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ABBREVIATIONS

1. ABBREVIATIONS

All units of measurement are abbreviated according to the International System of units (SI).

A Adenosine

ABL Abelson

ALL Acute lymphoblastic leukemia
APS Ammoniumperoxodisulfat
ATP Adenosine triphosphate
BCR Breakpoint cluster region
bp Base pair

BSA Bovine serum albumin

C Cytosine

cDNA Complementary DNA
CML Chronic myeloid leukemia
Da Dasatinib

DNA Deoxyribonucleic acid
DNase Deoxyribonuclease

dNTPs 2'-deoxynucleoside-5'-triphosphates
DTT Dithiothreitol

4E-BP1  4E-binding proteinl

EDTA Ethylene diaminetetraacetic acid

EtBr Ethidium bromide
FACS Fluorescence-activated cell sorter
FCS Fetal calf serum

G-CSF Granulocyte colony-stimulating factor

GM-CSF Granulocyte/macrophage colony-stimulating factor
GSK-3 Glycogen synthase kinase-3

HEPES  (2-Hydroxyethyl)-1-piperazineethanesulphonic acid

HRP Horse radish peroxidase
IL-3 Interleukin-3
IL-6 Interleukin-6



ABBREVIATIONS

IM Imatinib mesylate (IM, Gleevec” )
IMDM Iscoves Modified Dulbecco’s Medium
kb Kilobase pair

kD Kilodalton

MRD Minimal residual disease

mTor Mammalian target of rapamycin

MTS 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide

MTT 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium

NaCl Sodium chloride

NI Nilotinib (AMN107)

PAGE Polyacrylamide gel electrophoresis

PBS Phosphate buffered saline

PCR Polymerase chain reaction

Ph" Philadelphia chromosome positive

PI;K Phosphatidylinositol 3-kinase

PMSF Phenylmethylsulfonyl fluoride
PP70S6K Phosphorylation of p70S6-kinase
RADO00!  Everolimus®

RAP Rapamycin

R-CM Resistant conditioned media
RNA Ribonucleic acid

rpm Retation per minute
RT-PCR  Reverse transcription PCR
SDS Sodium-dodecyl-sulphate
TAE Tris-acetate-EDTA buffer
TBE Tris-borate-EDTA buffer
TE Tris-EDTA

TKI Tyrosine kinase inhibitor
Tris Tris(hydroxymethyl)-amino-methane

UR-CM  Unresistant conditioned media
U Unit



ABBREVIATIONS

WM wortmannin

wt Wild type



INTRODUCTION

2. INTRODUCTION

In the past decades, much has been learned about the molecular origin of cancer. In particular, the
identification of causative oncogenic aberrations led to the rational design of drugs capable of
blocking oncogenic signalling. These, so called molecularly targeted therapie have revolutionized
cancer therapy. All-trans retinoic acid (ATRA), for example, is used in the treatment of a special
subtype of acute myeloid leukemia, acute promyelocytic leukaemia (APL). It can block the
oncogenic activity of the underlying chromosomal translocation t (15;17) and transform a
formerly poor risk leukemia into a disease with excellent long term prognosis (Longo L. et al.,
1990; de The H. et al., 1991; Kakizuka A. et al., 1991; Pandolfi PP. et al., 1992; Fenaux P. et al.,
2000). Other examples represent the use of monoclonal antibodies such as trastuzumab to target
the oncogenic HER-2 protein in breast cancer (Piccart-Gebhart MJ. et al., 2005; Romond EH. Et
al., 2005; Robert N. et al., 2006), rituximab to target CD20 in lymphoma (Coiffier B. et al., 2002;
Leahy MF. et al., 2006; Strauss SJ. et al., 2006) and bevacizumab against the oncogenic growth
factor, vascular endothelial growth factor (VEGF) in colon cancer (Hurwitz H. et al., 2004;
Schulz J. et al., 2005). All these novel substances have been incorporated into the arsenal of
conventional tumor therapy, resulting in substantial survival benefits. The most intriguing
example for the success of rationally designed molecularly targeted therapy is the development of
the specific ABL-tyrosine kinase inhibitor imatinib mesylate (formerly STIS71, or CPG57148B,
IM, Gleevec™).

IM led to impressive clinical responses in treatment of Philadelphia-chromosome positive (Ph+)
leukemias and has revolutionized the treatment of CML and acute lymphatic leukemia (ALL).
However, despite this, therapy resistance, the holy grail of cancer therapy, can not be circumvented
by IM. Outright resistance occurs at a frequency of 1-4% annually, but in progressed phases of
CML and in Ph+ALL, manifest resistance to IM essentially always emerges after prolonged
treatment. Even though most patients with chronic phase of CML achieve a complete cytogenetic
remission (CCR), persistence of minimal residual disease occurs in almost all patients.
Understanding mechanisms of resistance and persistence to IM and other kinase inhibitors is

therefore critical to the issue of potential cure using kinase inhibitors.

2.1 Chronic myeloid leukemia (CML)
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2.1.1 History of CML

Chronic myeloid leukaemia (CML) was first described independently by pathologists Bennet,
Craigie, and Virchow in 1845(Virchow R.., 1845, Craigie D., 1845, Bennett J., 1845). The
Philadelphia (Ph) chromosome as the causative genetic abberration of CML was identified much
later in 1960 by Hungerford & Nowell (Nowell PC., Hungerford DA., 1960). They showed a
consistent “minute chromosome” abnormality, which they referred to as the Philadelphia (Ph)
chromosome. The Ph-chromosome was present in all leukaemia cells from CML, but not from
AML patients. In 1973, Janet Rowley’s group further confirmed the existence of this chromosome
abnormality in CML, but additionally identified that “the minute chromosome” was the result of a
reciprocal chromosomal translocation between the long arms of chromosome 9 and 22 (Rowley
JD., 1973). These findings were the first to describe that a specific and recurrent chromosomal

rearrangement was associated with a specific type of cancer.

2.1.2 Clinical presentation of CML

The natural course of CML is generally characterized by three phases. A benign chronic phase
leads over into an accelerated phase and ultimately a terminal blast crisis.

Chronic phase of CML has a consistent, relatively indolent presentation in patients. It is
characterized by an expansion of immature and mature myeloid cells and retention of
hematopoietic differentiation (Lichtman MA., 1995). Patients often have fatigue, splenomegaly,
anemia, and high white blood cell counts in the peripheral blood.

The clinical presentation of accelerated and blast crisis is much more aggressive than chronic
phase. Both accelerated and blast phases are characterized by a severe reduction in cellular
differentiation, with a replacement of mature cells with immature blasts (Lichtman MA., 1995) and
are associated with more severe clinical symptoms including those related to infectious and
bleeding complications. Blast crisis resembles acute leukemia which can either be of lymphatic

(30%), or more frequently of myeloid character (approx. 70%).

2.1.3 Treatment of CML

CML was previously treated with palliative measures, such as spleenic irradiation or the cytotoxic

drug busulfan. Subsequently hydroxyurea, and intensive combination chemotherapy (Kantarjian
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HM. et al., 1995) were introduced in CML-therapy and led to a limitedly increased survival. The
best conservative treatment with a substantial survival benefit in the last decade was interferon
alpha, either alone (Bonifazi F., 2001) or in combination with cytarabine (Kantarjian HM., 1999).
With the advent of IM, interferon was no longer the standard therapy of CML (O’Brien SG., 2003).

However, as of today, the only curative treatment remains the allogenetic bone marrow
transplantation, which was first applied in the 1980s. Unfortunately, not all patients are eligible for
bone marrow transplantation and the cure rate is compromised by a high treatment related toxicity
causing a 5-year disease-free survival in transplanted patients as low as 30%-80%, depending on
stage of disease, time to transplant, age and donor characteristics (Druker BJ. et al., 2002; Salesse

S. et al., 2002).
2.2 BCR/ABL- the molecular cause of CML
2.2.1 The structure of BCR/ABL

As mentioned above, the Ph-chromosome is the unique chromosomal translocation in CML and
can be detected in over 95% of CML patients. It is characterized by a reciprocal translocation
between the long arms of chromosome 9 and 22 t (9;22)(q34,q11), leading to a fusion of parts of
the ABL gene (from chromosome 9) and the BCR gene (from chromosome22). (de Klein A. et al.,
1982; Groffen J. et al., 1983; Bartram CR. et al., 1983; Canaani E. et al., 1984; Heisterkamp N. et
al., 1985; Shtivelman E. et al., 1985; Mes-Masson AM. et al., 1986; Grosveld G. et al., 1986). The
emerging fusion gene BCR/ABL results in a 8.5 KB mRNA transcript (Melo JV., 1996), and
encodes for a 210 kD chimeric BCR/ABL protein (Ben-Neriah Y. et al., 1986). Sequence analysis
disclosed that the BCR/ABL transcript was variable in size and was translated into three isoforms
of protein p190, p210 and p230 (Clark SC. et al., 1988; Hermans A. et al., 1987; Mes-Masson AM.
et al., 1986; Pane F., 1996) (Figure 1). In human, every of the three isoforms is associated with a
distinct type of leukaemia. Type p190 is most often present in B-ALL, p210 is a predominant form
of CML, p230 was late found in neutropenic CML (Pane F. et al., 1996).

There are several domains in BCR/ABL contributing its abnormally high ABL kinase activivty
compared with ABL alone. An oligomerization motif in BCR/ABL greatly enhances tyrosine
kinase activity and cellular transformation (McWhite JR. et al., 1993; Golub TR. et al., 1996), BCR
A and B boxes are also required for BCR/ABL activation and transformation ability (Muller AJ. et
al., 1991; Pendergast AM. et al., 1991).
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Figure 1 The Translocation of 1(9;22)(q34;q11) in CML and Ph positive ALL.

The Philadelphia-(Ph)chromosome is a shortened chromosome 22 that results from the translocation of 3'(toward the
telomere) ABL segments on chromosome 9 to 5° BCR segments on chromosome 22. Various breakpoints
(arrowheads) have been identified on chromosome 22 resulting in different fusion messenger RNA moleculaes (ela2,
b2a2, b3a2, and e19a2) of different lengths that are translated into chimeric BCR/ABL protein products of variable size
(p190, p210, and p230).

2.2.2 The Signal-transduction pathways affected by BCR/ABL

The BCR/ABL fusion protein is a constitutively activated (tyrosine-phosphorylated) non-receptor
tyrosine kinase. In its activated state distinct structural domains of ABL within BCR/ABL mediate
binding of adapter proteins such as growth factor receptor—bound protein receptor 2(GRB-2),
DOK, CRK, CRK-like protein (CRKL), SRC-homology (SHC)-containing proteins, and casitas
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B-lineage lymphoma protein (CBL) (Figure 2) (Sattler M. et al., 1995; Puil L. et al., 1994; Carpino
N. et al., 1997; Oda T. et al., 1994; Ptasznik A. et al., 2002; Andoniou CE. et al., 1996). These
interactions cause phosphorylation of adaptor proteins and the activation of various downstream
signalling pathways, such as the RAS-MAP-Kinase pathway (Cortez D. et al., 1997; Skorski T. et
al., 1997), signalling transducers and activators of transcription (STAT) signalling pathway (Shuai
K. et al., 1996), the phosphatidylinositol 3-kinase (PI3K) signalling (Varticovski L. et al., 1991),
and MY C-dependent signalling (Stewart MJ. et al., 1995) (Figure 2.2). BCR/ABL also induces
autocrine release of cytokines such as interleukin-3(IL-3), granulocyte colony-stimulating factor
(G-CSF), and granulocyte-macrophage colony-stimulating factor (GM-CSF) (Li S. et al., 2001),
which are supposedly also implicated in the biology of CML (Figure 2).

2.2.3 BCR/ABL as a therapeutic target

Targeting BCR/ABL as a therapeutic principle in CML is based on several rationales. First of all, it
is a CML specific translocation. 95% of the CML patients harbor the typical chromosomal
translocation between the long arms of chromosomes 9 and 22. Secondly, BCR/ABL was shown to
be causative for transformation in vitro (Zhao RC. et al., 2001; Era T. et al., 2000) and in vivo
(Heisterkamp N. et al., 1990; Daley GQ. et al., 1990). For example, it has been shown that
BCR/ABL results in the development of acute leukemia in transgenic mice expressing
p185BCR/ABL (Heisterkamp N., 1990). Moreover, several murine transplant models established
that BCR/ABL was sufficient not only to cause leukemia, but also T-cell lymphoma (Daley GQ. et
al., 1990; Wong S. et al., 2001). BCR/ABL induced leukemias could be transplanted into
secondary and tertiary recipients (Gishizky ML. et al., 1993). These results support the notion that
BCR/ABL transformed leukemic cells have true cancer stem cell character. Finally, inhibiting
ABL was obviously not toxic to cells not expressing BCR/ABL.( Druker BJ. et al., 1996)

The final proof that BCR/ABL is a critical for cellular transformation in any phase of the disease
came from the therapeutic efficacy of IM as a specific ABL-inhibitor (Druker BJ. et al., 2001). In
2001, two reports by Druker (Druker BJ. et al., 2001(a); Druker BJ. et al., 2001(b)) documented the
clinical efficacy of the BCR/ABL tyrosine kinase inhibitor IM in CML.
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Figure 2 BCR/ABL-dependent signalling pathways.

2.3 Imatinib mesylate (IM)
2.3.1 Imatinib mesylate, structure and principles of efficacy

The phenylaminopyrimidine molecule CGP57148B (Figure 3), which occupies the kinase pocket
of the BCR/ABL protein and blocks access to ATP, thereby prevents phosphorylation of any
substate (Goldman JM. et al., 2001) (Figure 4). Preclinical studies showed that the molecule was
highly effective in blocking the tyrosine kinase activity of ABL, the stem-cell factor
receptor(c-kit), and the platelet-derived growth factor receptor (PDGFR) but had little effect on
other tyrosine kinases (Carroll M. et al., 1997; Buchdunger E. et al., 2000; Buchdunger E. et al.,
1996). CGP57148 inhibited proliferation of CML cell lines and clonogenic cells from patients with
CML but did not affect equivalent control cells (Druker BJ. et al., 1996).



INTRODUCTION

Deininger M., et al. Blood 2005;105:2640-2653

Figure 3 Chemical structure of Imtinib mesylate

What is the principle of Imatinib binding?

Crystallographic studies elucidated the structural basis of the high efficacy and selectivity of
imatinib binding (Shah NP. et al., 2004; Schindler T. et al., 2000). It appears that imatinib binds
only to the inactive conformation of BCR/ABL. In this conformation the activation loop closes up
the kinase, preventing access of substrates to the kinase and consequently activation of
downstream signalling molecules of BCR/ABL. Structural fit of Imatinib to the ATP-binding
pocket enables to compete away ATP. Binding of imatinib mainly occurs in the closed (inactive)
state, because the activation loop moves outward during activation sterically hindering the access
of imatinib to the ATP-binding site when the kinase is active. The structural differences of the
ABl-kinase during the closed (inactivated) conformation also explain the specificity of imatinib for
ABL and not for other kinases such as for example to SRC-kinases or many others. This ensures a

high selectivity of imatinib for BCR/ABL and little side effects in vivo.
2.3.2 The clinical efficacy of imatinib

When added to BCR/ABL positive cell lines, imatinib was found to be highly effective in
specifically inhibiting cell proliferation and inducing apoptosis of BCR/ABL positive leukemias
while sparing normal hematopoietic cells (Druker BJ. et al., 1996). Subsequent work with this
compound confirmed these results (Drucker BJ. et al.,, 1996; Beran M. et al.,, 1998;
Gambacorti-Passerini C. et al., 1997; Deininger M. et al., 1997) and led to the investigation of this

-10 -
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Figure 4 Likely Mode of Action of STIS71.

The left-hand panel shows the BCR/ABL oncoprotein with a molecula of ATP in the kinase pocket. The relevant
substrate is phosphorylated on a tyrosine residue and, inits phosphorylated state, can then interact with other
downstream effector molecules. When STIS71 occupies the kinase pocket (right-hand panel), the action of ATP is
inhibited, and the substrate cannot be phosphorylated.

compound in vivo.

2.3.2.1 Imatinib Mesylate treatment leads to remission in most chronic phase CML patients

Phase I studies of therapy-refractory CML patients uncovered the substantial clinical efficacy and
very good tolerability of imatinib in vivo (Druker BJ. et al., 2001). The impressive efficacy of
imatinib in CML patients provided the final proof for the causative role BCR/ABL in CML. The
drug was moved to phase I and II studies in late chronic phase CML patients, resistant or intolerant
to IFN alpha (Druker BJ. et al., 2001; Kantarjian HM. et al., 2002). As expected, imatinib was even
more effective with most patients achieving complete heamotologic remission (CHR) and a very
significant rate of them obtaining major and complete cytogenetic remission (CCR). Consequently,
the drug was moved into the first line therapy of chronic phase CML and its efficacy was directly
compared with IFNa in a multicenter phase III trial enrolling 1106 patients (O’Brien SG. et al.,
2003). This overwhelming and sustained antileukemic efficacy of imatinib in this study led to the

introduction of imatinib as the standard therapy in all phases of CML.

2.3.2.2 Failure of imatinib to achieve sustained remission in accelerated and blast phase of CML or

211 -
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BCR/ABL positive ALL

The efficacy of imatinib was not as good in progressed phases of CML and in BCR/ABL positive
ALL as in early chronic phase CML. For example, in a group of 38 CML patients with myeloid
blast crisis, only 55% showed response to imatinib and 11% achieved CHR. Only 18% patients
kept response over a year because most of the patients relapsed irrespectively of continuous
treatment with imatinib (Druker BJ. et al., 2001; Sawyers CL. et al., 2002; Kantarjian H. et al.,
2004). Twenty enrolled imatinib-treated patients with lymphoid blast crisis CML and Ph" B-ALL
had similar response as compared with that of myeloid blast crisis (Druker BJ. et al., 2001) (Figure
5).
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Deininger, M. et al. Blood 2005;105:2640-2653

Figure 5 Rates of complete hematologic remission, complete cytogenetic remission, and
molecular remission (defined as RT-PCR negativity) in the phase 2 and 3 trials with imatinib

monotherapy.
Blue bars indicate complete hematologic remission (CHR); green bars, complete cytogenetic remission (CCR); red

bars, molecular remission (MoR). M-BC indicates myeloid blast crisis; and AP, accelerated phase.

2.4 Mechanisms of imatinib resistance

2.4.1 Definition of clinical imatinib resistance and imatinib response
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There are two types of imatinib resistances: primary resistance and secondary or ‘“acquired”
hematopoietic and cytogenetic resistances according to the criteria recently summarized in a
consensus paper of the European Leukemia Net (Baccarani M., 2006). According to this, patients
with primary resistance fail to initially respond to imatinib treatment, whereas secondary resistance
characterizes loss of a response (hemotologic or cytogenetic). Cytogenetic responses are divided
into complete (no Ph+ metaphases), major (less than 35% Ph-positive marrow metaphases) and
minor responses (more than 35% Ph+ metaphases). Cytogenetic assessment will be performed
every 3 months until obtaining a CCR. After this, cytogenetic assessment will be done once every
year to monitor (even in ongoing CCR) for clonal evolution—the emergence of additional
Ph-chromsome independent chromosomal aberrations.

After a complete cytogenetic remission has been achieved, molecular remission is monitored via
quantitative BCR/ABL-specific PCR. The kinetics and depth of the achievement of a molecular
remission could predict the durability of a response, with most patients achieving a 3 log reduction

of their initial MRNA value having an almost negligible risk for disease progression (Press RD. et

al., 2006).

2.4.2 BCR/ABL—dependent imatinib resistance

If the leukemic clone maintains its BCR/ABL kinase activity in spite of the presence of imatinib,
resistance may be considered as BCR/ABL-dependent. Response of CML patients with progressed
phases of the disease is always transient, revealed that BCR/ABL activity is reactivated at the time
of relapse in most cases (Gorre ME. et al., 2002). The implication of this finding is that despite the
numerous secondary genetic alterations that are present in blast phase disease, disease relapse to
imatinib most often is conferred by BCR/ABL, and attempts to once again inhibit BCR/ABL

activity in these patients holds considerable therapeutic promise.

2.4.2.1 BCR/ABL- overexpression

Approximately 10% of resistant cases are associated with overexpression of BCR/ABL, typically
through genomic amplification or the acquisition of additional Ph chromosome (Le Coutre P. et al.,
2000; Gorre ME. et al., 2001; Hochhaus A. et al., 2002). Under these circumstances, it is presumed
that the intracellular concentration of imatinib is insufficient to inhibit an increased kinase activity

of BCR/ABL. Consequently increasing dose would be a rational approach to overcome this type of
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imatinib-resistance.

2.4.2.2 BCR/ABL tyrosine kinase domain mutations

BCR/ABL kinase domain mutations represent the most commonly observed mechanism of
acquired resistance to imatinib, occurring in 50%-90% of cases (Hochhaus A. et al., 2002; Gorre
ME. et al., 2001; Shah NP. et al., 2002; von Bubnoff N. et al., 2002; Branford S. et al., 2002; Al-Ali
HK. et al., 2004). To date, more than 40 different mutations have been associated with clinical
resistance to imatinib (Gorre ME. et al., 2001; Von Bobnoff N. et al., 2002; Branford S. et al.,
2002; Hofmann WK. et al., 2002; Roche-Lestienne C. et al., 2002; Shah NP. et al., 2002; Hochhaus
A.etal., 2002). They are located at four distinguishable clusters according to the site of mutations:
ATP binding loop (P-loop), activation loop (A-loop) and others. The majority of mutations are felt
to prevent the kinase domain from adopting the specific conformation to which imatinib bindings
(Schindler T. et al., 2000; Shah NP. et al., 2002). Studies have shown that some mutations confer
only a moderate degree of resistance, and as a result, dose escalation is predicted to recapture
responses in some cases (Von Bobnoff N. et al., 2002; Shah NP. et al., 2002; Corbin AS. et al.,
2003), whereas some mutant forms are highly resistant to imatinib, for example, T3151. Mutations
in ATP binding loop have been suggested to be associated with poor prognosis (Branford S. et al.,
2003; Ian J.Griswold. et al., 2006). However, more recent reports can not confirm this (Jabbour E.
et al., 2006). The identification of mutations as a major mechanism of imatinib resistance has been
the rationale to develop novel kinase inhibitors that could bind very efficiently to mutated
BCR/ABL. Nilotinib and Dasatinib belong to this new class of second generation inhibitors
capable of blocking both wild type and almost all mutated ABL (Weisberg E. et al., 2005; Shah
NP. et al., 2004).

2.4.3 BCR/ABL-independent imatinib resistance

In vitro evidence suggested the existence of BCR/ABL independent types of imatinib-resistance,
BCR/ABL positive cell lines survived in presence of imatinib although the BCR/ABL kinase
activity was potently inhibited. Mechanisms of BCR/ABL independent resistance include the
activation of alternative anti-apoptotic pathways such as the SRC-signalling pathway. (Donato NJ.
et al., 2003) Alternatively, imatinib-resistance LAMAS84 cells showed increased expression of

MDR2, an efflux pump that decreases the intracellular concentration of imatinib (Mahon FX. et al.,
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2000). NF-kB was also shown to be involved in BCR/ABL-independent imatinib resistance in
several cell lines (Dai Y. et al., 2004). In primary cells it has been shown that solely blocking the
SRC kinase lyn is sufficient to induce apoptosis in BCR/ABL positive primary cells (Ptasznik A. et
al., 2004). Together, BCR/ABL remains the primary target in imatinib-resistance disease, but
BCR/ABL- independent “off-target” inhibition appears to contribute to overcome

imatinib-resistance.

2.4.4 Strategies to overcome imatinib resistance

Identifying molecular mechanisms of imatinib resistance was a prerequisite to develop strategies to
overcome it. Several strategies are used to overcome clinical imatinib-resistance:

1. Dose escalation of imatinib

Retrospective data suggest that dose escalation (600 to 800mg/day) can overcome

hematologic or cytogenetic resistance in some patients (Kantarjian HM. et al., 2003), although
these responses may not be maintained (Marin D. et al., 2003). An important consideration is the
specific type of mutation. Dose escalation is likely to be effective in the case of mutations with a
low or moderate level of resistance to imatinib, such as H386P, but not in highly resistant mutants
such as T3151 or E255K (Corbin AS. et al., 2003).

2. Combinations with newer signal transduction inhibitors

Many drugs have been tested for their synergism with imatinib (La Rosee P. et al., 2002) such as
cytarabine or homoharringtonine. However, newer signal transduction inhibitors such as Ras
signaling inhibitors (Daley GQ. et al., 2003), RAD001 (Dengler J. et al., 2005), histone deacetylase
inhibitors (Yu C. et al., 2003) and multi-kinase inhibitors (SKI606) (Golas JM. et al., 2003; Golas
JM. et al., 2005) or non ATP-competitive inhibitors (Gumireddy K. et al., 2005) are also currently
tested in clinical trials to overcome poor molecular responses and manifest imatinib resistance.

3. Second generation ABL- inhibitors

Several compounds with inhibitory activity toward the ABL kinase have been developed. Nilotinib
(AMN107) is a very strong and more selective inhibitor of the ABL kinase with approximately
25-fold increased potency relative to imatinib (Weisberg E. et al., 2005; O’Hare T. et al., 2005).
Nilotinib has recently shown significant activity in a phase I clinical trial in patients resistant or
intolerant to imatinib (Kantarjian HM. et al., 2006). BMS354825 (dasatinib, Sprycel®) belongs to
a second family of very effective dual kinase inhibitors. It blocks the ABL and SRC kinase family

and has also been proven effective in a clinical phase I study (Talpaz M. et al., 2006) and several
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ongoing phase II studies. The overall cytogenetic remission rate was about 40 to 50% in
imatinib-resistant CML patients in chronic phase; 40% in accelerated phase; and approximately

20% in blast crisis and Ph positive ALL.
2.5 Persistance

Despite the fact that imatinib is very efficacious in treating BCR/ABL-positive leukaemia with
most patients achieving a CCR, minimal residual disease is almost always detectable and referred
to as disease persistence (Hughes TP. et al., 2003; Bhatia R. et al., 2003). Disease persistence is of
considerable clinical significance, because it indicates that imatinib alone is not capable of
eradicating CML. Accordingly, pausing imatinib usually invariably causes a relapse of the disease.
So far mechanisms of disease persistence are largely unclear. However, it is well accepted that
persisting CML and ALL cells are quiescent (Holyoake T. et al., 2003; Holtz MS., 2005),
overexpress BCR/ABL (Jiang X. et al., 2003; Copland M. et al., 2006) and efflux pumps which
maintain low intracellular levels of imatinib (Jordanides NE. et al., 2006). It is therefore believed
that imatinib may prevent stem cells proliferation, but be unable to eliminate them. Overall
mechanisms are summarized in (Figure 6).

Other mechanisms may also contribute to CML persistence. For example, when BCR/ABL was
inhibited by imatinib in primary CD34+ CML progenitors, a counterintuitive, cytokine dependent
activation of the mitogen-activated protein kinase (MAPK) occurred (Chu S. et al., 2003).
Moreover, adhesion to integrins also inhibited apoptosis of BCR/ABL" cell lines (Bueno-da-Silva
AE. et al., 2003). Kinase mutation may also mediate persistence (Chu S. et al., 2005). Identifying
mechanisms of disease persistence will be of decisive importance to the issue of cure using

molecular inhibitors.
2.6 Aim of the Project

Imatinib has become the standard therapy for patients with BCR/ABL-positive leukemias.
Unfortunately, even after years of treatment with the drug, neither CML nor Ph+ALL patients can
be cured with imatinib alone. In fact, imatinib resistance regularly occurs when imatinib is given to
patients in progressed phases of CML and Ph+ ALL. The main mechanism of resistance is the
occurance of mutations in the BCR/ABL kinase domain. New inhibitors which potently block

almost all known kinase mutations have therefore been developed and recently also introduced into
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Figure 6 Potential mechanisms underlying disease persistence (molecular refractoriness).

(A) Kinase domain mutations that confer moderate resistance to imatinib.(B) BCR-ABL levels may be particularly
high in the most primitive leukemic stem cells.(C) Inadequate intracellular levels of imatinib as a result of PGP
expression.(D) Physiologic growth factor signalling or (E) integrin signals may maintain viability even with
BCR-ABL kinase activity completely inhibited. (F) Quiescent (dormant) cells may be protected against imatinib.

VLA-5 indicates very late activation antigen-5.

clinical trials for the treatment of imatinib resistance disease. However, in vitro evidence and an
increasing body of in vivo evidence suggest that even these new compounds can not achieve cure.
To eradicate minimal residual disease and to target mutation independent mechanisms of imatinib
resistance remain therefore of significant clinical value.

To identify mechanisms of disease persistence and resistance we established a longitudinal
imatinib-resistance induction model using clonal populations of BCR/ABL-positive LAMAS84
cells. In these experiments, many individual subclones of LAMAS84 cells, were exposed in parallel
to increasing concentrations of imatinib and after intervals aliquots of the cells, protein lysates, and
RNA were frozen for later analysis. Primarily, we sought to identify very early biologic changes
that mediate incipient imatinib-resistance.

In a second set of experiments and based also on the long known mechanism of autocrine
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stimulation in BCR/ABL positive leukemias, we asked, whether autocrine pathways may also

contribute to imatinib resistance development.
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3. MATERIALS AND METHODS

3.1 Materials

3.1.1 Chemicals and equipment

Chemicals
Acrylamide/Bis-acrylamide
Agarose
Ammoniumperoxodisulfat (APS)
AMNI107-NX (free base)
Aqua dest

Bovine serum albumin (BSA)
Bromophenol blue sodium salt
Calcium chloride

Dimethyl sulfoxide (DMSO)
1,4-Dithiothreitol

Ethanol

Ethidiumbromide

Ethylene diaminetetraacetic acid disodium salt (EDTA)

Ficoll-Pague™ PLUS

Glycerol

Glycine
4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid
(HEPES)

Igepal CA-630 (indistinguishable from NP-40)

Imatinib mesylate

Leupeptin

Methanol

3-Mercaptoethanol

Natriumdesoxycholat

Orthovanadate

Pepstatin

Phenylmethylsulfonyl fluoride (PMSF)
Propidium iodide(PI)

RADO01 (Everolimus®)

Rapamycin

SH-6

Sodium chloride

Sodium dodecyl sulfate (SDS)
N,N,N’,N’-Tetramethylethylenediamine (TEMED)
Tris(hydroxymethyl)aminomethane (Tris)
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Roth, Karlsruhe
Gibco-BRL, Neu Isenburg
Sigma-Aldrich, Seelze
NovartisPharma(Basel, Switzerland)
B. Braun Melsungen AG
Sigma-Aldrich, Seelze
Serva, Heidelberg

Merck, Darmstadt

Merck, Darmstadt

Roth, Karlsruhe

Merck, Darmstadt

Roth, Karlsruhe

Merck, Darmstadt
Amersham Biosciences
Merck, Darmstadt
Sigma-Aldrich, Seelze
Roth, Karlsruhe

Sigma-Aldrich, Seelze
NovartisPharma(Basel, Switzerland)
Sigma-Aldrich, Seelze

Merck, Darmstadt
Merck-Schuchardt, Miinchen
Sigma, St Louis, MO, USA

Sigma, St Louis, MO, USA

Sigma, St Louis, MO, USA
Sigma-Aldrich, Seelze

Sigma, St Louis, MO, USA
NovartisPharma(Basel, Switzerland)
Sigma-Aldrich, Seelze

Alexis

Sigma-Aldrich, Seelze

Merck, Darmstadt

Roth, Karlsruhe

Roth, Karlsruhe
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Tween"“20
Wortmannin(WM)
Cell Culture Media and Antibiotics
FCS, trypsin, glutamine
IMDM medium (SH30228.01) HyClone®
Metho Cult™ H4230(no Cytokines)
rhMIP-1a
rhSCF
rhG-CSF
rhGM-CSF
rhIL-3
rhIL-6
rhIL8
rhOncostatin M
RPMI 1640 medium (72400-021)
Penicillin/Streptomycin (15140-114)
Equipment
Agarose gel electrophoresis chambers
Amaxa nucleofector device
Cell culture incubator
Clean bench
ELISA reader
Freezer
GeneAmp® PCR system 9600

PCR amplifying machine with gradient cycler

Inverted microscope (DMIL)
OPTIMAX" film processor
Power supply units (MODE/250EX)

Semi-dry blot apparatus

Sequence detection system (ABI PRISM 7700)

Superspeed refrigerated centrifuge
X-ray film processor (UVT 2035)

Miscellaneous
BioMax-MR films

DNA and protein size markers
Gel-blotting-paper(GB003)

Nitrocellulose transfer membrane

Sterile plastic ware for cell culture
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Roth, Karlsruhe
Calbiochem Bad Soden

Gibco-BRL, Karlsruhe
HyClone

Stem Cell Technologies
Calbiochem Bad Soden
Pepro Tech, London
Pepro Tech, London
R&D systems

Pepro Tech, London
Pepro Tech, London
Calbiochem Bad Soden
Calbiochem Bad Soden
Gibco-BRL, Karlsruhe
Biochrom KG, Berlin, Germany

BioRad, Miinchen

Amaxa GmbH, Cologne, Germany
HERAEUS, Germany

Kendro, Hanau

Labsystems Multiskan RC
HERAEUS, Germany

Applied Bioystems, Darmstadt
Eppendorf AG

Leica, Wetzlar

PROTEC processor-Technology
Gibco BRL electrophoresis Power

supply
BioRad, Miinchen

PE Applied-Biosystems
Eppendorf AG
Herolab

Kodak, Rochester, New York, USA
Roche, Mannheim

Schleicher&Schuell BioScience
GmbH
Schleicher&Schuell BioScience
GmbH

Greiner Bio-one GmbH, Solingen,
Germany
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3.1.2 Cell lines

LAMA-84

BCR/ABL-positive LAMA-84 cells (LAMA) were obtained from the Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH (DSMZ, Braunschweig, Germany).

Morphology: single, round to polymorph cells growing in suspension, some cells are loosely
adherent.

Properties: CD3", CD4, CD11b", CD13", CD14, CD15, CD19", CD33", CD34, HLA-DR(+),
CDA41°, CD42".

Culture: 90% RPMI 1640 + 10% FBS maintain at 0.5-1.0 x 10° cells/ml;optimal sptimal split ratio
of 1:2 to 1:3 every 2-4 days; dislodge any adhering cells by shaking cultue flask at 37°C with 5%
CO, saturation density at about 2.0 x10° cells/ml; doubling time of ca. 50 hours.

BA/F3

Origin: IL-3 dependent murine pro B cell line established from peripheral blood; apparently
derived from BALB/c mouse.

Morphology: mostly single, round (some polymorph) cells in suspension (or occasionally in
clumps)

Culture: 90% RPMI 1640 + 10% FBS + 10 ng/ml IL-3. Ectropic expression of BCR/ABL could
enable BA/F3 to grow independently on IL-3.

3.1.3 Buffers and solutions

10%APS: 1g ammoniumpersulfat in 10ml destilled water.

1xbinding buffer for apoptosis detection: 10ml HEPES pH7.4, 140mM NaCl, 2,5mM CaCl,.
Blotting buffer: 25mM Tris-OH, 114mM Glycine, 10% Methanol.

10xElectrophorese buffer: 250mM Tris-OH, 1.9M Glycine, 2.5%SDS.

MACS buffer: 2uM EDTA, 0.5%BSA in PBS.

2xPP (for IP): 2.5 ml 1.5M Tris pH8.8, 3ml 20% SDS, 2ml glycerol, 0.25ml 1% bromophenol
blue and 1ml f—Mercaptoethanol.

4xPP: 60mM Tris-HCI pH6.8, 25% glycerol, 2% SDS, 0.7M B-Mercaptoethanol, 0.1%
bromophenol blue.

10x Red blood cell lysis buffer: Dissolved 8.02g Ammoniumchlorid, 1g
Kaliumhydrogencarbonat, 0.037g EDTA with H,O to 100ml.
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RIPA: 20mM Tris PH7.4, 150mM NaCl, 5mM EDTA, 1%SDS, 0.5% NaDeoxycholat with fresh

ImM PMSF, 2ug/ml Leupeptin, 4pug/ml Aprotinin, 1.5ug/ml Pepstatin, 1pg/ml Trypsininhibitor

and 50mM NaF.

Strip-buffer: 0.1M B—Mercaptoethanol, 2% SDS and 62.5mM Tris HCL (pH 6.7).
1xTAE (pH 8.0) buffer: 40mM Tris-acetate/ImM EDTA.

10x TBS buffer: 200mM Tris-OH pH 7.5, 1.37M NaCl.

1x TTBS buffer: 1L 1xTBS and 1ml Tween 20.

3.1.4 Antibodies and Kits

Antibodies
Anti-c-ABL antibody (sc-23)

Anti-AKT

Anti-B-Actin(AC-74)
Anti-hGM-CSF neutralizing antibody
Anti-human-CD34 PE34 PE-Cy7
Anti-mouse IgG/HRP
Anti-phospho-AKT

Anti-phospho-JAK?2

_02.

Santa Cruz
Biotechnology,Inc.,Heidelberg,Germany

Cell Signaling Technologies, Berverly,
MA
Sigma-Aldrich, Seelz

R&D systems
BD Biosciences, Heidelberg, Germany
DAKO A/S. Danmark

Cell Signaling Technologies, Berverly,
MA
Cell Signaling Technologies, Berverly,
MA
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Anti-phospho-Crkl (Tyr207)
Anti-phospho-p"** p70S6K(Ser389)

Anti-phosphotyrosine, clone 4G10
Anti-Rabbit I[gG/HRP

Biotinylated mouse anti-human GM-CSF(CD116)

Streptavidin-APC

FITC lebelled goat anti-rabbit IgG

PE conjugated mouse anti-stat5 (pY694)
Kits

BCA™ protein Assay kit

AKT Kinase Assay Kit

AnnexinV-FITC apoptosis detection Kit

Cell growth determination kit, MTT based
CellTiter 96 Aqueous One Solution Reagent (MTS

KIT)
Cell-line specific Nucleofector Kit V

Human Cytokine Antibody Array C Series 1000

Human GM-CSF ELISA Kit
QuantiTect™ SYBR® Green PCR kit

3.1.5 Oligonucleotides

Cell Signaling Technologies, Berverly,
MA

Cell Signaling Technologies, Berverly,
MA

Upstate. USA

DAKO A/S. Danmark
BD Biosciences, Heidelberg, Germany

BD Biosciences, Heidelberg, Germany
BD Biosciences, Heidelberg, Germany
BD Biosciences, Heidelberg, Germany

PIERCE Rockford, USA

Cell Signaling Technologies, Berverly,
MA
Alexis

Sigma-Aldrich, Seelz
Promega, Madison, WI

Amaxa GmbH, Cologne, Germany

Ray Biotech, Inc.
Diaclone BESANCON Cedex, France
Qiagen Hilden

Human AKT-1 specific siRNA (high performance validated siRNA) Qiagen Hilden, Germany.

All primers were supplied by MWG-Biotech, Ebersberg, Germany.

3.1.6 Analysing softwares

CellQuest and ModFit software
FlowlJo software

Sequence Detector v1.6 software

PE Biosystems
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3.2 Methods
3.2.1 Cell culture and clonal in vitro resistance induction

Cell line: BCR/ABL positive LAMA-84 cell line (LAMA) was cultured in RPMI1640 medium
supplemented with 1% glutamine, 10% fetal calf serum (FCS), 1% penicillin/streptomycin. Single
cell clones were generated from LAMA-cells by limited dilution. Each clone was expanded to
individual cultures. Aliquots of the populations were referred as dO and cryo-preserved. Each clone
was exposed both to rising concentration of IM (+IM) or mock-treatment (-IM, control culture).
IM-exposure was started with 0.05 uM and increased every ten days by 0.05 uM only in case of
more than 70% viability in culture, as assessed by trypan blue exclusion method. The
IM-concentration remained unchanged if the viability was between 30-70%, and IM was
withdrawn in case of less than 30% viability, which was referred to as rescue. Rescue periods
depended on recovery time. IM was re-added to 50% of the last achieved IM-level in case of > 90%
viability in the culture. Cell aliquots, protein lysates and total RNA of control- and IM-exposed
cells were cryo-preserved in regular time intervals after d0 (summarized in Figure 7). In other
experiments, IM-resistance was generated accordingly, but in steady presence of 5SnM Rap, which

was renewed every three days.
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Figure 7 Outline of experimental approach

Clonal Populations of LAMA cells were generated using limited dilution. Clones were expanded to cell line and
cultured without IM (-IM, control) or in presence of rising concentrations of IM (+IM), which was increased every ten
days only if viability was >70%. Cell aliquots, whole protein lysates and RNA were preserved on d0 and every month

thereafter from IM-exposed and -unexposed control cultures of each clone.

Primary cells: 10-20ml peripheral blood or bone marrow samples were obtained after written
informed consent. The collection of blood samples was approved by the local ethics committee of
the Klinikum, Philipps-Marburg University.

@Isolation of mononuclear cells

Mononuclear cells were separated from 10-20ml peripheral blood or bone marrow samples with
Ficoll. Briefly, carefully added blood or bone marrow on the top of Ficoll in the 50ml tube,
centrifuged for 20 minutes at 1500 rpm without braking, middle layer cells were carefully taken out
and washed with PBS, lysed with 1x red blood cell lysis buffer for 5 minutes to remove
contaminated red blood cells, again washed with PBS.

@Enrichment of CD34 positive cells

Mononuclear cells resuspended in MACS buffer (0.2M EDTA, 0,25g/ml BSA.) were mixed with
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magnetic beads conjugated mouse anti-human CD34 antibody and incubated on ice for 20 minutes.
The mixture was loaded on pre-washed column with MACS buffer, which was entrapped in strong
magnetic field. The column was then washed with MACS buffer twice. The cells were harvested
by removing the column from the magnetic field, putting syringe core into the column and pushing
it quickly and strongly. The collected cells were purified once more with another new column.
CD34 positive cells were cultured in HyQ IMDM medium containing 4mM L-Glutamine, 0.1uM
HEPES, 30% FCS, 20ng/ml stem cell factor, 10ng/ml interleukin-6, 20ng/ml granulocyte colony

stimulating factor and interleukin-3 (all from PeproTech, London, UK).
3.2.2 Preparation of total RNA from cultured cells

Total RNA was extracted from LAMA cells and primary cells using QIAamp RNA Blood Mini Kit
(QIAGEN), according to the manufacturer’s instructions. 1-5x10° cells were lysed using highly
denaturing conditions that immediately inactivate RNases, allowing the isolation of intact RNA.
After homogenization of the lysate by a brief centrifugation through a QIAshredder spin column,
ethanol was added to adjust binding conditions and the sample was applied to the QlAamp spin
column. RNA was bound to the silica-gel membrane during a brief centrifugation step.

Contaminants were washed away and total RNA was eluted in 30ul of RNase-free water and stored

at —70°C.
3.2.3 Preparation of protein lysate

1-5x10° LAMAS84 cells and primary cells were harvested by centrifuging at 1500rpm for 5 minutes
at room temperature and rinsed once with cold PBS. The pellet were solubilized in RIPA buffer
and incubated on ice for 30 minutes. Cellular debris was removed by centrifuging at 13000rpm for

10 minutes at 4°C. The supernatant was collected and stored at — 70°C.
3.2.4 SDS Polyacrylamide gel electrophoresis

Discontinuous SDS Polyacrylamid gel electrophoresis (Davis, 1964 and Ornstein, 1964) was
performed in a vertical system in order to analyze some genes expression in LAMA cells and
primary cells. The denatured polypeptides bind SDS and become negatively charged. Because the
amount of the SDS bound is usually proportional to the molecular weight of the polypeptide and is

independent of its sequence, the mobility of protein-SDS complexes in polyacrylamide gels in
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inverse proportional to the size of the protein. By using markers of known size it is therefore
possible to estimate the molecular weight of a protein.

SDS polyacrylamide gel electrophoresis was carried out in a discontinuous gel system consisting
of an upper stacking gel, a lower resolving gel and an electrophoresis buffer with different PH
value and ionic strength than the gel buffers. The samples and the stacking gel contain Tris-CL (PH
6.8), both buffer reservoirs contain Tris-glycine (PH 8.3), and the resolving gel contains Tris-CL
(PH 8.8). All components of the system contain 0.1% SDS (Laemmli, 1970). The fast chloride ions
in the samples and stacking gel from the leading edge of a moving ion boundary, and the trailing
edge is composed of slow glycine molecules. Between both edges of the moving boundary is a
zone of lower conductivity and steeper voltage gradient, which sweeps the polypeptides of the
sample and deposits them on the surface of the resolving gel. There the higher PH of 8,3 favours
the ionization of glycine, so that the charged glycine molecules are moving fast through the stacked
polypeptides and travel through the resolving gel immediately behind the chloride ions. Freed from
the moving boundary the SDS-polypeptide complexes move through the resolving gel in a zone of
uniform voltage and pH and are separated to size by sieving.

For most purposes a 7.5 or 10% resolving gel was prepared. The gel solution was poured into the
assembled gel mold between two glass plates separated by 0.75mm think spacers leaving some
lem space for the stacking gel. The gel surface was overlaid with 100% Ethnol in order to prevent
inhibition of polymerization by oxygen. After polymerization was complete (30min) the stacking
gel (always 3-4%) was poured on top of the resolving gel, and the comb was inserted.

Samples were prepared in 1xSDS gel-loading buffer by means of a 4xconcentrated stock
solution. After having added 5% (v/v) B-Mercaptoethanol or 10%(v/v) 1 M DTT all samples were
boiled for 5 min to denature the proteins. After polymerization of stacking gel (30 min) the comb
was removed and the gel mounted in the electrophoresis chamber. Both electrode reservoirs were
filled with SDS electrophoresis buffer, the wells were cleaned and samples loaded. Electrphoresis
was performed at 120 voltage constant power until the bromophenol blue dye had reached the

bottom of the gel.

3.2.5 Western blot

Proteins were separated in a SDS polyacrylamide gel and electro-transferred to a nitrocellulose
membrane at 10-12 voltage for 1h using a semi-dry blot apparatus according to the instructions

provided by the manufacturer. Blocked with 1.5% (v/v) Western blocking reagent (1.5ml Western
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blocking reagent in 100ml TBS) for overnight at 4 °C, the membranes were incubated overnight at
4 °C respectively with anti-c-:ABL (sc-23), anti-Akt, anti-phospho-Akt (Ser 473),
anti-phosphorylation form of p70S6 Kinase (Ser389), and anti-phospho-Crkl antibody;
alternatively probed at room temperture for 2h respectively with anti-phospho-tyrosine kinase,
anti-phospho-stat5 and anti-B-Actin (AC-74) antibodies. Following incubation, membranes were
washed three times with 1xTTBS buffer. HRP-conjugated anti-mouse or anti-rabbit second
antibody was applied to membranes for 40minutes’ incubation at room temperature. After washed
three times in IXTTBS buffer, the membranes were visualized by incubating with the enhanced
chemi-luminescence (ECL) detection reagent (1:1 mixture (v/v) of Reagent 1 and reagent 2) for 1

min and exposing to BioMax-MR films.
3.2.6 Sequencing of the BCR/ABL kinase domain

RT-PCR: Ing total RNA was reversely transcribed into cDNA in the reaction system containing
Ix reaction buffer, 0.5mM dNTP, 10uM hexamer primer, 10units RNase inhibitor, reverse
transcriptase 4U for 1 hour at 37°C, followed by stopping reaction with 95°C Sminutes. PCR
amplification was performed under following conditions: 1 x reaction buffer, 0.8mM dNTP,
0.5uM of each primer, 0.625 U Taq DNA polymerase in a total volume of 25ul. Primer sequences
are showed as below. The cycling conditions were: 94°C 30 sec for denaturation of cDNA
template, annealing at 60°C for 30 sec, extension at 72°C for 40 sec, followed by a final cycle of
90°C for 1 minute and 60°C for 10 minutes. The PCR products were visualized by electrophoresis

on a 1 or 3% agarose gel and staining with ethidium bromide.

Sequencing: BCR/ABL tyrosine kinase domain [gene accession number: U07563] was sequenced
after reverse transcriptase (RT)-PCR amplication from cDNA. Briefly, to amplify the kinase
domain, hemi-nested PCR was performed using the following primers: first step, B2B (BCR exon
13) ACAGCATTCCGCTGACCATCAATAAG plus A7 - (ABL exon 7)
AGACGTCGGACTTGATGGAGAACT; second step, AN4 + (ABL exon 4)
TGGTTCATCATCATTCAACGGTGG plus A7 -. This procedure ensured that the normal,
un-rearranged ABL gene was not analyzed. The 675 bp products encoding the BCR-ABL ATP

binding pocket and the activation loop were directly sequenced in both directions.

3.2.7 Real time quantitative PCR (TagMan PCR)
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Real-time PCR and RT-PCR are highly sensitive techniques enabling amplification and
quantification of a specific nucleic acid sequence with detection of the PCR product in real time.
SYBR Green I binds all double-stranded DNA molecules, emitting a fluorescent signal of a defined
wavelength on binding. The excitation and emission maxima of SYBR Green I are at 494nm and
521nm, respectively, and are compatible for use with any real-time cycler. The optimisation of the
real-time PCR reaction was performed according to the manufacturer's instructions (PE
Applied-Biosystems, User Bulletin 2 and the QuantiTect™SYBR® Green PCR Handbooks) but
scaled down to 25 pl per reaction. The PCR conditions were standarded according to protocol and
all reagents were provided by the kit.

The GAPDH primers were 5’-GAA GGT GAA GTT CGG AGT C - 3’ (forward) and 5’- GAA
GAT GGT GAT GGG ATT TC - 3’ (reverse). GM-CSF primers were designed and supplied by
Qiagen Hilden.

The amplification conditions were: initial 15 minutes at 95°C (to activate HotStarTaq DNA
Polymerase ), then 45 cycles of PCR with denaturation at 94° C for 15sec, annealing at 55°C for 30
sec and extension at 72°C for 30 sec. The conditions of melting Curve achieved were: initial 15sec.
at 95°C, then from 55°C for 15 sec to 95°C for 15 sec., which was recommended routinely to
perform in order to verify speciaficity and identity of the PCR products. Melting curve analysis is
an analysis step built into the software of the LightCycler. PCR was performed on an ABI Prism
7700 sequence detector equipped with a 96-well thermal cycler. Data were collected and analyzed
with Sequence Detector v1.6 software (PE Biosystems). GM-CSF expression was normalized by
comparison with the expression of the housekeeping gene GAPDH. Standard curves for both genes
were constructed for each run using serial dilutions of GM-CSF and GAPDH c¢cDNA with known
copy numbers. The gene copy number in each sample was calculated using the standard curve
equation (y = - mx +b) which describes the correlation of C; values and copy number of the dilution
curve. The mRNA expression levels of GM-CSF were calculated as follows:

AC, (sample) = C, target gene - C,reference gene
AC; (calibrator) = C; target gene - C, reference gene
AAC= AC; (sample) —AC; (calibrator)
If the PCR efficiencies of the target gene and endogenous reference gene are comparable, the

normalized level of target gene expression is calculated by using the formula:
5-AACT

9

Normalized target gene expression level in sample=
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3.2.8 Apoptosis measurement

Apoptosis was measured using the Annexin V-FITC apoptosis detection kit according to
manufacturer’s recommendations. Briefly, 1-5x10° cells were collected and washed once with
PBS, then stained with Sul FITC conjugated annexin V antibody in 195ul 1x binding buffer. The
reaction was carried out at room temperature for 10 minutes. Unbinding annexinV antibody was
removed by washing with 1x binding buffer. The cells were resuspened in 1x binding buffer and
applied to the FCAScan immediatedly after stained with 20ug/ml propidium iodide (PI). PI and
annexin V double negative cells were recognized as surviving, Annexin V positive and PI negative

cells as early apoptosis, PI positive part was counted as late apoptosis.
3.2.9 Proliferation

Cell proliferation was measured using the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromid (MTT) colorimetric reduction method as described by the manufacturer (Sigma Chemical).
Absorbance at 570nm was measured in an OptiMax microplate reader (Molecular Devices,
Ismaning, Germany). Alternatively, proliferation was also measured using an MTS (3-(4,5
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl-2-(4-sulfophenyl)-2H-tetrazolium)-based

method by absorption of formazan at 492 nm (CellTiter 96; Promega, Madison, WI). Measures
were taken as quadruplicates after 24-48 hours of incubation with reagents. Briefly, 100ul
7.5x10°/ml treated cells were added into 96-well-plate in triplicate and incubated at 37°C, 5% CO,
for 24- 48 hours. 20pul of Cell Titer 96 Aqueous One Solution Reagent were piped into each well of
the 96-well plate containing the samples. Followed by another incubation of 1-4 hours at 37°C in a
humidified, 5% CO, atmosphere, brown colour developed and absorbance at 492nm was

measured.
3.2.10 Cell cycle analysis

1 x 10° cells were harvested and washed once with PBS. Resuspended in 500ul PBS, cells were
fixed by dropping 3 ml 70% cold ethanol (stored at -20°C) while vortexing and stored at 4°C for
overnight. Before measurement, samples were washed once with PBS and incubated in 1 ml PBS
containing 50ug PI and 200pg RNase for 30 minutes at room temperature. Following incubation,

cell cycle was analyzed by FACS machine.
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3.2.11 Akt kinase assay

The Akt activity was measured using Akt Kinase Assay Kit in which GSK (glycogen synthase
kinase-3)-fusion protein was used as a substrate of Akt kinase. The phosphoryaltion level of GSK3
represents the activity of Akt. Briefly, whole cell protein extracts from 3x10° LAMA cells were
reacted with immobilized anti-Akt antibody by gently rotating for overnight at 4 °C. Beads were
washed twice with 1x cell lysis buffer, twice 1x kinase buffer and resuspened in 1x kinase buffer
supplemented with GSK-3 fusion protein and ATP. The reaction was carried at 30°C for half hour.
Terminated reaction with 25ul 3x SDS buffer and heated it at 95°C for 5 minutes, 15ul supernant
was separated by 7.5% SDS polyacrylamide gel. The phosphorylation of GSK-3 was detected with
anti-phospho-GSK-3.

3.2.12 Akt-1-siRNA-transfection

1 x 10° LAMA cells were palleted and resuspended in 100pl solution V (a cell line specific
Nucleofector kit V). 2.5 ug human Akt-1-specific siRNA and equal amount of negative control
siRNA were respectively mixed with the cells and added into the cuvette gently to avoid any
bubble. The transfection was performed with the Amaxa Nucleofector Device (program T-16)
according to manufacturer’s recommendations. Western blotting and apoptosis were assessed at

48hours after transfection.
3.2.13 Mutagenesis screen

4 x 10°/200ul Ba/F3-Ber/Abl (p185) wild-type cells and parental LAMA cells were cultured in
96-well plate in presence of imtinib or nilotinib at 2uM combining with or without 0.1nM and
0.5nM everolimus; rh-GM-CSF 0.1, 0.25, 0.5ng/ml; AG490 100uM. The concentrations of
imatinib and nioltinib were increased to 3uM after 72 hours and 4uM after 96 hours. Following

10-14 days’ culture, single colonies growing out on the bottom of the well were counted.
3.2.14 Generation of conditioned medium

Conditioned media were generated by respectively culturing 1 x 10° /ml LAMA-cells in serum free

RPMI-1640 medium (Gibco-BRL) and 1 x 10° /ml PBMC in serum free IMDM-medium
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(HyClone) containing 4mM L-Glutamine and 0.1uM HEPES for 24h in a humidified atmosphere
at 37°C with 5% CO,. Supernatant was cleared from contaminating cells by centrifuging twice at

1500rpm for 5 minutes. Supernatant was eventually aliquoted and stored at -80°C for later use.
3.2.15 CFC assays

First, 5x10° CD34 " -enriched primary CML progenitors of untreated chronic phase CML patients
(#3 to #8, Supplementary Table 1) were treated as indicated in conditioned medium of LAMA cell
clone 25R (or 25UR-CM as control) in presence of 10uM NI for 72h. In some experiments
CD34 -enriched primary CML progenitors were treated with 10pM NI for 72h in CM derived from
primary PBMC of IM-resistant patients. Conditioned media were always supplemented with a five
growth factor cocktail (5GF) containing GM-CSF (0.2ng/ml), SCF (0.2ng/ml), IL-6 (1ng/ml),
G-CSF (Ing/ml), and MIP-la (0.2ng/ml). Alternatively, CD34 -enriched primary CML
progenitors were cultured in IMDM-medium (4mM L-Glutamine, 0.1pM HEPES) containing the
5GF plus 20% fetal calf serum (FCS) (Gibco-BRL), and treated with 10uM NI plus/minus
additional AG490 (100uM) for 72h. To test the effect of GM-CSF, G-CSF, or IL-3 (all from
Peprotech) on CFC formation, these cytokines were each individually supplemented at 10ng/ml.
After treatment, cells were transferred into semisolid Methocult™-Medium (Stemcell
Technologies Inc., H4230) and incubated in triplicates for 14 days in 35x10mm plates (Greiner
Bio-One, Frickenhausen, Germany) at 37°C in a humidified atmosphere containing 5% CO,

saturation. Colonies were counted under microscope.
3.2.16 Cytokine antibody array

A cytokine antibody array was performed using RayBio® Human Cytokine Antibody Array C
Series 1000 Kit (Ray Biotech, Norcross, GA) according to manufacturer’s recommendations.
Briefly, two membranes each consisting of 60 cytokine antibodies spotted in duplicates onto the
membranes were blocked with 2ml 1X blocking buffer at room temperature for 30min. Membranes
were then incubated with 2ml serum free conditioned media derived from LAMA subclones 25UR
and 25R, respectively, at room temperature for 90 min. Membranes were washed three times for 5
minutes at room temperature with 2ml of 1X wash buffer I, and two times with 2ml of 1X wash
buffer II according to the manufacturer’s recommendations. Membranes were then exposed for 90
min at room temperature to 1ml of a 1:500 dilution of biotin-conjugated antibodies. Following a

thorough wash as before, membranes were incubated with 2ml 1:1,000 diluted HRP-conjugated
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streptavidin at room temperature for 120 min. Membranes were washed again and exposed for 2
minutes to the peroxidase substrate, which was constituted by mixing 1X detection buffer C and 1
x Buffer D in a 1:1 ratio. Membranes were exposed to BioMax-MR films (Eastman Kodak,

Rochester, NY) for appropriate times.
3.2.17 Intracellular staining

For intracellular staining, 1 to 5x10° stimulated parental LAMA cells or primary CD34" enriched
CML samples were fixed at 37°C for 10min using Fix Buffer I (BD Biosciences, Heidelberg,
Germany) and then immediately stored at -80°C for future analysis or permeabilized cells on ice
for 30min in Iml BD™ Phosflow Perm Buffer III (BD Biosciences), washed twice with BD
Pharmingen™ Stain Buffer, resuspended in 100pl BD Pharmingen™ Stain Buffer and added as
indicated fluorochrome-conjugated antibodies: 5ul anti-CD34 PE-Cy7 (8G12), 5ul
anti-p-STAT-5-PE (Y694), 5ul biotinylated mouse anti-human GM-CSFR (CD116, 4H1), 2.5ul
anti-p-CrkL (Y207), and 2.5ul anti-p-Jak2. Labelling occurred for 30 minutes at room temperature
in the dark. After first staining, cells were washed twice with BD Pharmingen™ Stain Buffer and
secondary staining was performed with 3ul fluoreszeinisothiocyanat (FITC)-labelled goat
anti-rabbit IgG and 3pl Streptavidin-APC. Cells were again washed and resuspended in 500 ul of
BD Pharmingen Stain Buffer for FACS analysis on a LSR II FACS-analyser. Data were analyzed

using FlowJo software.
3.2.18 Human GM-CSF ELISA assay

GM-CSF concentration in total protein cell lysates generated from peripheral blood cells of
IM-sensitive and -resistant patients (Supplementary Table 3) was quantitated using the Human
GM-CSF ELISA-kit from Diaclone (Besancon, France); detection range: 8pg/ml-500pg/ml,
sensitivity < 4.4pg/ml. Briefly, microtiter wells were washed twice with washing buffer. 30pg cell
lysate was added per well - for each sample in duplicate. Horse radish peroxidase (HRP) conjugate
(HRP-conjugated anti-GM-CSF monoclonal antibody) was added followed by an incubation on a
plate shaker for 3 hours at room temperature. Subsequently, wells were washed; 100ul TMB
substrate solution was added and the plate incubated for 20 minutes at room temperature. Finally,
100pl stop solution was added and the absorbance was measured on an ELISA Reader (Molecular
Devices, Ismaning, Germany) at 450nm. The absorbance values of the samples were converted

into concentration values based on the calibration curve.
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3.2.19 Statistical analysis

Analysis of significance of differences in treatment groups were performed using GraphPad Prism
4.02 Software. One-way ANOVA analysis was used with Dunnetts or Bonferroni adjustments for
multiple comparisons or Mann Whitney U testing for comparison of less than two treatment

groups. A p-value < 0.05 was considered as significant.
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4. RESULTS
4.1Compensatory PI3-kinase/Akt/mTor activation regulates IM resistance development

4.1.1 IM-induced Akt/mTor-activation mediates survival before emergence of strong

IM-resistance in vitro.

To generate IM-resistant cell clones, IM-naive individual LAMA-clones were exposed to
increasing concentrations of IM (+IM) or alternatively mock treated as control (-IM) (Figure 7).
Cell lysates, cell aliquots and total RNA of each clone were monthly preserved during the course of
IM-resistance induction for later analysis. Two clones, resistant to > 1uM IM, were analyzed for
the role of Akt activation as a putative early mechanism of IM resistance: (i) clone 14+IM, which
developed a clinically relevant BCR/ABL-kinase point mutation GIn252His (Figure 8A.a) and (ii)
clone 10+IM with a BCR/ABL-dependent, unknown mechanism of IM-resistance since no gene
amplification and BCR/ABL mutation could be detected.

In clone 14+IM, mutated GIn252His-cDNA traces were first detected at day 80 (d80) (9 %
mutated signal) and increased to 72% at d110, suggestive of clonal expansion (Figure 4.1.1A, b).
Analysis of cryo-preserved aliquots of clone 14+IM derived from days 0, 80, 110 and 140,
respectively, revealed that strong IM-resistance occurred only after day 110+IM, that is, after
expansion of GIn252His-mutated cells to >70% (Figure 8B). BCR/ABL expression remained
unchanged in clone 14+IM throughout the experiment (not shown). Hence, IM-resistance/survival
of clone 14 before d110 was due to mechanisms other than the GIn252His-point mutation or
BCR/ABL overexpression. When compared to d0, survival of cells from d50+IM (Figure 8C, a,
b) could be attributed to a great extent to an activation of the anti-apoptotic PI3K/Akt-pathway,
because d50+IM cells were only killed in the presence of IM after the PI3K-inhibitor wortmannin
(WM) was added (Figure 8C, b). In line with this biological observation, only the
co-administration of IM and WM, but neither of the drugs alone, blocked Akt-phosphorylation
(p-Akt) and Akt kinase activity, as assessed by means of phosphorylation of the Akt-specific
substrate GSK3a/p (Figure 8C, b). Notably, clone 14 lost its strong dependence on PI3K for
survival in presence of IM at d180 (with > 80% Q252H-positive cells in culture), suggesting
stage-specific roles for this pathway during manifestation of IM-resistance.

Clone 10 +IM developed BCR/ABL-dependent IM resistance around d220 (Figure 9A and B).
BCR/ABL overexpression (Figure 9B) as well as BCR/ABL-kinase mutation (not shown) was
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excluded as resistance mechanism. Akt activation again occurred before emergence of strong IM
resistance at d220 (Figure 9C), and contributed to IM resistance: SH-6, a novel selective Akt
inhibitor (Kozikowski AP. et al., 2003), killed clone 10 only at d180 but not at d220 (Figure 9D).
This illustrated that clone 10 particularly depended on Akt-signaling for survival at d180, but not at
d220 (Figure 9D). These findings were validated using Akt1-specific siRNA. Akt]1-siRNA equally
down-regulated Aktl at d180 and d220 (Figure 9E, upper panel), but apoptosis was augmented
only at d180 (Figure 9E, lower panel). Stronger IM resistance at d220 was associated with an
increased phosphorylation of p70S6K (pT389p70S6K) compared with d180 (Figure 9E),
indicating that activated p70S6K contributed to stronger IM resistance at d220.
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Figure 8 PI3K/Akt-mediated survival prior to the development of IM-resistance through a de novo

occurring BCR/ABL-kinase mutation

A. The G58794T mutation in the P-loop of BCR/ABL leads to the amino acid exchange Q252H. a) Primary sequence
data of clonel4 on day 210+IM are shown. b) Quantitation of mutated DNA signal traces before day 210+IM. B.
Assessment of IM-resistance by MTT- colorimetric assay. Statistically significant differences (P<0.05) in
proliferation-inhibition at different days were assessed using the Mann-Whitney test and are indicated by asterisks (x).
Cell aliquots derived from indicated time points of IM resistance induction in clone 14. Cell samples were treated for
48h with increasing concentrations between 0.5 and 3uM of IM. C. Cell cycle analysis of cell cultures of clone 14
derived from d0 (a), d50 (b) and d180 (c). Cells were treated for 48h-treatment with indicated compounds; p-Akt
protein levels (detected by p-Akt-specific antibodies) and the Akt kinase activity on d50+IM as measured by means of

phosphorylation of the Akt-specific substrate GSK3a/p are shown in the middle panel. The pre-G0/1 peaks represent
apoptotic cells (black).
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Figure 9 Akt activation mediates incipient IM-resistance in clone 10

Biochemical and biological changes during IM-resistance development of clone 10. A. Assessment of IM-resistance
using an MTT-colorimetric assay. Two independent experiments were performed. Values are expressed as mean of five
replicates. Bars: +s.d. B. Anti-BCR/ABL- and anti-phosphotyrosine-western blotting. Whole protein extracts were
generated from clone 10 at d220 +IM and the parallel IM-naive control cells (d220-IM) after treatment with 1uM IM or
mock treatment for 24h. C. Anti-Akt- and anti-p-Akt western blotting of whole cell lysates derived from preserved lysates
of clone 10+IM from d110, d180, and d220. D. AnnexinV-FITC/PI-staining-based apoptosis measurement of clone
10-aliquots from d110, d180, and d220 of IM-resistance induction after a 48h-treatment with IM, SH-6 or
mock-treatment. Percentages of apoptotic cells are depicted in the right upper quadrants. A representative experiment of
two independent experiments is shown. E. Upper panel: Anti-Akt- and anti-pT389p70S6K-western blotting of Aktl- and
control-siRNA treated clone 10-aliquots from d180 and d220. Lower panel: increase in apoptosis by Aktl-specific sSiRNA
compared to control-siRNA as assessed by AnnexinV-FITC/PI-staining. Four independent experiments were performed.

Bars: +s.d. "*" indicates statistically significant differences.
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4.1.2 Compensatory activation of Akt and p70S6K contributes to survival and IM resistance

development

Compensatory activation of the PI3-kinase/Akt/mTor-signaling may contribute to incipient
IM-resistance. To recapitulate and further validate this finding, clone 10 and 14 were again
exposed to IM or, alternatively, to IM and Rap. Neither clone 10, nor clone 14 developed a kinase
mutation in this experiment (not shown). In analogy to the results above (Figure 8, 9C, E), IM
treatment prompted an activation of Akt (clones 10 and 14), or the downstream target of Akt,
p"¥p70S6K (clone 10) (Figure 10A). Notably, mTor-inhibition using Rap prevented
Akt-activation by IM (Figure 10A) and retarded IM-resistance development (Figure 4.1.3B).
Similar results were obtained in two primary cell samples (Figure 10C and D). IM at 0.5 uM,
administered for up to 9 days, activated Akt and p70S6K in IM-naive CML blasts, but did not
increase apoptosis (Figure 10C). In turn, Rap antagonized IM-induced Akt activation, resulting in
apoptosis (Figure 10C). Cells derived from another CML patient in chronic phase, who lost
hematological response due to incompliant IM intake (irregular and reduced IM-doses), displayed
high p %
these cells with 1uM IM for 48h only partially inhibited p >*’p70S6K, but neither affected p-Akt

levels, nor apoptosis (Figure 10D). In contrast, 10nM Rap for 48h completely inhibited p-AKT
T389

p70S6K levels and a constitutive phosphorylation of Akt (Figure 10D). Treatment of

and p ""p70S6K and caused significant apoptosis (Figure 10D). Altogether, these data are in line
with the concept that IM-naive BCR/ABL-positive cells employ a compensatory Akt/mTor-signal

activation to escape BCR/ABL inhibition through IM.

4.1.3 The mTor-inhibitior RADOOI inhibits IM resistance development in a novel cell-based

resistance induction assay

If Akt/mTor signaling is predominantly required for incipient IM resistance, we reasoned that
mTor inhibition would block IM resistance development also in a novel recently reported
cell-based strategy for induction of inhibitor resistance (Von Bubnoff N. et al., 2004). In this assay,
an alternative mTor inhibitor, RADOO1 (Huang S. et al., 2003) was used. RADOO1 (unlike
rapamycin) is being developed in oncology and is clinically well tolerated (Eisen HJ. et al., 2003).
RADOO01 dose dependently reduced the frequency of IM-resistant colonies by 59 % and 94% of the
IM control, respectively (Figure 11A). This strikingly potent efficacy of RAD0O0O1 on colony

formation may be explained only to some extend by its growth-inhibitory effects, because low
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doses of RADO0O1 only marginally inhibited proliferation of Ba/F3-BCR/ABL cells (Figure 11B)

and did not affect apoptosis in short-term cultivation experiments (Figure 11C).
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Figure 10 Rap inhibits IM-induced activation of Akt/mTor-signaling and antagonizes

IM-resistance development

A. Western blotting of protein lysates harvested before and after 80 days of culturing IM-naive clones 10 and 14 with
increasing concentrations of imatinib (IM), or a combination of increasing concentrations of IM and steady SnM Rap
(IM+Rap). B. Corresponding resistance induction dynamics of clones 10 and 14 as indicated. Dots indicate the
tolerated IM-dose (with > 30% viability) at indicated times. C. In vitro treatment with IM or IM plus Rap (5nM) of
primary blasts of an IM-naive patient, who relapsed with a lymphatic blast crisis. Left: Western blotting of whole
protein extracts after five and nine days, respectively, of in vitro culture in presence of IM and/or Rap as indicated.
Right: Corresponding analysis of apoptosis 9 days after treatment using Annexin-FITC/PI staining. The total
percentage of early and late apoptotic and necrotic cells is shown in the upper right quadrant. D. Western blotting of
Akt and p70S6K of primary peripheral blood leukocytes of a chronic phase CML patient under IM-therapy after in
vitro treatment with IM or Rap as indicated. Left panel: p-Akt and pT389p70S6K-western blotting. Right panel:

corresponding AnnexinV-FITC/PI apoptosis measurement as in left panel.
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Figure 11 mTor-inhibition blocks IM-resistance development in a cell-based IM-resistance

induction assay

A. Frequency of resistant colonies emerging in the presence of IM without and in the presence of everolimus. The
number of colonies growing in the presence of IM alone or IM and the mTor inhibitor everolimus at the indicated
concentrations is expressed as frequency of resistant colonies in relation to the number of Ba/F3-BCR/ABL wild-type
cells.B. Inhibition of cell growth by everolimus using an MTS tetrazolium-based assay. Two independent experiments
were performed. Values are expressed as mean of triplicates. Bars: + s.d. representative results of one experiment are
shown. C. Apoptosis measurement using AnnexinV-FITC/PI-staining after 48h treatment with indicated compounds.

Bars: £ s.d. three independent experiments were performed.

4.1.4 Heterogeneous activation of Akt and p70S6K in IM-resistant patients with BCR/ABL kinase

mutation

We reasoned that PI3K-signaling may be particularly important for early IM resistance. Blockage
of mTor has been shown to overcome manifest IM resistance in vitro and in animal studies, and
blocking of an activated Akt-/mTor-signaling has been suggested as a means to overcome clinical
IM resistance. Here, we analyzed the activation status of Akt and mTor in CML patients (n=17)
with clinically overt IM resistance through kinase mutations (n=15). Each of the 17 tested patient
samples was derived during clinical IM resistance, with a 100% Ph+-status as mirrored by the high
BCR/ABL-ABL mRNA ratios ranging between 40-100% (Figure 12A). All patients were on IM
(for indicated times) at the time of sample acquisition (Figure 12A). In spite of the presence of a
mutated BCR/ABL kinase, only a minority of the patients displayed an activation of the
downstream targets of BCR/ABL, Akt (n=7), and p70S6K (n=8), which is downstream of Akt

(Figure 12A). Even patients harboring the same mutation, such as the Tyr253His-mutation in
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patients #1, #3, #4, #5, and #6, showed inconsistent Akt, p-Akt and p 1389

p70S6K -expression
levels (Figure 12A). There was also no clear correlation between Akt expression, Akt
phosphorylation, and p70S6K-activation, indicating no linear activation mode of this pathway
during manifest IM resistance (Figure 12A). Hence, Akt/mTor activation occurs independently
from BCR/ABL and may therefore variably contribute to overt IM resistance in vivo. We therefore
tested two successive IM-resistant patients with acute lymphatic leukemia (ALL) and found that
only the patient with strong p "*p70S6K-expression and high levels of p-Akt (Figure 12B, a)
responded to Rap in vitro, whereas the second patient with low levels of p "***p70S6K and p-Akt
did not respond to Rap treatment in vitro (Figure 12B). Susceptibility to Rap in patient #18 was
associated with a decrease of p-Akt and p **’p70S6K (Figure 12B). This suggests that the variable
degree of Akt/mTor-activation in IM-resistant patients with CML or ALL Akt activation may

predict responsiveness to mTor-inhibitor treatment.
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Figure 12 Heterogeneous activation of Akt-signaling in patients with clinically overt IM resistance

though BCR/ABL-kinase mutations.

'
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A. Western blotting of peripheral blood lysates of CML-patients with clinical IM resistance through BCR/ABL kinase
mutations. Duration of IM treatment prior to emergence of clinical IM resistance is indicated. The quantitation of the
BCR/ABL-mRNA levels at the time of clinicallM resistance is shown. Membranes were first blotted with anti-p-Akt

antibody, stripped and re-probed with anti-Akt, anti-p™>**

p70S6K, and finally with anti-Actin antibody to ensure equal
loading. B. Akt-activation status and response to mTor-inhibitor treatment in two IM-resistant All patients (18 and 19).
(a) Western blotting. Peripheral blood cell lysates were generated after a 48h treatment with Rap (10nM) or
mock-medium and blotted with anti-Akt antibody. Membranes were reprobed with anti-p"**p70S6K and anti-actin
antibody to ensure equal loading. (b) Parallel Annexin V-FITC/Pl-staining-based apoptosis measurement. The
percentage of surving cells of patients 18 and 19 after 48h of Rap-treatment (Annexin V-FITC and Pl-negtive) is

depicted and compared to mock-treatment, respectively.
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4.2 Adaptive secretion of the Granulocyte Macrophage Colony Stimulating Factor (GM-CSF)
mediates IM- and Nl-resistance in BCR/ABL-positive progenitors via JAK-2/STAT-5 pathway

activation
4.2.1 Conditioned medium of IM-resistant LAMA clones mediates IM and NI resistance

IM at 1uM induces almost complete apoptosis of parental LAMA cells. To test the effect of culture
supernatant (conditioned media, CM) of IM-resistant LAMA-84 cell clones (Burchert A. et al.,
2005) (R-CM) on IM- or NI-induced apoptosis, R-CM was applied to IM-naive LAMA-84 cells in
presence of 1uM IM or NI. Intriguingly, R-CM of the IM-resistant LAMA-cell clones, 14R
(harboring a Q252H point mutation), 10R and 25R potently protected from IM-, but also
Nl-induced apoptosis (p< 0.001) (Figure 13A). In contrast, plain FCS or sensitive CM (UR-CM)
derived from IM-naive homologue clones (10UR, 14UR and 25UR), or R-CM of another
IM-resistant LAMA-clone (2R) did not protect from IM induced apoptosis.

To ask, whether R-CM induced IM- and Nl-resistance exclusively in LAMA cells, we next also
tested R-CM on K562 cells and primary CD34 CML progenitors. It has previously been
established, that IM and DA selectively inhibit proliferation of CML—CFC in vitro (Copland M. et
al., 2006; Holtz MS. et al., 2002; Deininger MW. et al., 1997). Although inefficient in K562 cells
(not shown), 25R-CM clearly overcame NI-mediated growth inhibition of  primary
CD34"-enriched progenitor samples from first diagnosis chronic phase CML patients (n=3). This
was illustrated by a 6.9-fold (£3.5 s.d) increase in the number of CML-colony forming cells (CFC,
colonies) surviving NI-exposure through presence of 25R-CM instead of 25UR-CM (Figure 13B,
Table 1). Notably, also CM derived from an IM-resistant patient (pat. #1, Table 1) was (87-fold)
more potent than 25UR-control CM in overcoming CFC inhibition by NI (Figure 13B). Together,
these experiments suggested that factors were secreted by IM-resistant LAMA cells and primary

cells which promoted IM and NI resistance.
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Figure 13 Conditioned medium of IM-resistant LAMA cells confers IM and NI resistance to
IM-naive LAMA-cells
A. CM of IM-resistant (R) clones protects IM-naive LAMA cells from IM- and NI-induced apoptosis. Percentage of

viable cells after treatment is shown relative to no treatment controls. Bars represent mean + s.d. of three independent
experiments using CM of the three R- and three UR-clones (10, 14 and 25), respectively; ** p < .001 (one-way
ANOVA, Bonferroni adjustment for multiple comparisons). B. 25R-CM and pat.#1 derived CM protects IM-naive,
CD34"-enriched progenitors of first diagnosis CML patients (n=3, pat. #3, #4, #8). Primary progenitor cells were
exposed to 10uM NI for 72h in presence of 2SUR-CM (as control), 2SRCM, or IM-resistant pat. #1-derived CM (black
bar) and then placed into semisolid Methocult™-medium. Emerging colonies were counted. Bars represent fold
increased colony formation + s.d. by 25R-CM (grey bar), or pat. #1-derived CM (black bar) relative to 25UR control

treatment.

4.2.2 R-CM mediates BCR/ABL-independent NI-resistance

Next we asked if 14R and 25R-CM-induced IM/NI resistance was BCR/ABL-dependent.
BCR/ABL-kinase activation status was assessed using western blotting for detection of
phosphorylated BCR/ABL (p-BCR/ABL) and Crk-like protein (p-CrkL). Activation of another
key BCR/ABL-substrate, signal transducer and activator of transcription (STAT)-5, was also
evaluated (Figure 14). Neither R- nor UR-CM interfered with the inhibition of BCR/ABL by IM or
NI (Figure 14). In fact, NI completely dephosphorylated BCR/ABL (and CrkL) indicating that
14R/25R-CM-mediated resistance was BCR/ABL-independent. In contrast, STAT-5
phosphorylation was exclusively blocked in presence of 14UR/25UR-CM (Figure 14), but not
14R/25R-CM. Thus, we concluded that 14R/25R-CM-induced IM and NI resistance must have
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been associated with a BCR/ABL-independent activation of STAT-5.

parental BCR/ABL*- LAMA cells

cm: [ 14uR 14R 25UR 25R |
treatment[1uM]: | - m N[ m N T- wm NI M N
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Figure 14 R-CM mediates BCR/ABL independent activation of STAT-5

Western blotting. 14R-CM and 25R-CM causes a BCR/ABL-independent activation of STAT-5 by in presence of IM
or NI. Activated (phosphorylated) BCR/ABL kinase (p-BCR/ABL) was demonstrated by staining for p-BCR/ABL and
the phosphorylated direct substrate of BCR/ABL, p-CrkL. Activation of the BCR/ABL-substrate, STAT-5, was shown
using phospho-STAT-5 (p-STAT-5) specific antibodies. Actin served as loading control.

4.2.3 GM-CSF is causal for NI resistance induction by 25R-CM

STAT-5 is a common antiapoptotic and transforming target of BCR/ABL and janus kinases (JAKSs)
(Shuai K. et al., 1996; Horita M. et al., 2000; Yamaoka K. et al., 2004). Cytokines, upon binding to
their receptors, activate members of the Jak family (e.g. Jakl, Jak2, Jak3 and tyrosine kinase 2,
Tyk2) and subsequently STAT-5 (Yamaoka K. et al., 2004). We hypothesized that the resistance
mediating factor in R-CM could be a cytokine. 120 cytokines were screened by cytokine array for
differential expression between 25UR and 25R conditioned medium. The concentrations of
granulocyte-macrophage colony stimulating factor (GM-CSF), interleukin-6 (IL-6), monocyte
chemoattractant protein 1 (MCP-1), interleukin-8 (IL-8) and vascular endothelial growth factor
(VEGF) were substantially increased in 25R-CM as compared to 25UR-CM (Figure 15A).
However, only GM-CSF, when supplemented into 25UR-CM, conferred resistance of parental
LAMA cells to nilotinib (Figure 15B), indicating that GM-CSF was sufficient to mediate NI
resistance. In fact, adding anti-rhGM-CSF antibodies, which neutralize GM-CSF in 25R-CM
caused a dose-dependent reduction of the capability of 25R-CM to confer NI resistance to LAMA
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cells (Figure 15C). Moreover, addition of GM-CSF into 25UR-CM dose dependently restored the
biochemical phenotype of 25R-CM, namely, a BCR/ABL-independent STAT-5-phosphorylation
of parental LAMA-cells in presence of NI (Figure 15D). Together, GM-CSF was identified as
being involved in conferring BCR/ABL-independent IM and NI resistance by 25R-CM.
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Figure 15 GM-CSF mediates BCR/ABL-independent IM and NI resistance

A. Cytokine array. 120 different cytokines were screened for differential expression in the CM of 25UR (left two
membranes) versus 25R (right two membranes). 60 different cytokines are spotted in duplicate on each membrane.
Positive controls (4 dots) are shown in the left upper parts. Darker spots indicate higher expression. Cytokines with
increased expression in 25R-CM (bold lined squares) compared to 25UR-CM (thin lined squares) are indicated. B. The
viability of parental LAMA cells after 24h of treatment with NI in presence of 2SUR-CM and GM-CSF was assessed
relative to the control treatment (no NI or GM-CSF) using MTS-colorimetric assay. Boxes display data points located
in the middle two quartiles of all data points. Lines in boxes indicate medians; whiskers extend to the two extreme
values of all data points. Data points of three independent experiments are depicted. C. Reversal of 25R-CM-mediated
NI resistance of parental LAMA cells by addition of increasing concentrations of neutralizing anti-human-GM-CSF
antibodies as indicated. Data points of three independent experiments are depicted. D. IM-naive parental LAMA cells
were treated with NI and increasing concentrations of GM-CSF as indicated in presence of 25R-CM or 25UR-CM.
After 24h of treatment cells were harvested and cell lysates separated using PAGE and blotted with the indicated

antibodies. Actin served as loading control.
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4.2.4 BCR/ABL-independent activation of STAT-5 by GM-CSF in LAMA cells — role of CD116

expression

GM-CSF is a hematopoietic cytokine, regulating proliferation and survival of normal
GM-progenitors (GMP) (Donahue RE. et al., 1986; 1988), but its aberrant secretion may also be
involved in the pathogenesis of CML (Hariharan IK. et al., 1988; Sirard C. et al., 1994). The data
above indicated that GM-CSF induced STAT-5 activation substitutes for the loss of
BCR/ABL-mediated STAT-5 activation by NI. We sought to verify this on the single cell level by
multi-color fluorescence activated cell sorting (FACS) using a combined intracellular and
extracellular staining. Intracellular p-CrkL levels (ic-p-CrkL) as marker of BCR/ABL-activation
and the ic-p-STAT-5 levels were concomitantly measured. It was confirmed that NI effectively
blocked BCR/ABL in the presence or absence of GM-CSF (Figure 16A, upper histograms), and
that STAT-5 inhibition by NI was overcome by GM-CSF (Figure 16A, lower histograms). We
also noted that GM-CSF-receptor alpha chain (CD116) expression was critical for the regulation of
STAT-5 by GM-CSF. An arbitrary discrimination between CD116"" (yellow) and CD116™¢"
(blue) expressing LAMA cells revealed higher basal STAT-5 activation in the CD116"€"
population (Figure 16B, i, right histogram), and a further increase of ic-p-STAT-5 by GM-CSF
exclusively in CDI1 16M€" cells (Figure 16B, ii, right histogram). On the contrary, CD116
expression did not influence NI-mediated p-STAT-5 inhibition in the absence of GM-CSF (Figure
16B, ii, left histogram). The scatter characteristics would support the conclusion that GM-CSF
maintained viability (oval gate) in presence of NI preferably in the CD116"" (blue), but not the
CD116"" population (yellow) (Figure 16B, iii) demonstrating that GM-CSF via binding to its
receptor CD116 protected from NI induced apoptosis. In an attempt to address, whether GM-CSF
supports long term survival of BCR/ABL positive cells in presence of NI or IM, we adapted a
previously reported cell based in vitro resistance induction assay (Von Bubnoff N. et al., 2004). In
this assay higher levels of IM (4 uM) were used to provoke resistance development (Von Bubnoff
N., 2004; Burchert A. et al., 2005). Therefore, GM-CSF was added at variable concentrations to 96
well plates each containing 4x10° cells in presence of NI or IM at 4uM. Readout after 14 — 30 days
was the number of colonies that emerged (Figure 16C). This showed that GM-CSF dose
dependently maintained survival, but also growth of LAMA cells in presence of high doses of IM
or NI (Figure 16C).
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Figure 16 GM-CSF-receptor signaling mediates BCR/ABL-independent NI resistance through
activation of STAT-5

A. Intracellular staining of p-STAT-5 (ic-p-STAT-5) and ic-p-CrkL in LAMA-cells before (dark) and after treatment
(light) with NI or GM-CSF as indicated. B. Analysis of ic-p-STAT-5 according to GM-CSF-receptor alpha (CD116)
expression levels; i) blue - denotes high CD116 expressers and yellow - low CD116 expressers; ii) ic-p-STAT-5
regulation according to high and low CD116 expression levels (blue and yellow) before (full lines) and after (dotted
line) treatment with NI or NI plus GM-CSF. (iii) Viability of CD116"¢" and CD116"" populations of LAMA cells

after exposure for 24h to NI plus/minus GM-CSF. The circle indicates viable cells according to the typical scatter
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characteristics of viable LAMA cells. C. GM-CSF maintains growth and survival of LAMA-cells in presence of high
doses of IM and NI. LAMA cells (4x10° cells / well) were cultured in 96 well plates and exposed to a final
concentration of 4uM IM or NI in presence or absence of GMCSF as indicated. Colonies formed after 14 to 30 days
and are depicted as resistant colonies per one million input cells at the beginning of the culture. One of three

experiments is shown, respectively, showing very similar results.
4.2.5 JAK-2 inhibition antagonizes GM-CSF-mediated STAT-5 activation in LAMA cells

We next reasoned that blocking GM-CSF-receptor signalling, e.g. by inhibition of a main down
stream target kinase, JAK-2, may antagonize ic-p-STAT-5 formation, thereby overcoming
GM-CSF-mediated NI resistance. AG490 is a previously described JAK-2 inhibitor, which is used
at a concentration of 50-100uM in vitro (Meydan N. et al., 1996; Samanta AK. et al., 2006).
Western blotting indicated that 100uM AG490 caused a complete inhibition of JAK-2 activation
(phosphorylation) in LAMA cells (not shown). JAK-2 activation was therefore quantitated by
FACS-based intracellular staining in presence and absence of 100uM AG490 plus/minus
GM-CSF. Whereas GM-CSF activated JAK-2 irrespective of the presence of NI (Figure 17A),
AG490 completely prevented JAK-2 activation. This translated into a reduction of
GM-CSF-induced STAT-5 activation (reduction of ic-p-STAT-5) (Figure 17B), and, as expected,
severely reduced potential of GM-CSF to confer IM or NI resistance.
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Figure 17 GM-CSF-mediated JAK-2/STAT-5 activation in LAMA cells

A. FACS histograms illustrate the levels of expression of intracellular phosphorylated JAK-2 (ic-p-JAK-2). B. The
quantity of ic-p-STAT-5 after treatment of parental LAMA-cells for 48h with indicated inhibitors plus/minus
GM-CSF.
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4.2.6 GM-CSF induced Nl-resistance of primary CML-progenitors is associated with a
BCR/ABL-independent activation of STAT-5

IM and DA selectively inhibit proliferation of CML-CFC in vitro (Copland M. et al., 2006; Holtz
MS. et al., 2002; Deininger MW. et al., 1997). Initial experiments with R-CM suggested that
primary CML progenitors were protected from IM-induced growth inhibition due to increased
concentrations of GM-CSF in 25R-CM (Figure 13B). GM-CSF was therefore directly tested in
colony assays for its ability to mediate NI resistance of primary CD34 -enriched CML progenitors
derived from four consecutive CML patients in chronic phase. NI at 10uM achieved a maximum
growth inhibition in this assay and was therefore used as standard concentration in colony
formation experiments. GM-CSF still potently protected from NI-induced growth inhibition of
BCR/ABL positive primary CML precursors (Figure 18A). Interestingly, GM-CSF was obviously
more effective than interleukin-3 (IL-3) or G-CSF in overcoming NI-mediated growth inhibition
(Figure 18A). Both cytokines were tested in parallel, because they have previously been reported
to cause abnormal progenitor cell proliferation in CML (Jiang X. et al., 1999).

We next analysed the GM-CSF-associated signal transduction events that were associated with
NI resistance in primary progenitors. Gating for CD34"/ CD116"" vs. CD116"" expression
established that STAT-5 activation by GM-CSF depended on the expression of the
GM-CSF-receptor (CD116). The ic-p-STAT-5 levels increased exclusively in the CD1 16" (R2),
but not in the CD116"" (R1) population (Figure 18B). Notably, GM-CSF-induced ic-p-STAT-5
formation was not inhibited by NI (Figure 18B and Figure 20), but only the JAK-2 inhibitor
AG490 (Figure 18B and Figure 20). In turn, NI effectively blocked BCR/ABL-kinase activation
as documented by a GM-CSF- and CD116 expression-independent down-regulation of ic-p-CrkL
(Figure 18B and Figure 20). Apparently, the BCR/ABL-independent STAT-5 activation
translated into a significant increase in CFC numbers in presence of NI (Figure 21). This result
was confirmed in another patient sample (pat. #3)(Figure 18C). Inhibition of JAK-2 by AG490
reduced the levels of ic-p-STAT-5 (Figure 18B and Figure 20) and abolished the protective effect
of GM-CSF against NI treatment (Figure 18C). Thus, BCR/ABL-independent activation of
STAT-5 by GM-CSF contributes to BCR/ABL-independent NI resistance in primary CML

progenitors. Blocking JAK-2 may antagonize this type of resistance.
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Figure 18 GM-CSF overcomes nilotinib-induced proliferation inhibition of primary CD34

positive progenitors by JAK-2/STAT-5 pathway activation

A. CD34" enriched progenitors from first diagnosis CML patients (n=4) were cultured in vitro in IMDM medium (+ 5
growth factors) in presence of [10uM] NI plus [10ng/ml] of either one of the three test cytokines (GM-CSF, IL-3 or
G-CSF) as indicated. After 72h, cells were seeded in soft agar, and 10-14 days later, emerging colonies (CFC) were
counted. Bars represent mean fold increase + s.d. in CFC-counts obtained after NI exposure in presence of indicate test
cytokines versus a standard cytokine cocktail only; * p< 0.05 (one-way ANOVA Dunnett’s adjustment for multiple
comparisons). B. BCR/ABL-independent STAT-5 activation by GM-CSF in primary CML progenitors. CD34"
-enriched primary CML-progenitors of patient # 7 (CML at diagnosis) were treated for 48h with NI [4uM], the JAK-2
inhibitor AG490 [100uM] plus/minus GM-CSF [10ng/ml] and analyzed by FACS for the regulation of ic-p-STAT-5
(upper two histograms) and ic-p-CrkL (lower histograms) according to the indicated gating strategy: CD34high/SSC
low cells were gated into CD34 high / CD116"" (gate R1) or CD116"¢"(gate R2) and separately analyzed for R1 and

R2. The grey curves in each histogram plot represent baseline expression levels, the colored curves represent different
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treatments as indicated. C. CD34" -enriched progenitors from a first diagnosis CML patient (pat. #3) were cultured in
vitro in a liquid culture containing a cytokine cocktail of 5 growth factors (= GM-CSF, as indicated) in presence or not
of NI and/or AG490. After 72h, cells were seeded in triplicates in soft agar and emerging colonies (CFC) were counted

10-14 days later. Bars represent mean CFC counts + s.d of triplicates.

4.2.7 Overexpression of GM-CSF in IM-resistant patients

We then asked whether GM-CSF may also contribute to IM-resistance development in vivo. We
reasoned that if adaptive autocrine GM-CSF secretion would be a relevant resistance/persistence
mechanism in vivo via providing a proliferation or survival advantage GM-CSF-overexpressing
clones would grow out during manifest IM-resistance. Indeed, when comparing GM-CSF mRNA
expression in the peripheral blood (n=24), bone marrow (n=17) or peripheral blood mononuclear
cells (PBMC) (n=11) of untreated chronic phase CML patients with peripheral blood samples of 29
IM-resistant patients, GM-CSF mRNA was substantially over-expressed in five of 29 IM-resistant
patients (17%) (Figure 19A, Table 2). Increased GM-CSF was independent of the kinase mutation
status and was also not related to the phase of disease at the time of resistance (Figure 19B, Table
2). GM-CSF overexpression at the time of IM-resistance was even more obvious when GM-CSF
protein levels were studied. Elevated amounts of GM-CSF were detected in more than half of the
IM-resistant patients, p= 0.007 (Figure 19B, Table 3). Notably, CM derived from mononuclear
cells of patient #1 (patient marked with * in Figure 19A and B) (Table 1 and 2) caused an even
eight times greater expansion of IM-naive, CD34" CML CFC in presence of NI than 25R-CM
(Figure 13B).
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Figure 19 GM-CSF expression in primary CML samples

A. GM-CSF mRNA expression was quantitated relative to GAPDH-expression in 52 chronic phase CML patients at
diagnosis and 29 CML patients at the time of clinically manifest IM-resistance. The cell sources of mRNA (bone
marrow, peripheral blood or peripheral blood mononuclear cells, PBMC) are indicated; * highlights presence of a
BCR/ABL-kinase mutation at the time of IM-resistance; — indicates no available kinase mutation analysis, # denotes
pat. #1(PBMC). B. GM-CSF-ELISA. The GM-CSF concentration was determined in whole peripheral blood cell
lysates of IM-sensitive first diagnosis CML patients and IM-resistant CML-patients. Bars represent means of duplicate
measurements + s.d.; ** p=.006 (Mann Whitney test). BCR/ABL-kinase mutations are shown; # designates patient #1
(see Table 1). C. Different mechanisms of NI-resistance in the progenitor and stem cell compartment. Autocrine or
paracrine secretion of GM-CSF stimulates BCR/ABL-independent growth and survival of granulocyte-macrophage

progenitors (GMP).
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Figure 20 NILO-independent, JAK-2 dependent STAT-5 activation by GM-CSF in IM-naive

CD34" CML progenitors

CD34"-enriched primary CML-progenitors of patient # 6 (de novo CML) were treated for 48h with NILO [4uM], the
JAK-2 inhibitor AG490 [100uM] plus/minus GM-CSF [10ng/ml] and analyzed by FACS for the regulation of
ic-p-STAT-5 (upper two histograms) and ic-p-CrkL (lower histograms) according to the gating strategy: CD34 high /

CD116 ¥ (gate R1) or CD116 "&" (gate R2). The grey curves in each histogram represent baseline expression levels.
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Figure 21 GM-CSF overcomes NILO-mediated inhibition of colony formation of IM-naive
CD34" CML progenitors

CD34" enriched progenitors from a first diagnosis CML patients (patient # 7) were cultured in vitro in presence of
10uM NILO in a standard medium containing a cytokine cocktail of 4 growth factors plus/minus GM-CSF, as
indicated. After three days, cells were seeded into soft agar, and 10-14 days later, emerging colonies (CFC) were
counted. Bars show CFC-counts (colonies) after the respective treatment; * p < 0.05, ** p<0.01 (one way ANOVA,

Dunnetts adjustment for multiple testing).
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# Gender CML cells pretreatment  Ph-status**/ clinical
phase BCR-ABL/ABL IM-response at
MRNA-ratio* sampling
1 female BC PBMC, 60% HU, IFNq, 54%%* resistant
blasts Imatinib
2 female AP PBMC HU, IFNa, 84%** resistant
Imatinib
CD34+ no 100%**
3 male CP cells# sensitive
CD34+ no 100%**
4 female CP cells# sensitive
CD34+ no 100%**
5 female CP cells# sensitive
CD34+ no 100%**
6 male CP cells# sensitive
CD34+ no 100%**
7 male CP cells# sensitive
CD34+ no 1009%**
8 male CP cells# sensitive

Table 1. Patient characteristics
Abbreviations: AP, accelerated phase; BC; blast crisis; HU, hydroxyurea; PBMC, peripheral blood

mononuclear cells; #, CD34 cells were enriched by magnetic bead selection
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#  gender CML-phase  IM-treatment therapy BCR/ABL-

response kinase mutation

9 m CP resistant pre DA G250E

2 f CP intolerant pre DA no

10 f CP resistant pre DA no

11 f CP resistant pre DA H396R

12 m CP resistant pre DA no, polym. E499E
13 m CP resistant pre DA M244V

14 f CP resistant pre DA H396R

15 f CpP resistant pre DA no, polym. E499E
16 m CP resistant pre DA no

17 m AP/BC resistant pre DA no

18 f AP/BC resistant pre DA G250E

19 f AP/BC resistant pre DA no
20 f AP/BC resistant pre DA no
21 f AP/BC resistant pre DA F359C, E459K
22 m AP/BC resistant pre DA E355G

1 f AP/BC resistant pre DA D276G
23 m AP/BC resistant pre DA no
24 m AP/BC resistant n.a n.a
25 m AP/BC resistant pre DA not assessed
26 f BC resistant pre DA no
27 m BC resistant pre DA G250E, F359V
28 m BC resistant pre DA no
29 m BC resistant pre NI no
30 m AP resistant pre DA no
31 f AP resistant pre DA no
32 m AP resistant pre DA E255K
33 f AP resistant pre NI Y253H
34 m AP resistant pre DA T3151
35 m CP resistant pre NI H396R

Table 2. Patient characteristics of IM-resistant patients for GM-CSF PCR
Abbreviations: AP/BC, accelerated phase/blast crisis; DA, dasatinib; polym., polymorphism; n.a.,

not available; f, female; m, male
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Ph-status**/ months

#  BCR-ABL/ABL Bfﬁ;ﬁfr']— imatinib

MRNA-ratio* therapy
1 54* D276G 24
2 84 ** no 18
35 100%** H396R 16
36 100* Q252H 0
37 100* M351T 26
38 62* F359C 19
39 42% G250E 31
40 49* M351T 26
41 100* Y253H 7
42 49%* M351T 33
43 40%* M351T 42

Table 3. Patient characteristics of IM-resistant patients for GM-CSF ELISA
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5. DISCUSSION
5.1 Compensatory PI3-kinase/Akt/mTor activation regulates imatinib resistance development

We have here demonstrated three principal findings. First, it is shown that the Akt/mTor-signaling
is activated in response to IM-exposure of IM-naive cells. Secondly, IM-induced Akt activation is
critically involved in mediating early IM-resistance and inhibition of mTor prevents IM-induced
Akt-activation and IM-resistance development. Finally, a heterogeneous Akt-signaling-cascade
activation is demonstrated during manifest IM-resistance independently from BCR/ABL-kinase
mutations. This may have implications for the responsiveness to mTor-inhibitor treatment. Our
findings suggest distinct roles for Akt-signaling activation during incipient and manifest
IM-resistance.

BCR/ABL-positive minimal residual disease (MRD) can be detected by PCR in most of the

IM-treated CML- and Ph-ALL patients in complete cytogenetic remission (Hughes TP. et al.,
2003; Graham SM. et al., 2002; Muller MC. et al., 2003; Scheuring UJ. et al., 2003) and provides
evidence for persistence of BCR/ABL-positive cells in presence of IM, which is mechanistically
poorly understood. Such MRD can not well be explained by BCR/ABL-kinase mutations. It has
been suggested that stem cells may escape IM-mediated apoptosis due to the inability of IM to
attack quiescent stem cells (Graham SM. et al., 2002) or by IM-drug efflux mechanism (Burger H.
et al., 2004; Thomas J. et al., 2004).

In an attempt to address the question how BCR/ABL-positive cells can survive IM-treatment in
the absence of kinase mutations, we here used clonal populations of BCR/ABL positive cells to
induce IM-resistance. During IM-resistance induction, cell aliquots were prospectively collected at
various time points allowing later genetic and biological analysis. This methodology led to the
hypothesis that activation of PI3K/Akt-signaling mediates survival under IM-challenge and
precedes the emergence of strong IM-resistance (Figure 8D and 9). The validity and significance
of this working hypothesis was confirmed by several means. First, IM-induced Akt-activation was
recapitulated using the same original IM-naive starting populations of clones 10 and 14 (Figure
10A). Secondly, IM elicited a time dependent Akt-/m-Tor activation also in primary
BCR/ABL-positive cells in vitro (Figure 10C) and even in vivo (Figure 10D). In fact, according to
the data shown in Figure 10, Akt-pathway activation can be detected in IM-sensitive patients in

vivo in presence of IM and provides a survival signal for BCR/ABL-positive cells exposed to IM.
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Akt-signal activation in response to BCR/ABL inhibition by IM may appear illogical, because
BCR/ABL is upstream of Akt. On the other hand, the findings are mechanistically reminiscent to
recently published data, describing an activation of the Ras/MAPK-signaling pathway in presence
of IM (Kirschner KM. et al., 2003; Ohmine K. et al., 2003; Parmar S. et al., 2004; Chu S. et al.,
2004). Chu et al (Chu S. et al., 2004) additionally reported in their study that the Akt-activity was
unexpectedly not inhibited by IM-treatment of primary CML-cells. In view of our results, their
observation could also be interpreted as a compensatory Akt-activation after BCR/ABL inhibition,
resulting in a maintained Akt activation status. Thus, evidence is accumulating that incipient
IM-resistance may result from recruitment of signal activity downstream of BCR/ABL, which
confers survival after inhibition of BCR/ABL. Both, Akt and p70S6K can receive signal input
through other kinases and proteins such as PDK-1 (Rintelen F., 2001; Pullen N., 1998), Src, the
insulin receptor substrate (IRS)-1 and Ras (Kharas MG. et al., 2005). However, members of the
Akt-signaling cascade are apparently also variably and autonomously activated in IM-resistant
patients with BCR/ABL kinase mutations (Figure 12A). It is thus tempting to speculate, that a
hyper-activation of Akt or mTor in individual patients contributes independently from BCR/ABL’s
activation status to the biology of IM-resistance. For example, activation of the PI3K/mTor
signaling increased the formation of reactive oxygen species thereby contributing to
BCR/ABL-transformation, but mTor inhibition antagonized this (Kim JH. et al., 2005). Thus,
selective mTor pathway activation may translate into a differential effectiveness of
mTor-inhibitors in overcoming IM-resistance. This idea is suggested from studies with
mTor-inhibitors in AML(Recher C. et al., 2005) and solid cancers (Noh WC. et al., 2004), but is
also shown in two patients with IM-resistant, Ph™-ALL in this study (Figure 12B). This may be
relevant, because even though it is established that inhibitors of the PI3K/Akt-singnaling pathway,
including Rap, or a novel PDK-inhibitor (Tseng PH. et al., 2005) synergize with IM to mediate
apoptosis of BCR/ABL-positive cells (Skorski T. et al., 1995; Ly C. et al., 2003; Mohi MG. et al.,
2004; Tseng PH. et al., 2005), determinants for responsiveness to PI3K/Akt/mTor-inhibitors of
IM-resistant disease in vivo are unknown. A third line of support that the PI3K/Akt-signaling is
particularly important to mediate survival in response to IM-challenge came from mTor-inhibitor
studies, where Rap and RADO0O1 significantly retarded or potently prevented de novo
IM-resistance development in vitro (Figure 10B, Figure 11). These positive results are not
unexpected (Skorski T. et al., 1995; Ly C. et al., 2003; Mohi MG. et al., 2004; Tseng PH. et al.,

2005). However, our work extends previous findings by showing that the synergism between
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Rap/RADO001 and IM in preventing IM-resistance (Figure 11) may be particularly due to the
prevention of an IM-induced activation of Akt-signaling by mTor inhibitors (Figure 10).
IM-induced PI3K/Akt/m-Tor-activation could contribute to a persistence of BCR/ABL-positive
cells in CML patients and thus facilitate the evolution of strong, BCR/ABL-dependent
IM-resistance. Notably, it has been shown that the PI3K/Akt pathway activation is also important
in mediating resistance to another kinase inhibitor, gefitinib, in lung cancer (Engelman JA. et al.,
2005). Use of mTor-inhibitors in combination with IM appears to be particularly suitable before

strong, BCR/ABL-dependent resistance occurs.

5.2 Adaptive secretion of the Granulocyte Macrophage Colony Stimulating Factor (GM-CSF)
mediates BCR/ABL-positive progenitors resistance to Imatinib and Nilotinib via JAK-2/STAT-5

pathway activation

The rational development and successful clinical application of second generation ABL-inhibitors
such as NI and DA demonstrates that the understanding of molecular mechanisms of IM resistance
is of decisive clinical value (Kantarjian H. et al. et al., 2006; Talpaz M. et al., 2006). However,
disease persistence and its significance for the development of outright clinical resistance is still
little understood. Primary CML CD34+ progenitor cells are growth inhibited but supposedly not
killed in vitro by IM (Deininger MW. et al., 1997; Holtz MS. et al., 2002; Graham SM. et al., 2002)
or DA (Copland M. et al., 2006) in vitro. This may be due to an inherent inhibitor resistance of
quiescent progenitors and BCR/ABL overexpression (Copland M. et al., 2006). Kinase mutations
(Chu S. et al., 2005), drug in-and efflux mechanisms leading to low intracellular concentrations of
IM may also contribute to persistence (Thomas J. et al., 2004; Jordanides NE. et al., 2006).
Together, most IM resistance and persistence models are in line with a concept of
BCR/ABL-dependent survival. Here we have identified that GM-CSF, as a hematopoietic
cytokine, conferred BCR/ABL-independent NI and IM resistance by activating JAK-2/STAT-5
and thus bypassing BCR/ABL inhibition.

Aberrant production of haematopoietic cytokines, particularly of IL-3, but also G-CSF and
GM-CSF, has long been suggested to play a role in CML biology (Hariharan IK. et al., 1988; Jiang
X. etal., 1999; Zhang X. et al., 1998). IL-3 and GM-CSF were initially reported to cause autocrine
growth loops in certain BCR/ABL positive cell lines (Hariharan IK. et al., 1988; Sirard C. et al.,
1994). In addition, mice, transplanted with BCR/ABL-transduced bone marrow showed elevated
IL-3 and GM-CSF levels (Zhang X. et al., 1998), and GM-CSF levels were also found to be
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elevated in the serum of CML patients (Balleari E. et al., 1994). Strong evidence was then provided
for IL-3 and G-CSF to mediate an autocrine growth loop in primary human CML CD34+ cells,
leading to activation of STAT-5 (Jiang X. et al., 1999). These data altogether established that
autocrine stimulation via G-CSF, IL-3 and GM-CSF is of pathophysiological relevance in CML by
regulating progenitor cell growth and survival.

We describe here a novel role for auto/paracrine GM-CSF secretion as a counter regulatory
mechanism of BCR/ABL positive cells to overcome IM/NI-induced apoptosis and proliferation
inhibition. In different cell systems we showed that the GM-CSF-mediated JAK-2/STAT-5
pathway activation circumvents the need for BCR/ABL-signaling to maintain survival or
proliferation, and that the leukemic population itself activates JAK-2 signaling via auto/paracrine
secretion of GM-CSF. Interestingly, only GM-CSF and to a lesser extend also IL-3, but none of the
other tested cytokines (MCP-1, IL-6, IL-8, VEGF, G-CSF) overcome NI-mediated CFC-inhibition
(Figure 18 A). Both, GM-CSF and IL-3, have in common that they are strong inducers of
JAK-2/STAT-5, which are critical antiapoptotic and transforming targets of BCR/ABL (Xie S. et
al., 2001; Horita M. et al., 2000).

The function of GM-CSF is strictly CD116 expression-dependent (Figure 16, Figure 18B).
GM-progenitors(GMP) express CD116 and are biologically particularly interesting as protected
targets by GM-CSF, because they supposedly constitute a progenitor population, which, after
acquisition of respective mutations, constitute the leukemic, self renewing stem cell population in
CML blast crisis(Figure 19)(Jamieson CH. et al., 2004).

The mechanism of adaptive GM-CSF overexpression in response to IM-exposure is unclear at
present. However, it is known that expression changes are easier to achieve by tumor cells than
strategic genetic alterations such as de novo BCR/ABL kinase mutations (Hanahan D. et al., 2000).
Thus, GM-CSF overexpression/secretion in response to the IM-selection pressure may even
precede kinse mutation development, e.g. also in persisting clones. At the time of manifest
IM-resistance, GM-CSF may even become dispensable as a resistance factor and its expression
may be switched off. This is at least seen in some of the LAMA-cell clones that we have studied for
GM-CSF expression in a longitudinal manner (Burchert A. et al., 2005). Lack of GM-CSF
overexpression at the time of outright IM resistance in vivo, e.g., in the presence of kinase
mutations would reflect this in vitro observation (Figure 19A).

Since GM-CSF is not only secreted by CML cells (before (Balleari E. et al., 1994) and in response
to IM exposure), but also by BCR/ABL-negative cell types (Figure 19C), progenitor clones that do
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not themselves upregulate GM-CSF could be protected by paracrine stimulation. In fact, we found
evidence for STAT-5 activation of LAMA cells also when testing conditioned media collected ex
vivo from the peripheral blood mononuclear samples of CML-patients in complete remission,
indicating that paracrine secretion from BCR/ABL negative cells could be a relevant source for
GM-CSF at the time of complete remission (not shown). Thus, GM-CSF-irrespective of what
cellular source-can protect primary CML progenitors from IM- and NI-induced proliferation
inhibition.

Our data have also strong clinical implications as JAK-2 inhibition could overcome
GM-CSF-mediated STAT-5 activation, IM and NI resistance. This also implies that a combined
BCR/ABL and JAK-2 inhibition may be a more effective future CML treatment even in
IM-sensitive patients, leading to deeper molecular responses, the prevention of kinase mutation
development, and consequently a reduced risk for disease progression. Interestingly, this supports
nicely previous and very recent evidence showing that JAK-2 is a critical target in CML (Xie S. et

al., 2001; Samanta AK. et al., 2006).
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6. SUMMARY

Molecular targeted therapy with imatinib against BCR/ABL, a unique genetic abnormality of
chronic phase CML, has been concluded a revolutionary improvement in the therapy of leukaemia.
However, occurrence of imatinib-resistance often leads to clinical relapse in a high percentage of
advanced phases of CML and Ph” ALL, as well as minority of CML with chronic phase. Until now
ABL kinase mutations and overexpression of BCR/ABL are known to be major mediators of
clinical resistance. Strategies overcoming imatinib-resistance with dose escalation, novel
alternatives of imatinib, and combinations between imatinib and specific involving pathway
inhibitors have shown some promising results but are far from satisfactory. Therefore, further
investigating more imatinib-resistant mechanisms is necessary to provide new rationale to
overcome drug resistance.

As stated above, ABL kinase mutations and overexpression of BCR/ABL contribute to overt
clinical resistance. It is still a mystery how imatinib-naive cells survive attacking of killing dose of
imatinib at early treatment. We therefore made much effort to follow the reactions of 29 subclones
of BCR/ABL positive, imatinib-naive LAMAS84 to increasing concentrations of imatinib in vitro.
Finally, total 19 subclones reached resistance to imatinib at 1uM. In retrospect, we analyzed
BCR/ABL signaling transduction pathways of several subclones at different time points before
they obtained potential drug resistance. We found that a compensatory activation of PI3/Akt/mTor
in imatinib-naive LAMAS84 cells may contribute early drug “resistance”. In agreement with this
hypothesis, inhibition of PI3K/Akt/mTor signaling pathway respectively with wortmannin, SH6,
Akt specific siRNA or mTor inhibitors dramatically restored the sensitivity of the “resistant”
subclones to corresponding concentrations of IM and retarded development of imatinib-resistance
in LAMAS84 subclones and CML primary cells in vitro. Together, a BCR/ABL-independent and
compensatory activation of PI3K/Akt/mTor pathway may represent a novel refractory mechanism
for leukaemia cells to survive imatinib in vivo. Thus, blocking PI3K/Akt/mTor signaling pathway
may be helpful to prevent or retard development of imatinib resistance in vivo.

In vitro it has been showed that exogenous IL-3 and EPO could antagonize apoptotic induction
by imatinib in two cells model systems, indicating cytokines could also be involved in imatinib
resistance. On the other side, physiological normal hematopoiesis and pathological
leukamogenesis are closely associated with cytokines in auto/paracrine modes. In an attempt to

address whether auto/paracrine mechanism contributes to IM-resistance in our cell model,
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conditioned media generated from previously constructed IM-resistant subclones and leukemia
cells of imatinib-refractory patients potentially protected parental LAMA84 and CD34" leukemia
cells from apoptosis and CFC formation inhibition by imatinib and nilotinib respectively, but not
unresistant mock controls, indicating that a strong IM- and NI-resistance existed in conditioned
media (CM). A cytokine array was applied and several cytokines were identified to be produced by
imatinib-refractory LAMAS84 subclones, compared with unresistant control cells. Among them,
only granulocyte-macrophage colony stimulating factor (GM-CSF) could repeat the phenotype of
CM originated from IM-resistant subclones. Neutralising antibody against GM-CSF abrogated the
protective role of CM. Clinically, secreted GM-CSF in CML IM-resistant patients also supported
this finding. Moreover, GM-CSF exclusively protect GM-CSF receptor (CD116) highly expressed
progenitors from IM and Ni-induced apoptosis by activating STATS. The mechanism of imatinib
and nilotinib resistance conferred by GM-CSF is due to a BCR/ABL independent activation of
JAK2/STATS signaling pathway. Blocking JAK2 pathway with AG490 decreased STATS
phosphorylation and overcame GM-CSF mediated imatinib and nilotinib resistance. Therefore
here we introduce a new mechanism of resistance namely that GM-CSF induced JAK2/STATS
activation could substitutes for BCR/ABL-signaling to maintain growth and survival of
BCR/ABL-positive leukemic progenitors in presence of imatinib or nilotinib. Simultaneous
inhibition of JAK2/STATS pathway and BCR/ABL could be a potential alternative therapy for

IM-resistance.
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