synthesis of new enzyme.

The kinetics for inhibition by reversible inhibitors will be different. VBY-825
is a reversible cathepsin B, L and S inhibitor which that showed only 80% enzyme
inhibition. VBY-754 is a reversible inhibitor with a similar enzyme target specificity
that only showed an enzyme inhibition of approximately 60%. These two inhibitor
were not effective in impairing growth of SKNSH cells.VBY-376, a specific
reversible inhibitor of cathepsin B, blocked enzyme activity by 80% and VBY 129, a
specific reversible inhibitor of cathepsin S, did not block enzyme activity in cells.
Although high concentrations of these two inhibitors appeared to induce cell death
(Fig 3.6) the drugs were clearly insoluble and the precipitates may have had an
indirect effect on cell survival.

For reversible inhibitors, the kinetics of inhibition of high concentrations of
enzymes in lysosomes is very complex. In standard Michaelis-Menten kinetics

enzymes are efficiently inhibited if inhibitor concentration is much higher than K; for
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enzyme inhibition. However this assumes low enzyme concentration and negligible
reduction in free inhibitor concentration. Thus in the lysosome inhibition will be
inefficient and although binding of inhibitor to the enzyme will create a concentration
gradient that favors further influx of inhibitor, this is not likely to lead to efficient
enzyme inhibition.

We also tried to generate siRNA techniques to knock down expressions of
cathepsin B and/or L (Fig 3.8). Unfortunately we were not able to knock down
expression of cathepsin B by more than 80% which we know from prior inhibitor
studies to be insufficient to cause cell death of SK-N-SH cells (Colella et al 2010).
We also combined siRNA transfection and with inhibitor treatment (Fig 3.9) but were
unable to demonstrate any increased sensitivity of neuroblastoma cells to inhibitor
treatment. Cathepsin B is expressed at very high levels in most cell types, so complete
knockdown of enzyme by RNAI is particularly difficult and consequently we were

unable cause neuroblastoma cell death use RNAI technology.

4.2 Autophagy is Related to the Cell Death Caused by the Treatment of the
Inhibitors

Neuroblastoma cell death caused by cathepsin inhibition may be due to the
accumulation of proteins that are normally degraded by cathepsin B and L. Previous
studies have shown that cell death was preceded by the induction of markers of cell
stress and autophagy. Efficacy of each inhibitor of cathepsins B and L in causing cell
death corresponded with appearance of LC3-II, the lipidated form of LC-3, a key step
in the formation of autophagosomes. Figure 3.7 shows that that is an increased level of
LC3-II bands seen in the two irreversible inhibitors FYAD and LHVS when compared

to the controls and the reversible inhibitors VBY 129 and VBY 376. This supports
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prior conclusions that the induction of cell death in the cells treated with the
irreversible inhibitors is due to the accumulation of un-degraded proteins leads to the

induction of apoptosis that is preceded by accumulation of autophagic vesicles.

4.3 Effects of Reversible Inhibitor L264 on Neuroblastoma Cell Growth In Vivo

Previous studies have shown that 100 nM of reversible inhibitor L264 was
required to induce 90% enzyme inhibition and higher concentrations were required to
cause neuroblastoma cell death in vitro. The effectiveness of enzyme inhibition in vivo
by reversible inhibitors is more difficult to determine. L264 failed to arrest growth of
neuroblastoma tumors in a xenograft mouse model. L264 dramatically increased levels
of cathepsin B protein in mouse liver, kidney and tumor (Fig 3.10). It did not affect
levels of cathepsin B in the brain, indicating that the compound did not cross the blood
brain barrier or enter the central nervous system. Although cathepsin levels were
elevated during treatment, they returned to normal levels 10 days after treatment
(Figure 3.11). Increased steady state levels of cathepsin B could be caused by reduced
turnover of cathepsin B by itself or other cathepsins. This would not be a problem for
irreversible inhibitors that remain bound to enzyme and continue to prevent activity on
removal of free inhibitor by either inactivation or loss into urine. Reversible inhibitors
do not form any covalent bonds with the enzyme and hence when free inhibitor is
removed from the system the enzyme and inhibitor complex can dissociate and
enzyme activity restored. Thus if free inhibitor is not maintained at a high level,
enzyme inhibition will not be maintained and as it has been shown that levels of
enzyme increase in inhibitor treated animal tissues and tumor, reversible inhibitor

treatment may actually increase enzymatic activity in tumors. This may in part
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explain why L264 was not effective as a treatment for neuroblastoma in our model

system.

4.4 Cathepsin Inhibition by Irreversible Inhibitor K11777 Reduces
Neuroblastoma Cell Growth

In contrast to L-264, K11777 was shown to inhibit growth of neuroblastoma
tumors in a xenograft mouse model (Fig 3.12). KI11777 inhibited activity of
cathepsins B and L in mouse liver and kidney but does not appear to readily cross the
blood brain barrier to inhibit cathepsins in the central nervous system.

Although tumor growth was impaired, the treatment protocol did not result in
eradication of tumors. Cathepsin activity was inhibited by approximately 70 % in
vivo but our in vitro studies indicated that more than 90 % inhibition is required to
induce cell death. However, a level of inhibition sufficient to reduce cell growth was
achieved. Thus the primary effect of K11777 (Fig 3.13) in vivo appears to be slow
tumor growth by inhibition of cathepsin enzyme activity. Cathepsin inhibition
restricts growth of many cancer cell types both in vitro and in vivo and may be caused

by effects on cell proliferation, tumor cell invasion or angiogenesis.

4.5 Inhibitors for Cathepsins B and L for Potential Clinical Use

The panel of inhibitors used in this study was chosen because their
bioavailability and efficacy have already been demonstrated in other clinical and
preclinical programs that target similar proteases. The reversible nitrile inhibitors
have been developed in a program to target cathepsin K to treat osteoporosis. Halting
the progression of osteoporosis does not require complete inhibition of cathepsin K so
reversible inhibitors may be appropriate for treating this disease. Our studies indicate

that the reversible inhibitors are not good candidates for treating neuroblastoma
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because even if treatment regimens could be designed to maintain high concentrations
of active compounds in the target tissues, an increased level of total cathepsin protein
would require even more efficient enzyme inhibition. A related inhibitor that is more
specific for cathepsin K is currently in phase 3 clinical trials to treat osteoporosis.
(Castrillon JL et al 2010).

K11777, an irreversible peptidyl vinyl sulfone inhibitor, is being developed to
target cathepsin-like proteases of Trypanosoma cruzi as a novel treatment for Chagas
disease. The effect of K11777 on neuroblastoma cells both in vivo and in vitro
provides proof of concept that irreversible inhibition of cathepsins B and L offers a
potential novel therapeutic approach to treat neuroblastoma. This result mirrors our
prior study showing that the laboratory reagent FYAD also impaired tumor cell
growth in vivo (Colella et al 2010). A limitation of these compounds is that we have
not been able to completely inhibit cathepsin activity in our animal model system.
Also, in our study we limited treatment to 10 days to reduce treatment time to
diminish non-specific effects of intratumor injections. K11777 is orally bio-available
and could also be delivered i.p. for more long-term treatment protocols. Unlike
standard chemotherapeutic approaches, these cathepsin inhibitors show remarkably
low toxicity in pre-clinical animal studies and clinical trials. Adoption of compounds
from therapeutic studies that are already in clinical trials may accelerate the

development of a new treatment for neuroblastoma.
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SECTION 2: LEUKEMIA
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Chapter 5

INTRODUCTION

5.1 Leukemia

Leukemia is a cancer of the blood that originates in the bone marrow and the
lymphatic system. The figure below (Figure 1.1) outlines the development of normal
blood cells from a stem cell that originates in the bone marrow. The blood stem cell
undergoes a series of differentiation steps to mature either into red blood cells (RBCs),
platelets or any of the white blood cells (WBCs). The RBCs or erythrocytes supply
oxygen and nutrients throughout the body via the circulatory system. The platelets or
thrombocytes control excessive bleeding by formation of clots when injured. The
WBCs or leukocytes strengthen the body's immune system to fight infections.

In majority of patients, leukemia occurs due to chromosomal aberrations in
immature blood stem cells that originate in the bone marrow. This limits the normal
process of differentiation that forms mature blood cells, essential for the daily
functioning of the body. Consequently, the circulatory system is characterized by rapid
proliferation of immature blasts that crowd out normal RBCs, platelets and WBCs. On
this account, the patient may experience anemia, excessive bleeding in case of injury
and could also succumb to infections due to a weakened immune system. Further, the
accumulation of immature blasts to various sites in the body result in disease
symptoms such as hepatosplenomegaly (enlarged spleen and liver), joint aches,

headaches, or sixth-nerve palsy.
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Figure 5.1: Schematic representation of normal blood cell development
First, a stem cell matures into either a myeloid stem cell or a lymphoid stem
cell:

e A myeloid stem cell matures into a myeloid blast. This blast cell
undergoes further differentiation to form a red blood cell, platelets, or
one of several types of white blood cells.

e A lymphoid stem cell matures into a lymphoid blast. The blast can form
one of several types of white blood cells, such as B lymphocyte, T
lymphocyte or Natural Killer cells.

Lymphoblastic leukemia is characterized by malignant proliferation of
immature lymphoblasts, curbing the development of healthy blood cells. Under these

pathological conditions, the bone marrow produces abnormal white blood cells, which
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crowd out normal white blood cells, red blood cells, and platelets and prevent the
normal functions to be carried on. The proliferation of these malignant cells leads to
massive infiltration of immature lymphoblasts to various sites in the body including
the lymphoid system, liver and spleen (hepatosplenomegaly); and the central nervous

system.

5.2 Types of Leukemia

The classification of the types of leukemia is based on how rapidly the disease
progresses and the type of blood cells that are affected. Based on this categorization
leukemia can be acute or chronic. Acute leukemia is a condition where the abnormal
blood cells remain immature and cannot carry out their normal functions. The number
of blasts increases rapidly, and the disease progresses quickly. In chronic leukemia,
the cells are more mature and can carry out some of their normal functions. The
number of blasts increases less rapidly compared to that of acute leukemia. In this
condition the disease worsens gradually. Leukemia can arise in either of the two main
types of white blood cells — lymphoid cells or myeloid cells. When leukemia affects
lymphoid cells, it is called lymphocytic leukemia. When myeloid cells are affected,
the disease is called myeloid or myelogenous leukemia. The disease appears in one of
four major forms:

Acute lymphocytic leukemia (ALL)

ALL affects lymphoid cells and grows quickly. ALL is the most common type of
leukemia in young children and adults; especially adults age 65 and older.

Acute myeloid leukemia (AML)

AML affects myeloid cells and grows quickly. It occurs in both adults and children.

This type of leukemia is sometimes called acute nonlymphocytic leukemia (ANLL).

55


http://training.seer.cancer.gov/glossary.html#Myeloid
http://training.seer.cancer.gov/glossary.html#Lymphoid

Chronic lymphocytic leukemia (CLL)

CLL affects lymphoid cells and usually grows slowly. Most often, people diagnosed
with the disease are over age 55. It sometimes occurs in younger adults, but it almost
never affects children.

Chronic myeloid leukemia (CML)

CML affects myeloid cells and usually grows slowly at first. It mainly affects adults,

although a very small number of children also develop this disease.

5.3 Incidence Rates of Leukemia

An estimated 52,380 new cases of leukemia are expected to be diagnosed in
the US in 2014. Cases of acute leukemia are expected to account for 14.7 percent more
cases than chronic leukemia. ALL accounts for 76% of all childhood and adolescent

leukemia with incidence rates that peak at the age of 5 years.

Estimated Proportion of New Cases (%) in 2014 for
Types of Leukemia, Adults and Children™

CML 11% Total cases: 52 380
5,980 cases LY
Leukemia, other 11%
5,800 cases
AML 36%
18,860 cases
_F""'
ALL 1%
6,020 cases
CLL 30%:
15,720 cases

Figure 3. Source: Cancer Facts & Figures, 2074. American Cancer Society; 2014.
"Total i lese than 100% dus o rounding in the calculstion of individual percentages.

Figure 5.2: Proportion of new cases for the types of leukemia in adults and children

2014
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In 2014, leukemia is expected to strike approximately 12 times as many adults
(47,666) as children and adolescents younger than 20 years (4,103). Leukemia is the
most common cancer in children and adolescents less than 20 years old. About 32
percent of estimated cancer cases in children and adolescents younger than 15 years
are leukemia. ALL is the most common cancer in children 1 to 7 years old. The
incidence of ALL among 1- to 4-year-olds is nearly eight times greater than the rate
for young adults 20 to 24 years. Incidence of ALL is higher in children and
adolescents younger than 15 years. AML incidence is lower in children and

adolescents from 1 to 14 years.

Total Estimated Mumber of New Leukemia Cases in
the United States for 2014

Type Total Male Female
Acute Lymphoblastic Leukemia 6,020 3,140 2,880
Chronic Lymphocytic Leukemia 15,720 9,100 6,620
Acute Myeloid Leukemia 18,860 11,530 7.330
Chronic Myeloid Leukemia 5,880 3130 2,850
Other Leukemia 5,800 3,200 2600
Total Estimated New Cases 52,380 30,100 22,280

Table 3. Source: Cancer Facts & Figures 2074. American Cancer Society; 2014.

Table 5-1: Number of new leukemia cases in the United States 2014

5.4 Current Therapies for Leukemia

Many factors play an important role in the treatment of leukemia. Some of the
factors include age and overall health, the type of leukemia, and whether the disease
has spread to other parts of the body. Some of the commonly available treatment

options are listed below.
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Chemotherapy

The most common form of treatment for leukemia is chemotherapy. In this form of
treatment chemical compounds are used to destroy leukemic cells. Single drug or a
combination of drugs may be used to treat the patient depending on the type of
leukemia the patient is diagnosed with. Some of the commonly used drugs are
asparaginase, clofarabine, daunorubicin, doxorubicin, methotrexate,nelarabine,

or vincristine and corticosteroids (dexamethasone or prednisone).These drugs may be
ingested orally or injected directly into a vein.

Biological therapy

Biological therapy is a process by which the body's defense mechanism is stimulated
to protect against the disease by recognizing and attacking the leukemic cells. For
example, monoclonal antibodies which specifically target proteins over expressed in
leukemic cells. Another type of monoclonal antibody carries the toxin that selectively
kills the leukemic cells. Interferon is a part of a family of proteins called cytokines
which attach to other immune cells, activating them to help the body fight infections
and tumors. Man-made versions of these substances are sometimes used as a form of
immunotherapy. Interferon is used in CML patients which slows the growth of
leukemic cells.

Targeted therapy

In this type of treatment the drugs attack certain susceptible characteristics of the
cancer cells. They aid in blocking the growth of the leukemic cells. An example for
targeted therapy that blocks the action of an abnormal protein which helps in the
growth of the leukemic cells is the drug imatinib (Gleevec). This drug is used in

patients with CML.
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Radiation therapy

X-rays and other high beam radiation is used to damage the leukemic cells and prevent
their growth. During this form of therapy, the high energy beams are directed to
specific points of the body where there is an accumulation of leukemic cells or may
receive radiation throughout the body. Radiation therapy kills cancer cells by
damaging their DNA. It can either damage DNA directly or create charged particles
within the cells that can in turn damage the DNA. Cancer cells whose DNA is
damaged beyond repair stop dividing or die. When the damaged cells die, they are
broken down and eliminated by the body’s natural processes.

Stem cell transplant

This is a procedure where the diseased bone marrow is replaced by a healthy one.
High doses of chemotherapy or radiation therapy are given to the patient to destroy
both leukemia cells and normal blood cells in the bone marrow before the start of the
stem cell transplant. Once this is done the patient is infused with new stem cells from a

healthy donor to replace the diseased bone marrow.

5.5  Preclinical Mouse Models of Leukemia

Animal disease models are the primary vehicles to determine efficacy and
toxicities of potential cancer chemotherapeutic agents before entering clinical trials.
Different animal models for various malignant diseases have been developed as a
result. These animal models are divided into two groups : 1) grafts of tumor material
(syngeneic or xenogeneic) into immunocompetent or immunodeficient animals,
respectively and 2) genetically engineered mice that mimic a specific cancer genotype.

These animal disease models can be used to identify and validate several novel
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compounds for the treatment of various diseases. Scid/scid mice are severely deficient
in functional B and T lymphocytes since the mutation appears to impair the
recombination of antigen receptor genes and causes an arrest in the early development
of B and T lineage-committed cells whereas other hematopoietic cell types appear to
develop and function normally (M J Bosma, and A M Carroll 1991). These mice were
used in many studies to carry out efficient transplantation and propagation of human
tumor tissues as xenografts. These xenograft mouse models allow the in vitro human
cell lines to be propagated thereby recapitulating the disease. Another difficulty faced
during the development of mouse models is the graft-versus-host disease (GVHD) that
may occur when they receive donated cells (Gerard Socié¢ and Bruce R. Blazar 2009).
In GVHD, the donated white blood cells in the stem cell graft react against the
mouse's normal tissues. Most often, the liver, skin, or digestive tract is affected. In
order to overcome the threat of graft rejection during the transplantation of human
hematopoietic cells into these recipients, immuno-compromised (SCID) mice are used.
It has been reported in earlier studies that leukemia cell lines and primary patient cells
have been engrafted into SCID mice leading to leukemia manifestation similar to the
patient's disease (Liider H. Meyer et al 2011). However, the residual immunity of
SCID mice does seem to limit efficiency of xenografting in these mice. In our study
we used NSG-B2m (NOD.CgPrkdc*™™ B2m™ "™ 112rg™""""/SzJ) mice. These triple
mutant mice have the severe combined immune deficiency mutation (scid), 1L2
receptor gamma chain (IL2ry) deficiency, and a MHC class I molecule (beta-2
microglobulin) deficiency. These mice are generally resistant to graft versus host
disease (GVHD). Earlier studies showed that NOD-scid IL2ry null mice lack host NK

cells, thereby aiding in human peripheral blood mononuclear cells (PBMC)
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engraftment. However, although IL2 receptor gamma chain deficiency improved
survival and function of engrafted human T cells, severe xenogeneic GVHD
developed following engraftment into these NK cell-deficient hosts. MHC class I
molecule deficiency was shown to greatly reduce human in vitro T cell proliferative
responses to murine cells and also lead to reduced development GVHD following
engraftment (Steve Pino et al 2010). Thus the triple mutant NSG-B2m mice provide a
model useful to study in vivo mechanisms of xenogeneic GVHD and to rapidly assess
therapeutic agents. In this study, I show that transplantation of primary acute
lymphoblastic leukemia (ALL) cells into NSG-B2m recipients leads to a leukemia

model that resembles the distribution and course of the human disease.
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Chapter 6

MATERIALS AND METHODS

6.1 Cell Lines and Culture

RS4;11 (established from an ALL patient) and Nalm6 (established from a
patient with ALL at relapse) cell lines were purchased from the American Type
Culture Collection (ATCC, Manassas, VA). Cells were maintained in RPMI media
(Life Technologies) supplemented with 20% fetal bovine serum (FBS), glutamine, and
penicillin/streptomycin. All cells were maintained at 37°C under a humidified

atmosphere of 95% air and 5% COx.

6.2 Leukemia Cells from Patient Samples

Mononuclear cells from bone marrow aspirates from pediatric ALL patients
treated at Nemours were obtained from Nemours Biobank in accordance with
Institutional Review Board-approved protocol. Mononuclear cells were purified on a
Ficoll density gradient and cryopreserved in liquid nitrogen in the presence of 10%
dimethyl sulfoxide (DMSO) until required. Prior to transplantation, cells were thawed
rapidly in RPMI1640 medium (Life Technologies) containing 10% FBS. After
centrifugation at 250g for 5 minutes at 4°C, cells were resuspended in RPMI 1640
containing 10% FBS, and the number of viable cells estimated by exclusion of 0.2%
trypan blue. Cells were recentrifuged, resuspended in ice-cold calcium- and
magnesium-free phosphate-buffered saline (PBS), and placed on ice until inoculation

into mice.
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6.3 Engraftment of Human Leukemia Cells into NSG B2m Mice

All experimental procedures involving NSG-B2m mice were approved by the
Nemours/Al duPont Animal Care and Use Committee (IACUC). Female NSG B2m
mice aged 5 to 6 weeks were purchased from the Jackson Laboratories and housed in a
specific pathogen-free environment for at least 1 week prior to inoculation with human
leukemia cells. Mice were supplied with sterile food, water and bedding. Immediately
prior to inoculation, mice were warmed by infrared lamp, then inoculated by tail-vein
injection with between 2.5 and 10 million leukemia cells in a maximum volume of 100
uL PBS. Mice were returned to their cages and examined daily and weighed weekly
for general well-being.

To monitor leukemic progression, 50-pL peripheral blood samples was drawn
by sub-mandibular bleeding (Golde WT et al 2005). This method of bleeding is done
with precision and practice. There is a small vascular bundle at the back of the jaw
characterizes the cheek of laboratory mice (Fig. 6.1). It is at this point where the
orbital veins, the submandibular vein, and other veins merge to form the beginning of
the jugular vein. The animal is held by the scruff of the neck to ensure the most
relaxed situation for the mouse. Using a scalpel number 11, the cheek of the mouse is
poked with enough force to small stick hole for the blood to exude from the point of
penetration. The blood is collected in eppendorf tubes containing 20 ul of sodium
citrate which acts as an anti-coagulant. To obtain sufficient blood, the position of the
punch is crucial. About 0.7ml of blood can be collected from an adult mouse by this
technique. The bleeding can be stopped by pressing down the wound using a sterile
gauze.

At the first indication of weight loss, lethargy, ruffled fur, or no more than 28

weeks following inoculation, mice were euthanized. Cell suspensions of spleens and
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other organs were prepared by mincing the tissues and filtering through 70 um cell
strainers. Bone marrow was collected by flushing femurs with RPMI 1640 containing
10% FBS. Mononuclear cells were purified by density gradient centrifugation, and

cells were cryopreserved in FBS containing 10% DMSO.

Figure 6.1: Sub-mandibular bleeding in mice.
The above figure shows the two veins - the retro-orbital and sub mandibular veins at a

point where they merge at the origin of the jugular vein.

6.4 Monitoring of Leukemic Cells After Engraftment and Flow Cytometric
Analysis

For flow cytometric analysis of blood samples, erythrocytes were lysed using
NH4Cl, and the remaining cells were washed in phosphate-buffered saline
supplemented with 1% human albumin. The percentage of human cells (%Hu) in

blood, spleen, and bone marrow was determined by double staining of the samples
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with fluorescein isothiocyanate (FITC)—conjugated  antimurine and
allophycocyaninconjugated antihuman CD45 (BD Pharmingen, San Diego, CA)( Bart
A Nijmeijer et al 2001). Samples were analyzed on a Accuri C6 flow cytometer. Total
lymphoblasts (mouse and human) were gated on the basis of their forward and
sideward light scattering properties. RS4;11 cells mixed with 50ul mouse peripheral
blood were used to standardize the flow cytometer to detect human cells in mouse
peripheral blood. The mixture of cells was stained with FITC-conjugated anti-human
CD45 antibody and analyzed by flow cytometry. The first peak in Figure 6.2a
represents unstained mouse peripheral blood monocytes while the second peak depicts
the FITC stained RS4;11 cells. The graphs represent a range of RS4;11 cell dilutions
from 25,000 to 250 cells. Detection as low as 0.3% RS4;11 cells in mouse blood was
possible by flow cytometry. Figure 6.2b shows a plot of number of RS4;11 cells as a
percentage of FITC positive cells over negative cells. A perfect correlation between

these two variables was observed confirming the sensitivity of this technique.
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Figure 6.2:Intravenous transfer of ALL cells.

In (a) flow data of events versus FITC fluorescence with a fixed volume of mouse
blood mixed with decreasing numbers of human cells are shown. In (b) the numbers of
RS4;11 cells added to mouse blood in relation to percentage of FITC positive cells
(human) in total cell population (mouse + human) are shown in table and graphical

format.
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Chapter 7

RESULTS

7.1 Engraftment of Primary Childhood ALL Cells

Mice were intravenously injected with 5-10 x 10° mononuclear ALL cells
(Nalm6, RS4;11, or primary ALL cells). Flow cytometric analysis of peripheral blood
samples with fluorescein isothiocyanate (FITC)—conjugated antimurine and
allophycocyanin conjugated antihuman antibodies were used to monitor disease
progression. The leukemic cells from the patients engrafted in NSG-B2m mice,
although different progression rates were observed, following which the leukemic cell
counts increased exponentially. The rate of engraftment of immortalized cell lines was
faster than that for the primary ALL cells. In this study, we evaluated engraftment and
progression of primary childhood ALL cells (Nalm6 and RS4;11) and two patient
samples transplanted into NSG-B2m mice which appear to provide an accurate

representation of the human disease.

Genomic Type of
Sample Age Sex
Abnormality Leukemia
NTPL-20 6yr M (9;22) B-ALL
NTPL-24 4yr M 6q deletion T-ALL

Table 7-1: Patient samples used in development of xenograft mouse model for
leukemia
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The NSG-B2m model reveals important biologic characteristics of childhood
ALL that may ultimately be used to predict relapse and design novel treatment

strategies.

7.2 Analysis of Engraftment and Progression of ALL Cells

Once the cells were inoculated, the mice were kept under observation. In order to
study the progression of the disease, 50 pL peripheral blood was drawn by sub-
mandibular bleeding (Golde WT et al 2005). Blood was drawn at regular intervals
(weekly or biweekly depending on the growth rate) to monitor the progression of the
disease. The blood samples were then treated with human CD45-FITC and mouse
CD45-APC antibodies which are specific for staining leukocytes in order to
differentiate the human from the mouse cells. Based on the preliminary standardization
of flow cytometry, the mouse and human cells were gated on a scatter plot and were
distinguished by species- specific antibody staining. Each blue dot represents a single

mouse cell, while a red dot represents a human cell.

Blood (0 wks)  Blood (5 wks)

2
2

$:R2Mouucoh %:RZMom,coh :
L R1Human cells 1485% L RiHuman cells
1* 0.0% ,,;*
% [ =
55 g
N 2t
:1% 13
'-g I (R R !IHI'I\ LHAN e '-g UL LRI BRI BRI BRI (R ]
wl w2 wd b Wb W® e el Wl wd ol Wb B w72
Human CD45-A Human CD45-A

68


http://www.ncbi.nlm.nih.gov/pubmed?term=Golde%20WT%5BAuthor%5D&cauthor=true&cauthor_uid=16195737

Figure 7.1: Engraftment and progression of human ALL cells in peripheral blood.
In the above figure, the engraftment and progression of human leukocytes is
measured in peripheral blood inoculated with RS4;11 cells is shown. Note that no

human cells were detected before injection (0 weeks).

7.3  Analysis of Leukemic Distribution in Other Organs

To establish the distribution of the engrafted ALL cells in other organs, the
mice were injected with 10" RS4,11 cells. At various intervals, peripheral blood was
sampled. Five weeks after cell injection, mice were sacrificed, and bone marrow and
spleen cell suspensions were prepared and analyzed. The detected levels of leukemic

engraftment in the tissues are shown in Figure 7.2.
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Figure 7.2: Engraftment and progression of human leukocytes measured in spleen
and bone marrow.
In the above figure, the engraftment of human leukocytes measured in spleen and

bone marrow 5 weeks post inoculation with RS4,11 cells is shown.
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7.4  Enlarged Leukemic Spleen when compared to Normal Spleen

Around four weeks after injection, infiltration of the ALL cells is seen in the
mouse bone marrow, spleen, and peripheral blood. The leukemic cells once engrafted
into to the bone marrow within a couple of weeks appeared in the peripheral blood
(Lock RB et el 2002). Late stages of engraftment will cause accumulation of ALL

cells within the spleen, thereby resulting in an enlarged spleen as seen in Figure 7.3.
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Figure 7.3: Comparison of a leukemic spleen to a normal spleen.
The above figure shows the later stages of engraftment which leads to accumulation
of leukemic cells thereby causing spleen enlargement when compared with that of a

normal mouse.

7.5  Leukemia Progression in the Mouse Model
RS4;11 cells (5% 106) were injected into the tail vein of female NSG-B2m mice
(6—8weeks old;7/group). Weekly sub-mandibular bleeding was used to monitor

disease progression as described above (section 6.3). The time delay to engraftment
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was demonstrated by the initial lag phase, which varied between different cell lines,
prior to exponential increase in the proportion of human CD45 cells in the peripheral
blood. Progression of the disease is shown in Figure 7.4. Figure 7.4 b) shows an
infected mouse suffering from hind limb paralysis which is due to the invasion by
malignant cells from vertebral body marrow cavities into the spinal canal At harvest,
bone marrow, spleens, and peripheral blood had high levels of human CD45" cells
where the bone marrow and spleen mouse CD45" cells were almost replaced by the
human leukocytes (Figure 7.2). Figure 7.4 c) and d), shows the gradual increase in the

human cells in the peripheral blood.
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d)
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Figure 7.4: a) normal mouse b) mouse infected with leukemic cells ¢) Graph

representing leukemic progression d) Leukemic progression shown in flow cytometry.

7.6 Serial Transplantation of Leukemic Cells in NSG-B2m Mice

Mononuclear cells were purified from the spleens of engrafted animals by
density gradient centrifugation (Figure 7.5a) and cryopreserved. Serial transplants
were carried out by inoculation of cells that were thawed and processed exactly as
described above for primary cells. Equal numbers of human leukemia cells were
inoculated in each case. This study was mainly carried out to determine whether the
leukemia could be transferred to secondary and tertiary recipients, and whether
proliferation rates changed over repeated passaging. The engraftment rates of the

primary and spleen derived cells were similar (Figure 7.5b).
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Figure 7.5: a) Ficoll Gradient showing the separated layer of leukocytes from a
spleen sample. b) Graphical representation showing similar engraftment rates in serial

transplantation.
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Chapter 8

DISCUSSION

Development of a mouse model by engraftment of human leukemia cells
requires prevention of immune rejection of the human cells and reaction of the
engrafted cells against host cells. Previous studies have shown that hemopoietic stem
cells can be engrafted in NOD-scid mice. Engraftment was improved by development
of NOD-scid mice homozygous for a targeted mutation in the 2-microglobulin
structural gene (NOD-scid B2m null mice). These mice had severely deficient NK cell
activity and the levels of engraftments were higher. However, these mice had a
shortened life span due to accelerated thymic lymphoma genesis (Christianson, S. W.,
et al 1997). Other immuno deficient mouse models have been developed with targeted

mutation in the recombination activation gene 1 (NOD-Ragl™"

). These mice had an
increased life span but faced challenges but engrafted cells failed to differentiate into
mature human lymphoid and myeloid cells ( Shultz, L. D.,et al 2003). Another
significant mouse model that was developed for human hemopoietic stem cells

null

engraftment was the /L2Rg mouse. These animals lack mature lymphocytes and
NK cells, express other severe impairments in innate immunity, do not develop thymic
lymphomas, and are long-lived (Shultz, L. D et al 2005).

In this study we used NSG-B2m(NOD.CgPrkdc* ™ B2m™" "™ 112rg"™'""/SzT)
mice which do not express the Prkdc gene, the X-linked I12rg gene nor the B2m gene.

They are triple mutant mice with combined features of severe combined immune

deficiency mutation, significantly faster development of leukemia related symptoms
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than other models, and higher percentage of leukemic cells in the blood, marrow and
the spleen (Alice Agliano et al 2008). The NSG-B2m mice were reported to have
increased mean survival time of about 44 days which when compared to the NOD-scid
112ry™" is around 21days. In this model, the animals did not undergo irradiation as
done in previous studies to wipe out the host bone marrow prior to injection of
leukemic cells. This animal disease model has been used to test novel therapies or to
examine the efficacy of drugs used in the treatment of childhood ALL (Lock RB et al
2002). Animal disease models are developed either by using xenografts established as
systemic disease by intravenous or intraperitoneal inoculation of leukemia cells or
localized leukemia growth following subcutaneous or intraocular injections.
Developing a subcutaneous xenograft model is considered convenient, faster and less
expensive. The anti tumor activity of testing various compounds ac be established by
measuring the tumor size. One of the major advantages of the subcutaneous xenograft
model is that they are easily accessible to the tumor and aid in facilitating objective
measurements. They are straightforward to implant and are palpable (Daisuke Sano et
al 2009). However in comparison with subcutaneous xenograft models, the orthotopic
xenograft models are advantageous for their ability to mimic local tumor
microenvironment that leads to development of tumor cells with the biological and
metastatic properties similar to clinical cases, thereby leading to more reliable
translation to the human disease (Nutritional Oncology by George L. Blackburn 2006).
The majority of the studies used the model where ALL is established as a systemic
disease to monitor the effects of the drugs or for novel therapies. Some of the notable
characteristics of the model used in this study that may be advantageous for preclinical

testing of new therapies include developing continuous xenografts from patients who
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underwent diverse treatment results, propagation as models of systemic disease,
retention of the fundamental biologic characteristics of the original disease, ability to
monitor engraftment and response to therapy and giving a spectrum of sensitivity to
established drugs providing an overall reflection of patient outcome (Natalia L. M.
Liem. et al 2004)

Previous studies in our laboratory have shown that NSG-B2m mice are an
ideal animal model that supports the highly efficient engraftment of ALL cell lines
(Krishnan et al 2013). In this study I have extended this work to show that cells
obtained directly from patients engraft successfully in this animal disease model.
Efficient engraftment was achieved by using just 5*10° primary childhood ALL cells.
The time course of appearance of human CD45 + cells in the mouse peripheral blood
depicts the pathogenicity of the disease seen in patients. We showed that ALL cells
from children could be passaged in NSG B2m mice for at least 3 cycles, providing a
reliable and robust representation of the human disease. The initial lag phase followed
by exponential growth is characteristic of the time required for injected cells to home
to the bone marrow, proliferate to replace the normal bone marrow architecture, and
then disseminate to the peripheral blood and other organs.

The ultimate goal of this study is to investigate the cause of childhood ALL
and thereby improve treatment outcomes. This animal disease model provides critical
features of leukemia biology that can be used to characterize the pathophysiology of
leukemic growth and progression, and to determine therapeutic modalities of treatment
regimens. Our demonstration of efficient and high-level engraftment of primary ALL

cells from patients without host pre-conditioning, indicates that a wide range of
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different leukemias can be used to identify therapeutics that are likely to be effective

against a range of patients.
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Appendix A

IACUC LETTER OF APPROVAL

Nemours. PO rpsrh IO

Committee

MEMORANDUM
DATE: July 26, 2013

TO Robert Mason, PhD

FROM: Paul T. Fawcett, Ph.D. (Pﬁ

SUBJECT: Mouse mode! of neurcbiasioma treatment

The Institutional Animal Care and Use Commitiee (IACUC) have reviewed the full protocol
submission on the above referenced project and the following decision has been made:

Action: Approved

Date of Action: July 26, 2013

Approval Perlod: July 25, 2013 to July 25, 2014
Protocol Approval Number: NER-2013-004
Approved Number of Animals: Mouse SCID 80

Please submit your Biosafety Classification form electronically to the Alfred |. duPont Hospital
for Chiddren Institutional Biosafety Commitiee via the link:

hitp /Awww nemours org/research/committaelfibe html

Please nole that the study cannot begin until the Office of Regutatory Compliance in Research
Administration has received all approvals,

Please maintain this approval with your project records, A tally of the number of animals
approved and the number ordered for the project will be maintained in the Life Science Center.
If changes occur in your protocol or if you require more animals than approved, and amendment
to your protocol will need to be submitted for consideration

If you have any questions regarding this memorandum, please contact Paul T. Fawcett, Ph.D. at
x 6776 or omail: pfawcett@nemours.org.
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Appendix B

IACUC LETTER OF APPROVAL

) Alfred T, duPont Institutional
Nemours  Hospital for Children Animal Care and Use
[‘“:.'i s P Committee
MEMORANDUM
DATE: Movember 27, 2012
TO: Sonali Barwe, Ph.D.
FROM: Paul T. Fawcsatt, Ph.D.

SUBJECT:  “The role of annexin Il in cell survival and drug resistance in a mouse model of
acufe lymphoblastic leukemia™ NBR-2002-007

The Institutional Animal Care and Use Committee (LACUC) have reviewed the above referenced
protocol for approval, and the following decision has been mada:

Action: Renawal Approved

Date of Action: November 27, 2012

Approval Period: Movember 27, 2012 — November 26, 2013
Protocol Approval Mumber: NBR-2009-007

Approved MNumber of Animals: NOD/SCID or NSG-B2m 885

Please submit your Biosafety Classification form electronically to the Alfred |. duPont Hospital
for Children Institubional Biosafety Committes via the link:

hittp:fFwaw. nemouwrs.org/researchicommitteedibe. hitrml

Please note that the study cannot begin until the Office of Regulatory Compliance in Research
Administration has received all approvals.

Please maintain this approval with your project records. A tally of the number of animals
approved and the number ordered for the project will be maintained in the Life Science Center.
If changes occur in your protocod or if you reguire more animals than approved, and amendmeant
to your protocol will need io be submitted for consideration

If you have any questions regarding this memorandum, please contact
Paul T. Fawcett, Ph.D. at x 8776 or email: pfawcettiinemours. org.
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Appendix C

IRB LETTER OF APPROVAL
Ne Y TR Son S, ket Protection
N (=T SITERDES e sceserenss
] ey L ) : ’
. o BAERD FLA W D

DATE: Ociober 3, 2011

™ E. Anders Kolb, MD

FRONC Mamours Delaware IRE

STUDY TITLE: [257207-1) Estanlishment of Xenogralt kModsis of Pedlatnc Leukemia LHEzing
Tumo Bank Spacimens

IRB & 267207

SUBMEESION TYPE: M Profect

ACTIOMNC EXEMPT

DECISION DATE: Sepember 20, 2011

Thank you Tor your submission of Mew Project Materials for the above refierenced study.  Your sumission
received Expedited Review based upon the applicabie Tederal regulaions and mests all DHHS criiera for
Exemption.

The IRB determmined that

The research ks axempt fnom Tuther IRS review based upon the applicable federal regulations
ASCEFR4E 101 (0) under Cabegory 4.

Exampt Category 4. Research, Imeolving the collection or study of existing 43ta, documeants, reconds,
pathoiogical specimens, or diagnostic specimens,

= If these sownces aine pubdicly awvallable or

= If the Infiormmation s resconded by the invesigaiorn In such a manner that subjects cannot be kdemtified
girectly or thirowgh identifiens linksd 1o the subjecis.

= If the research doss nod Involve prsoners as subjects.

= And, IT the resaarnch 1s not FDw-neguiated.

Although, the above ressarch in Tact qualifies as exempt from furter IRS rewiew, and has besn dentifled
as such, the Principal Inwestigator s responsible Tor notifying the IRB, In wriiing, of amy changes that may
haree Impact on the exempt status of this protocol.  Such changas In the above reseanch project cannot be
Intiated wiThout prior IRE approval.

I you hawe any guestions, please contact Camilie Varaccehl at Memours Al duPont Hosphal for
Chilkdren 15040 Rocidand Road, ARB-Room 2391, Wilmingion, Delaware 19603, 302-651-5G307 or
v N T OAINS DI

Please Include yourr study title and refencnce numider in all comespondence with this ofoce.
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