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SAMMENDRAG

Kronisk lymfatisk leukemi (KLL) rammer B-cellene i blodet og er den mest vanlige formen
for leukemi i den vestlige verden. Sykdommen kan ikke kureres, men utvikler seg langsomt
og for mange pasienter vil det aldri veere ngdvendig med behandling. For de som trenger
behandling er det kun et begrenset utvalg medikamenter tilgengelig. KLL er en heterogen
sykdom med variabelt klinisk sykdomsforlgp. Det vil derfor vaere ngdvendig a tilpasse
behandlingen for hver enkelt pasient slik at de unngar a bli utsatt for ungdvendig og ineffektiv
behandling. For a identifisere egent personlig behandling kan avvik i cellesignalisering veere
en god indikator. Arbeidet som er presentert i denne oppgaven er en del av et sterre prosjekt
hvor langtidsmalet er & utvikle en rask metode for & kunne bista kliniske avgjerelser i
individualisert terapi av KLL. Ved & bruke fosforflowcytometri har fosforyleringen av
proteiner blitt undersgkt og metoden har blitt brukt for & kartlegge basale og induserte
signaleringsavvik i KLL pasient- og friske donorprgver. Det har ogsa blitt undersgkt hvordan
de nylig godkjente medikamentene idelalisib, ibrutinib og venetoclax pavirker basal og
indusert fosforyleringsniva for a kunne identifisere relevante medikamenteffekter hos de

individuelle pasientene.

Denne studien har vist at KLL-pasienter har lavere basal fosforylering i forhold til normale
kontroller, men forhgyede fosforyleringsnivaer i IgHV umutert-KLL ble observert nar B-celle
reseptoren ble stimulert med anti-lgM. Forhgyede signaler for Akt og nedstrgmsproteiner i
induserte KLL-celler ble reversert ved bruk at PI3K3-hemmeren idelalisib. Det ble i tillegg
observert at de forhgyede signalene for flere proteiner i reaksjonsveien for B-cellereseptoren
ble redusert etter behandling av de induserte CLL-cellene med Btk-hemmeren ibrutinib. Etter
behandling av KLL-celler med Bcl-2-hemmeren venetoclax ble det i tillegg observert gkt
fosforylering av Histone H2AX (pS139), som er en markar for DNA skade. | samsvar med
dette ble det vist at KLL-celer undergikk celledgd etter behandling med venetoclax over

lengre tid.

Arbeidet presentert i denne oppgaven har ved bruk av flowcytometri bidratt med informasjon
om signalavvik pa basal og anti-lgM induserte KLL-celler sammenlignet med normale B
celler. Videre har det gitt viktig kunnskap om signaleffektene av idelalisib, ibrutinib og
venetoclax. Disse funnene kan veere viktige for a identifisere relevant behandling og de vil

veere aktuelle for videre arbeid med a skreddersy behandling av KLL pasienter.






ABSTRACT

Chronic lymphocytic leukemia (CLL) affects the B cells in the blood and is the most common
leukemia in the Western world. The disease is incurable but develops slowly, and many
patients may never need treatment. However, for those who do, the treatment options are
limited. Since the disease is highly heterogeneous, there is a need to explore more widely to
identify individualized treatment opportunities. Cell signaling aberrations may act as good
indicators in determining suitable personalized therapy. The work presented in this Thesis is
part of a larger project where the long-term goal is to develop a fast approach to assist clinical
decisions in individualized therapy of CLL. A phosphoflow cytometry approach has been
used investigate phosphorylation levels of proteins and to map basal and induced signaling
aberrations in CLL patient samples and healthy donor samples. The effects of the recently
approved drugs idelalisib, ibrutinib and venetoclax on basal and induced levels of
phosphorylation were also investigated to identify relevant drug targets and drug effects in the

individual patient.

This study showed that CLL patient samples expressed lower basal levels of phosphorylation
relative to normal controls, but elevated phosphorylation signals in UM-CLL patient samples
were observed in response to anti-IgM stimulation of the B-cell receptor. The elevated signals
of Akt and downstream proteins in induced CLL cells were reversed by the PI3K6 inhibitor
idelalisib. Similarly, elevated signals of several proteins in the B-cell receptor pathway in
induced CLL cells were reduced by treatment of the Btk inhibitor ibrutinib. Interestingly,
increased phosphorylation of the DNA damage marker Histone H3AX (pS139) was observed
in CLL cells upon treatment with the Bcl-2 inhibitor venetoclax. Finally, the viability of CLL

cells was observed to be decreased upon longtime treatment with venetoclax.

The work presented in this Thesis was performed by a phosphoflow cytometry approach to
map and give information about signaling aberrations on basal and anti-lgM induced CLL
cells compared to normal B cells. Furthermore, it has provided important information on the
signaling effects of idelalisib, ibrutinib and venetoclax. The findings may be of value to
identify relevant drug targets and they will be valuable in following studies which aim to

predict patient response and provide personalized treatment of CLL patients.
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ABBREVIATIONS

Akt — Protein kinase B
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CD40L — CD40 ligand
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FDA — US Food and Drug Administration
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Lck — lymphocyte-specific protein tyrosine kinase
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NF-xB — Nuclear Factor-«B
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p38 MAPK — p38 mitogen activated protein kinase
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PDK1 — phosphoinositide-dependent protein kinase 1
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PLCy2 — phospholipase-Cy2
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PS — phosphatidylserine

Raf — raf proto-oncogene serine/threonine-protein kinase

Ras — rat sarcoma protein
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RNA — ribonucleic acid
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S6-ribo prot — S6-ribomsomal protein Kinase

SAPK — Stress activated protein Kinase

SDS/PAGE - sodium dodecyl sulphate polyacrylamide gel electrophoresis
SF3B1 — splicing factor 3 subunit 1
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1. INTRODUCTION

1.1. Cancer

Cancer is a collective term for a group of diseases which are characterized by the
development of uncontrolled growth of abnormal cells that can have the ability to spread to
other parts of the body where they infiltrate and destroy normal body tissue (2016 Cancer
Facts and Figures 2016). Cancer can be caused by internal factors including genetic mutations
and hormones, behavioral factors such as tobacco use and unhealthy diet or external factors
such as environment and socioeconomic factors such as living- and work environment.
Cancer is one of the leading causes of mortality and morbidity worldwide, with approximately
14 million new cases in 2012 (Globocan 2012: Estimated Cancer Incidence, Mortality and
Prevalence Worldwide in 2012).

1.2. Leukemia

Leukemia is a type of cancer that affects the cells in the blood and bone marrow,
characterized by distorted proliferation of abnormal leukocytes (Pokharel 2012). Leukemia
can be classified into four groups based on the type of white blood cells, leukocytes, that are
affected, and characteristics of the disease; Acute myelogenous leukemia (AML), Acute
lymphocytic leukemia (ALL), Chronic myelogenous leukemia (CML) and Chronic
lymphocytic leukemia (CLL). Acute leukemia develops from early blast cells and progress
rapidly, while chronic leukemia develops from mature, abnormal cells and have a slower
developing pattern. Myelogenous leukemias originate from myeloid cells, which can develop
into red mast cells, macrophages, granulocytes, red blood cells and red platelets, while

lymphocytic leukemia develops from lymphocytes (Pokharel 2012).
1.3. Epidemiology of Chronic lymphocytic leukemia

Chronic lymphocytic leukemia is the most common form of adult leukemia in the Western
world and comprises approximately 40% of all leukemia cases, with almost 19000 and 200
estimated new cases per year in the US and Norway, respectively (Fabbri & Dalla-Favera
2016; Lenartova et al. 2016). The disease tend to affect individuals in the Western world,
especially white people, more often than individuals in Asia, with an average incident rate
<0.001% in eastern Asia, and about 0.06% in Europe and the US (Kipps et al. 2017). CLL



affects mainly elderly with a median age at time of diagnosis between 67 and 72 years, and is
reported to affect men more often than females. The relative risk increases with age, and twice
as many males are diagnosed with CLL at the age of 80, compared to females (Watson et al.
2008). CLL is also suspected to be linked to genetic factors, and 9% of patients have relatives
with CLL, and close relatives to patients with CLL have an 8,5 fold increased risk of

developing the disease (Cerhan & Slager 2015).
1.4. Development of CLL

Normal B lymphocytes mature in the bone marrow, where the process of rearrangement of the
immunoglobulin variable (V) gene segments to create the code for the B-cell receptor for
antigen also takes place. The cells enter the germinal center where the V genes undergo
somatic hypermutations, which code for the binding site of the receptor, and the cells acquire
new properties (Figure 1). These processes and selections are either stimulated by T-helper
cells inside the germinal center, or in response to carbohydrates, encapsulated bacteria or
viruses in the marginal zones, and lead to the development of plasma cells or memory
(antigen-experienced) B cells (Chiorazzi et al. 2005). CLL is a B-cell malignancy with a
diverse set of mutations leading to the development of the disease. It is characterized by the
accumulation of small, less-mature B lymphocytes (B-cells) in lymphoid tissue, bone marrow
and the blood, due to defective apoptosis (Scarfo et al. 2016). The disease is very
heterogeneous, many patients have a slow progress of the disease and will never become
symptomatic and die from unrelated causes, while others have a rapidly progressing disease
(Chiorazzi et al. 2005). Clinical guidelines recommend delaying the therapy unless the disease
progresses, the patient becomes symptomatic or is at high risk (Fabbri et al. 2011). CLL is
incurable and the treatment available is provided to reduce symptoms and prevent the disease
to further progress, but most of current treatments are unfortunately associated with side

effects and relapsed disease (Watson et al. 2008).
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Figure 1. Origin of M- and UM-CLL cells. Normal B cells migrate to the germinal center of lymph nodes after
antigen stimulation, where clonal expansion takes place. B cells with low affinity for cognate antigen undergo
apoptosis, while B cells with high affinity for cognate antigen undergo somatic hypermutations followed by T
cell stimulation. These cells differentiate into memory B cells or/and antibody-secreting plasma cells. Steps for
development of UM-CLL and M-CLL are marked with red arrows. Modified from (Kuppers 2003).

1.5. Diagnosis of CLL

The International Workshop on Chronic Lymphocytic Leukemia (iwCLL) 2008 has made
guidelines for diagnosis of CLL. The diagnosis of the disease is based on factors such as the
presence of >5000 clonal B lymphocytes per microliter in the peripheral blood over 3 months
and characteristic immunophenotypes of clonal light chain restriction; T lymphocyte (T cell)
antigen CD5 expression, expression of B-cell surface antigens CD23 and CD19, and low
levels of CD20, CD79b and surface immunoglobulin expression (Chronic Lymphocytic
Leukemia Treatment (PDQ(R)): Health Professional Version 2002). Most patients are
asymptomatic at diagnosis, and since CLL is a very heterogeneous disease, the clinical
courses and survival are very variable. Some patients may never experience severe symptoms,
while other patients with a more aggressive disease may experience symptoms such as
enlarged lymph nodes, high fever of unknown origin over a longer period of time,

unexplained weight loss, night sweats and frequent infections (Scarfo et al. 2016).



1.6. Staging of CLL

Staging is a method used to predict how much the cancer has spread, the prognosis of the
disease, and is often useful for guidance of treatment of the cancer. The staging of cancer are
usually based on the size of the tumor and how far the cancer has spread, but since CLL
normally not form tumors, and often is spread to other organs, the process of staging the
disease is dependent on lab results and results from imaging tests (Koffman 2016). The Rai
staging system and Binet classification are often used for staging of CLL (Table 1) (Binet et
al. 1981; Rai et al. 1975). Both methods are simple and based on complete blood cell count
and physical examinations (Scarfo et al. 2016). (Table 1)

The Rai system was originally based on progressively shorter overall survival, but the system
has later been updated and three risk stages have been integrated. It is based on the
prevalence of lymphocytosis in the peripheral blood, enlargement of the liver, spleen and
lymph nodes, anemia (reduced numbers of red blood cells) and thrombocytopenia (reduced
numbers of platelets) (Table 1) (Chronic Lymphocytic Leukemia Treatment (PDQ(R)):
Health Professional Version 2002). The Binet system classifies three prognostic stages based

on number of enlarged lymph nodes involved, anemia and thrombocytopenia (Table 1).

Even though the Rai and Binet staging systems are used for staging of CLL today, they are
inadequate when it comes to providing insight of the variable clinical course of individual
patients. The systems are useful for estimating the tumor load in patients with progressive
CLL, but they cannot predict the progress state and survival time at early stage (Rai stage 0/1,
Binet stage A) (Bazargan et al. 2012). To further improve the prognostic prediction of CLL,

several biological markers and cellular markers have shown to be helpful.
1.7.Prognostic factors

Several prognostic factors may be useful to predict disease progression and the choice of
treatment for each individual patient. Some of the most important and most studied markers
are immunoglobulin variable region heavy chain gene (IgHV) mutational status, chromosomal

abnormalities, CD38 and ZAP70 expression and some novel gene mutations.



Table 1. Staging systems for CLL. Modified from (Scarfo et al. 2016)

Rai Staging System Binet Staging System
Risk Stage Description Median Stage  Description Median
Survival Survival
Low 0 Lymphocytosis in blood or 150 A Fewer than 3 12+
bone marrow months lymphoid-bearing areas years

enlarged, no anemia or
thrombocytopenia.

Hemoglobin level >10

g/dL
Inter- | Lymphocytosis and 101 B Three or more 7
mediate enlarged lymph nodes months lymphoid-bearing areas years

enlarged no anemia or
thrombocytopenia.

1 Lymphocytosis and 71 Hemoglobin level >10

enlarged liver or spleen months g/dL
High 111 Lymphocytosis and anemia 19 C Presence of anemia 2

(hemoglobin level <11 months (hemoglobin level years
g/dL) with/without enlarged <10g/dL) or
liver, spleen or lymph nodes thrombocytopenia

v Lymohocytosis and 19 (platelet count
thrombocytopenia (platelet months <100 000/uL),
count <100 000/pl) regardless of number of
with/without anemia or areas of lymphoid
enlarged liver, spleen or enlargements
lymph nodes

1.7.1. Immunoglobulin variable region heavy chain gene (IgHV)
mutational status

Even though the clinical outcome of CLL is very variable, the mutational status of the
variable heavy chain gene region has shown to be useful in predicting the disease progression.
CLL patients can be grouped into two subgroups based on these observations; patients with
mutated phenotype (M-CLL) and patients with unmutated phenotype (UM-CLL), reflecting
which stage of normal B-cell differentiation the CLL cells originate from (Figure 1). About
50% of CLL cases are found to have UM-CLL cells that originate from B cells not having
undergone differentiation in the germinal center. UM-CLL cells have typical B-cell receptors
(BCRs) which respond well to IgM stimulation, they have a higher presence of high-risk
genetic lesions, and are linked to a more aggressive disease than M-CLL. M-CLL cells



express immunoglobulin that has undergone somatic hypermutations in the germinal center
followed by T-cell stimulation, indicating that these cells are more mature (Figure 1). M-CLL
displays BCRs with a poorer response to IgM stimulation and is associated with low-risk
genetic lesions, and is linked to a more favorable disease with longer survival time. The
mutational status is detected by comparing the DNA in the B cells with the DNA in the germ
line. Cells with less than 2% deviation from the germline are classified as UM-CLL cells,
while cells with more than 2% differences are defined as M-CLL (Fabbri & Dalla-Favera
2016; Kipps et al. 2017).

1.7.2. Chromosomal abnormalities

Chronic lymphocytic leukemia is a very heterogeneous disease and over 3000 mutated genes
have been identified. By using next generation sequencing and fluorescent in situ

hybridization (FISH), many chromosomal abnormalities have been revealed (Table 2). These
abnormalities can serve as independent and important tools for predicting disease progression
and survival (Bazargan et al. 2012). FISH is therefore frequently used as a tool to classify the
chromosomal abnormalities in CLL, which are usually absent early in the disease, but appear

as the disease progresses (Amin & Malek 2016).

Table 2. Chromosomal abnormalities with prognostic relevance.

Karyotype % of cases Prognosis Involved genes
13914 deletion >50 good miR-15a, miR-16-1
11922-qg23 deletion ~20 bad ATM, BIR3
Trisomy 12 =3 intermediate CLLU1

17p13 deletion ~10 bad TP53

The 13p14 deletion is the most frequent genetic mutation associated with CLL, it is more
frequent in M-CLL patients, and is related to a better prognosis. The deleted region contains
deletions in the lymphocytic leukemia 2 (DLEUZ2) locus which encodes the microRNA cluster
with miR-15a and miR-16-1 and the DLEU7 gene among others. The DLEU7 encodes for a
supposedly negative regulator of the Nuclear Factor-xB (NF- kB) transcription complex,
causing a lower negative regulation of transcription in CLL cells (Fabbri & Dalla-Favera
2016).

The 11g22-23 deletion is found in about 20% of all CLL patients, and patients with UM-CLL

tend to have a higher frequency of this deletion. The deletion affects the tumor suppressor



gene antaxia telangiectasia (ATM), which encodes a protein crucial for the cellular response
to damaged DNA, and its inactivation affects the response of the CLL cells to chemotherapy
(Dal-Bo et al. 2009). In some cases the 11g mutation does not include the ATM, but instead
target the Baculoviral IAP Repeat Containing 3 (BIRC3) gene, which is a negative regulator
of the alternative NF- kB pathway (Fabbri & Dalla-Favera 2016; Scarfo et al. 2016).

Trisomy 12 is a phenomenon where an additional copy of chromosome 12 is present. This
occurs in about 15% of CLL patients, and it is independent of the IgHV mutational status.
Chromosome 12 contains the CLLU1 gene, which with high expression has been reported to
predict a poorer clinical outcome in younger patients (Josefsson et al. 2007). Co-occurrence of
mutations in the NOTCHL1 gene has been shown to be associated with poorer survival. It is
also associated with higher risk of spread to other parts of the body and development of a
more aggressive disease (Richter’s Syndrome) (Parikh & Shanafelt 2016).

The 17p13 deletion is found in about 10% of all CLL cases, and it is more common in patients
with UM-CLL. The deletion includes the tumor suppressor gene TP53, which is involved in
triggering cell apoptosis and its deletion may contribute to resistance to chemotherapy. This
mutation is associated with poor prognosis and short duration of response to the standard
therapeutic options (Fabbri & Dalla-Favera 2016; Kipps et al. 2017).

1.7.3.CD38 and ZAP-70

The 70-kDa Zeta-Associated Protein (ZAP-70) is an intracellular tyrosine kinase protein
which is associated with activation signals in T cells and natural killer cells (NK cells). The
protein is expressed in CLL cells but it is very rare in normal B cells (Amaya-Chanaga &
Rassenti 2016) (Figure 2). ZAP-70 expression enhances the BCR signaling and UM-CLL
cells tend to express more ZAP-70 than M-CLL cells. Patients with high ZAP-70 expression
have a more aggressive disease and poorer prognosis (Chiorazzi et al. 2005; Wiestner et al.
2003).

Human CD38 is a 45-kDa single chain transmembrane glycoprotein expressed in different
cells in the blood, and acts both as an enzyme and as a receptor (Bazargan et al. 2012)
(Figure 2). In normal B cells, CD38 is implicated in converting signals involved in the
regulation of cell proliferation and survival, and CD38 is expressed in higher levels in
germinal center and plasma cells compared to the expression in circulating peripheral blood
(Durig et al. 2002). CD38 can be activated by CD31 (PECAM-1), a ligand expressed on



endothelial cells and lymphoid cells, which triggers activation and proliferation of B cells
(van de Donk et al. 2016) (Figure 4). Several studies have reported that CLL cells with higher
CD38 expression (>30%) are likely to also have UM-IgHV genes. High expression of CD38
is linked to a more aggressive disease with faster disease progression and shorter life

expectancy.

The use of ZAP-70 as a general prognostic factor has not been approved, partly because of
some difficulties regarding the measurement of ZAP-70. It is normally done by flow
cytometry, and some observations show weak ZAP-70 expression in some of the CLL cells
and strong expression in T and NK cells. This makes the measurement more intricate and

expensive, making ZAP-70 as a prognostic factor less attractive (Bazargan et al. 2012).

The usage of ZAP-70 and CD38 as prognostic markers have been purposed as independent
markers for prognosis of CLL, but because of disagreement of where the cut-off threshold for
CD38 positivity should be, and laboratory difficulties related to detection of ZAP-70, they
should rather be considered as supplement factors in diagnosis of CLL (Malavasi et al. 2011).

1.7.4. Novel gene mutations

Next generation sequencing has revealed some novel genes that appear to be related to
relapsed disease. They are so far not used as independent prognostic markers, but are good

supplements in predicting the disease progression.

TP53 mutations are as mentioned above normally related to 17p13 deletions, but about 5% of
CLL patients bear a TP53 mutation without a 17p13 deletion. The mutation is related to

patients with progressive disease, shorter survival, bad response to chemotherapy and it tends
to have a higher frequency in relapsed patients (Eichhorst & Hallek 2016; Scarfo et al. 2016).

NOTCH1 mutations have been reported in 10-15% of CLL cases, and have a higher frequency
in patients with UM-CLL mutational status, and about 40% of patients with this mutation also
carry trisomy 12. The gene encodes for a molecule which acts as a ligand involved in cell
differentiation, proliferation and apoptosis. Patients with NOTCH1 mutations have shown a
shorter overall survival, higher risk of relapsed disease and have been associated with a higher
risk of Richter’s transformation (Fabbri et al. 2011).

The SF3B1 (Splicing Factor 3b Subunit 1) gene is involved in RNA splicing, and SF3B1
mutations are detected in about 10% of CLL patients, and mainly related to the UM- IgHV



subgroup (Fabbri & Dalla-Favera 2016). The mutation frequently increases in progressive and

relapsed disease (Scarfo et al. 2016).

BIRC3 is a gene involved in apoptosis inhibition and negative regulation of the NF-«xB
pathway. The mutation is found in 5% of patients with 11g22-23 deletion, and it is related to
bad prognosis and poor response to chemotherapy (Eichhorst & Hallek 2016).

Several additional mutations have been identified in genes linked to CLL, such as POT1-,
EGR2-, MYD88- and WNT pathway- mutations, with a frequency of 1-5% (Amin & Malek
2016).

1.8. B-Cell Receptor signaling

The BCR pathway is essential for immune function, survival and proliferation of normal B
cells. As explained above, the mutational status of the IgHV-gene is a good prognostic
predictor, suggesting that the BCR plays an important role in the CLL pathogenesis (Zhong et
al. 2014). The importance of the BCR in CLL survival is also shown by clinical success of

targeting and inhibiting different components in the BCR pathway (Kipps et al. 2017).

The BCR consists of linked immunoglobulin heavy and light chains, and when it gets
stimulated by an antigen, the domains get separated by a specific distance, forming an open
conformation (Kurosaki et al. 2010). This is dependent on the activation of a Sarcoma (Src)-
family protein tyrosine kinase, normally Lyn, which induces phosphorylation of the
immunoreceptor tyrosine-based activation motifs (ITAMs) on the signaling heterodimer
CD79a and CD79b (Figure 2). The phosphorylated ITAMS work as docking sites for SH2-
domain containing proteins, which in B cells are most often Spleen tyrosine kinase (SYK),
but can be shared or replaced with ZAP70, which is highly expressed in CLL cells. Next is the
formation of the BCR signalosome, where the B-cell linker protein (BLNK) is recruited to
CD79b, which serves as a docking site for Bruton’s tyrosine kinase (Btk), phospholipase-Cy2
(PLCy2) and the adaptor protein Growth factor receptor-bound protein 2 (GRB2). This leads
to the activation of different pathways including PI3K-Akt-mTor pathway and Ras-Raf-Mek-
ERK pathway (Zhong et al. 2014) (Figure 2).
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Figure 2. B-cell receptor signaling. Simplified overview of some of the signaling pathways initiated by
antigen-stimulation of the BCR. CD38 and ZAP70 are marked with dashed lines and indicate disease
progression in CLL. Proteins in blue were analyzed by phosphoflow in this Thesis.

The PI3K-Akt-mTor pathway is one of the most mutated pathways in cancer, and increased
activity has been observed in malignancies including leukemia (Chang et al. 2003). Activation
of this pathway includes phosphorylation of the B-cell specific cell surface molecule CD19 by
Lyn, which provides a docking site for the p38 subunit consisting of phosphatidylinositol 3-
kinase (PI3K) among others (Kurosaki et al. 2010). The heterodimer PI3K converts
phosphatidylinositol-4,5-bisphosphate (PIP,) to phosphatidylinositol-3,4,5-trisphosphate
(P1P3), which recruits Akt and phosphoinositide-dependent protein kinase 1 (PDK1).
Mammalian target of rapamycin (mTOR) is a protein kinase divided into two complexes,
MTORC1 and mTORC2. Both mTORC2 and PDK1 phosphorylate Akt, leading to fully
activated Akt, which targets various proteins involved in inhibition of apoptosis and
promotion of cell survival. Akt is also translocated into the nucleus where it inhibits proteins
involved in growth arrest and apoptosis (Zhang et al. 2011). The mTORCL1 contributes to
stimulation of the protein synthesis by phosphorylating important regulators of mMRNA,
translation and ribosome synthesis, including phosphorylation and activation of the S6-
ribosomal protein kinase, among others (Bertacchini et al. 2015) (Figure 2).
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The Ras-Raf-MEK-ERK pathway is initiated by GRB2 binding and activation of the
exchange factor Son of sevenless (SOS). SOS recruits the rat sarcoma protein (Ras), followed
by the activation of the Raf proto-oncogene serine/threonine-protein kinase (Raf). This leads
to the activation of the Mitogen activated protein kinase (MEK), and Mitogen activated
protein kinase (p44/42 MAPK) (Figure 2). The pathway ends in the expression of the AP1
transcription factor, which has been shown to play an important role in cell proliferation,

differentiation and apoptosis among others (Zhong et al. 2014).

Activated PLCy2 in the signalosome results in the production of the components 1,4,5-
trisphosphate (IP3) and diacylglycerol (DAG) (Figure 2). IP3 occupies IP3 receptors in the
endoplasmic reticulum, releasing Ca* from the smooth ER, causing cleavage of phosphate
groups from NFAT. This causes an increased activity in mRNA transcription of pro-
inflammatory and pro-survival factors, and activates NF-kB. DAG recruits and activates other
proteins, resulting in the activation of NF-xB. Activated NF-«B is translocated into the
nucleus, where it binds to DNA and induces transcription of proteins having important

functions in immunity, inflammation and cell-development (Zhong et al. 2014).
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Figure 3. The JAK/STAT pathway. When a ligand binds to its cognate receptor, two molecules of JAK are
recruited to the receptor because of the receptor dimerization, and the JAKs autophosphorylate and

phosphorylate the receptor, forming a docking site for STATS, such as STAT3. The activated JAKSs
phosphorylate a conserved tyrosine residue close to the C-terminus on STAT3, causing the it to dimerize and
translocate into the nucleus, where the dimer STAT binds to specific regulatory sequences to target gene
transcription (Aaronson & Horvath 2002). The JAK/STAT pathway interacts with the Ras-Raf-MEK pathway,

by activated JAKs serving as a docking site for the GRB2 adapter which stimulates the Ras cascade. Activated
JAK also serves as a docking site for p85, resulting in activation of the PI3K-Akt-nTOR pathway (Rawlings et al.
2004). Proteins in blue were analyzed by phosphoflow in this Thesis.
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Activation of the JAK/STAT pathway stimulates cell migration, proliferation, differentiation
and apoptosis which are crucial for growth and development of the immune system (Figure
3). Binding of a ligand, such as growth hormone or a cytokine, causes the dimerization of its
corresponding receptor and Janus kinase (JAK) is recruited. The activated JAK phosphorylate
proteins from the family of signal transducers and activator of transcription (STATS), among
others. The STATSs are translocated into the nucleus where they activate or repress
transcription of target genes, including CD38 (Papin & Palsson 2004) (Figure 3).

1.9. CLL microenvironment

Observations show that CLL cells spontaneously undergo apoptosis when they are cultured in
medium in vitro, which indicates that the CLL cells are dependent on interactions with the
microenvironment for survival and proliferation in vivo (Fabbri & Dalla-Favera 2016). The
CLL cells circulate between the peripheral blood and secondary lymphoid organs, and
proliferate in specific tissue regulated by interactions with chemokines, adhesion molecules
and tissue ligands (Ten Hacken & Burger 2016). Several components of the CLL
microenvironment have been described, but this Thesis will focus on CD40L, APRIL and
BAFF in addition to CD31-CD38 (Figure 4).

A\ A 4

Cytokines

Figure 4. The CLL microenvironment. T cells and nurse-like cells can activate CLL cells through ligation of
CD40L to the CD40 receptor, BAFF and APRIL with BAFF-R, BCMA and TACI receptors and CD31 with
CD38 receptors. The CLL cell can also be activated through antigen stimulation of the BCR.
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1.9.1.CD40L

CD40 ligand is a membrane bound cytokine which belongs to the Tumour Necrosis Factor
(TNF) superfamily and binds to the CD40 receptor. CD40L is often found in the membrane of
activated T cells, while CD40 receptor is usually found on B cells, macrophages and dendritic
cells. The CD40L-CD40 interaction plays an important role in the B cells activation (Hayden
& Ghosh 2014). Ligation of CD40 activates the NF-kB pathway, which transmits anti-
apoptotic signals and results in increased proliferation and expression of the anti-apoptotic
factor Bcl-x,_ (Fang et al. 1997; Granziero et al. 2001).

1.9.2. APRIL and BAFF

The cytokines A proliferation-inducing ligand (APRIL) and B-cell activating factor (BAFF)
are both members of the TNF superfamily produced by cells such as macrophages, dendritic
cells and T cells. They both bind the B-cell maturation antigen (BCMA) and the
transmembrane activator and calcium modulator and cyclophilin ligand interactor (TACI)
receptors while BAFF binds to the BAFF receptor as well (Mackay & Schneider 2009). CLL
cells also express these receptors, and ligation of BAFF and BAFF-R leads to activation of the
alternative NF-kB pathway, while activation through BCMA and TACI induces the general
NF-kB pathway (Endo et al. 2007).

1.10.Treatment

The treatment of CLL is a complicated and delicate process. As mentioned above, CLL is a
very heterogeneous disease with individual disease progression. One third of the patients
never need treatment and die with the disease, another third enters an indolent phase, while
one third of the patients develops an aggressive disease and needs to start treatment
immediately after diagnosis (Dighiero & Hamblin 2008). In general, asymptomatic patients
with early stages of disease (Rai 0, Binet A), are recommended to wait with treatment until
further disease progression. Patients in an intermediate stage (Rai I/1l, Binet B) are
recommended to be monitored and wait with treatment until symptoms of active disease are
present. Symptomatic patients with advanced stage (Rai 111/1V, Binet C) are recommended to
start treatment immediately (Table 3) (Scarfo et al. 2016).

The treatment options are based on factors including patient fitness, genetic profile and the
disease status. First line treatment is in general dividing the patients into 3 subgroups; fit-,
unfit- and high risk patients. Fit and young patients are candidates to receive a combination of
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purine analogues, alkylating agents and monoclonal antibodies, such as fludarabin,
cyclophosphamide and the anti CD20-specific antibody rituximab (FCR). Elderly and unfit
patients are in general treated with less toxic reagents, including chlorambucil-based
combinations, purine analogue-based combinations and bendamustine-based combinations
(Eichhorst & Hallek 2016). High risk patients are mainly patients with 17p13 deletions or
TP53 mutations, and there are no standard treatments for this group (Rodrigues et al. 2016),
but recent guidelines are suggesting treatment with rituximab alone or in combination with

novel kinase inhibitors such as ibrutinib or idelalisib (Scarfo et al. 2016).

Table 3. Treatment indications. Modified from (Scarfo et al. 2016).

Stage Management

Early stage disease Monitoring without receiving therapy until
(Rai 0, Binet A) disease progression

Intermediate stage Monitoring until signs or symptoms of active
(Rai I and 11, Binet B) disease appear

Advanced stage Treatment required

(Rai Ill and 1V, Binet C)

Chemotherapy resistance has been observed and suggested linked to genetic mutations
including NOTCH1-, SF3B1 and BIRC3 mutations, based on observations of increased
frequency in these mutations in relapsed disease after treatment with FCR (Fabbri & Dalla-
Favera 2016). This indicates the need for a more chemo-free strategy in the treatment of CLL.

Recently, numerous new agents have been tested and a few have been approved in the first
and second line treatment of relapsed and refractory disease. Some of the agents have
inhibitory effects on the BCR signaling pathway. The drugs described in the next sections are

drugs investigated in this Thesis.

1.10.1. Idelalisib

Idelalisib, also known as CAL-101, inhibits the lipid phosphatidylinositol 3 kinase 6 isoform
(PI3Kd) (Figure 5). PI3K3 is specifically expressed in lymphocytes and has an increased
activity in CLL cells (Brown 2016). The PI3K& pathway is involved in basic cellular
functions such as proliferation, metabolism, survival and migration of the cell. PI3K is
activated by LYN-dependent phosphorylation of CD19 or the adaptor protein BCAP, leading
to production of the lipid phosphatidylinositol-3,4,5-triphosphate (P1P3), which activates
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several BCR signaling components including Akt and mTOR (Do et al. 2016; Scarfo et al.
2016) (Figure 5). By inhibiting the delta isoform of PI3K, idelalisib suppresses Akt
phosphorylation substantially, promoting apoptosis of the cell (Figure 5). Idelalisib also
inhibits the production of inflammatory cytokines and activation-induced cytokines (CD40L),
which are known to enhance CLL cell survival and proliferation (Barrientos 2016; Pongas &
Cheson 2016). Idelalisib was approved by the FDA in the US as second line treatment July
2014 (FDA 2014). 1t was also approved by the European Commission (EC) for treatment in
combination with rituximab for patients who have failed first line treatment or as first line
treatment for patients with 17p13 deletions or TP53 mutations (CHMP 2014).
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Figure 5. Mechanism of action of idelalisib. Idelalisib inhibits PI3K leading to suppression of Akt activation
and promotion of apoptosis of the cell. Proteins in blue were analyzed by phosphoflow in this Thesis.

1.10.2. Ibrutinib

Ibrutinib is a small molecule drug that inhibits Bruton-tyrosine kinase (BTK), which tends to
be overexpressed in CLL patients (Falchi et al. 2016) (Figure 6). BTK is upstream of PLCy2
and NF«B in the BCR signaling pathway, and is required for calcium release and regulation
of proliferation and apoptosis of B cells (Vela et al. 2016). Ibrutinib binds irreversibly to the
Cys-481 residue in the active site of BTK, and suppresses the phosphorylation of downstream
proteins (Vitale & Burger 2016). Ibrutinib has been shown to promote apoptosis of CLL cells

and inhibit tumor growth in vivo (Maddocks & Jones 2016). Ibrutinib was approved as first
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line therapy in the US in March 2016, after first being approved as second line therapy in
2013 ((CHMP) 2016; FDA 2013). The European Commission (EC) also approved ibrutinib as
a first line treatment for CLL patients in 2016 after first being approved for patients with
relapsed disease or 17p13 mutations ((CHMP) 2016).
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Figure 6. Mechanism of action of ibrutinib. Ibrutinib inhibits Btk and suppresses activation of downstream
proteins such as PLCy2, promoting apoptosis of the cell. Proteins in blue were analyzed by phosphoflow in this
Thesis.

1.10.3. Venetoclax

Venetoclax, also known as ABT-199, is a small molecule highly selective for the proto-
oncogene B-cell lymphoma 2 (Bcl-2) (Figure 7). Bcl-2 belongs to a family of proteins that
regulates the mitochondrial pathway of apoptosis (Itchaki & Brown 2016), consisting of four
main domains based on their function, often referred to as BH1-BH4 domains (Vo & Letai
2010). Under normal conditions in healthy B lymphocytes, Bcl-2 is binding and limiting the
release of the essential cell death mediators BAX and BAK. If the cell is exposed to stress,
pro-apoptotic proteins sharing the BH3 domain are activated, and bind to Bcl-2. This releases
and activates BAX and BAK, which cause the outer membrane of the mitochondrial to
permeabilize and initiate apoptosis. About 95% of CLL patients have elevated expression of
Bcl-2, believed to be caused by absence of microRNA miR-15a and miR-13 among others
(Majid et al. 2008). The overexpression of Bcl-2 in CLL cells inhibits release of cell death
mediators, and prevents apoptosis. Venetoclax is a BH3-mimicking reagent with high affinity

for Bcl-2, and by binding and inhibiting Bcl-2 causes the cell death mediators to release and
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thereby induces apoptosis (Vogler et al. 2013) (Figure 7). Venetoclax was approved by FDA
in 2016 as second line treatment in patients with 17p13 deletion in the US and was later in

2016 approved by EC as a second line treatment (Deeks 2016).
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Figure 7. Mechanism of action of venetoclax. Normal B cells exposed to stress factors release the death
mediators BAX and BAK, inducing apoptosis. CLL cells often have mutations causing higher expression of Bcl-
2, which inhibits apoptosis in CLL cells exposed to stress because BAX and BAK are not released. Venetoclax is
a BH3-only mimicking reagent which binds Bcl-2, causing the release of cell death mediators thus inducing
apoptosis. Modified from (Roberts et al. 2016).

1.11. Methods
1.11.1. Phosphoflow cytometry

Flow cytometry is a technology used for cell counting, cell sorting and biomarker detection
among others. Cells can be labeled with fluorescently tagged antibodies specific for the
proteins of interest. In the flow cytometer, the cells go through a nozzle, which divides the
cell-solution into a stream of droplets each containing one cell. The droplets pass through a
laser beam causing the fluorescent dyes to release light of different wavelength, which is
absorbed and analyzed by a detector. The absorbed signals are analyzed and sorted based on
the presence or abundance of each antibody-labeled molecule (Parham 2014). Phosphoflow
cytometry is a fast and effective technology for detecting and analyzing intracellular signaling
by measuring the phosphorylation status of the momentary phospho-epitopes of individual
cells in a mixture of cells (Landskron & Tasken 2016). Combining the technique with
fluorescent cell barcoding (FCB), where the cells are stained with unique combinations of

fluorescent dyes before combined in one tube, makes it possible to analyze numerous samples
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in a short time (Figure 8). Changes in the protein activity are reflected by changes in
phosphorylation status. Phosphoflow cytometry has recently become incorporated in studies
to reveal signaling aberrations in different diseases and to identify and detect possible targets

in the signaling pathways of diseased cells (Rogne & Tasken 2013).
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Figure 8. Work flow for phosphoflow cytometry in combination with barcoding. The cells are stimulated for
different time periods (A) and fixed before they are stained with different dilutions of barcoding dye (B) and
combined in one tube (C). The cells are permeabilized and stained with antibodies (D) before detection with a
flow cytometer. The data are analyzed in Cytobank and live lymphocytes are selected (E), doublets are
eliminated (F) and CD19+ B-cells are selected (G). The individual samples are sorted out by gating the barcoded
cells (H) before the data can be visualized as heath maps (1).

1.11.2. Measurement of apoptosis - Annexin V and PI

Apoptosis is a highly regulated process of programmed cell death occurring as a normal part
of the development of the cell. Inappropriately regulated apoptosis is related to numerous

diseases, including cancers. This makes the signaling pathways for controlling cell growth
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and apoptosis very relevant for targeting in therapy of different diseases (ElImore 2007).
Specific morphological and biochemical changes distinguish apoptosis from necrosis.
Necrosis is a premature death of cells by autolysis caused by cell injury from external factors
(Proskuryakov et al. 2003). Necrotic cells usually lack the integrity of the plasma membrane,
while early apoptotic cells have an intact plasma membrane. In early apoptosis, the
phospholipid phosphatidylserine (PS) becomes translocated from the inner side of the plasma
membrane to the outer layer, PS is then exposed to the extracellular environment which marks
the apoptotic cells for recognition and phagocytosis by macrophages (Fadok et al. 1992).
Annexin V is a Ca** dependent phospholipid binding protein with high affinity for PS, and
can be used to detect the presence of PS on the cell surface (Vermes et al. 1995). The
combination of Annexin V conjugated to fluorescein (FITC) and a red-fluorescent propidium
iodide (PI) nucleic acid binding dye, which stains dead cells by binding to the DNA or RNA,
but is impermeant to live cells, is a good apoptosis assay. Flow cytometry makes it possible to
easily distinguish populations of live cells with little or no fluorescence, apoptotic cells with
green fluorescence and dead cells with red and green fluorescence.

Healthy Early apoptotic Late apoptotic Necrotic

[ Phosphatidylserine (PS)
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Figure 9. Schematic figure of the principle of apoptosis detection by Annexin V and PI staining.
Phosphatidylserine (PS) is located at the inner membrane in healthy cells, but gets translocated to the outer layer
when the cell enters early apoptosis. Annexin V has a high affinity for PS, and can mark the early apoptotic cells.
Late apoptotic cells are in addition permeable to propidium iodide, while necrotic cells can be identified as Pl
positive only, because of the leaky cell membrane. Modified from (Ravi Hingorani 2011).
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1.11.3. Western Blot

Western blotting is a widely used technique in molecular- and cell biology for detecting
specific proteins based on their molecular weight (Mahmood & Yang 2012). Cells are lysed to
collect the proteins in the cytosol and the proteins are separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS/PAGE), where the SDS is added to convey a
negative charge to the proteins. VVoltage added to the gel makes the negative charged proteins
migrate towards the positive charged electrode in the gel with different speed according to the
size of the proteins. The proteins are transferred to a membrane by using an electric field, and
the membrane is stained with an antibody against the protein of interest (Corley 2006). A
secondary antibody coupled to a reporter enzyme and specific for the primary antibody is
added to enhance the signal from the primary antibody. A frequently used technique to
visualize the signals is chemiluminescent detection. Chemiluminescent detection is done by
adding a substrate that becomes luminescent when it gets in contact with the reporter enzyme
attached to the secondary antibody on the membrane, which gives a signal that is possible to
detect with digital cameras or by photographic film (Mathews et al. 2009).
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2. OBJECTIVES

The prevalence of CLL in the Western world is increasing, and the need for effective
treatments is rising rapidly. The disease is heterogeneous and incurable, and one important
therapeutic objective is to prevent patients from exposure to ineffective therapy. The work
presented in this master Thesis is part of a larger project carried out by Professor Kjetil
Taskén and Researcher Sigrid S. Skanland, in collaboration with Oslo University Hospital,
Rikshospitalet. The ultimate goal is to develop a fast approach to assist clinical decisions in
individualized therapy of CLL. This will be done by mapping signaling aberrations and
identifying drug targets by phosphoflow cytometry, and eventually correlating data from
phosphoflow analyses and drug sensitivity screens in order to predict patient response. The

aims of the project as a whole are to:

e To establish a pipeline for direct drug sensitivity screening in CLL
e Develop a focused mitogenic signaling pathway analysis protocol
e Identify the most effective drug combinations for the individual patient

e Provide prediction of patient response to the same patient who donates a sample
The specific main goals for the work presented in this Thesis have been to:

e Use phosphoflow cytometry to analyze basal and induced signaling in CLL cells
relative to healthy controls to map signaling aberrations and give indications for
targeted therapy

e Investigate the effect of the drugs idelalisib, ibrutinib and venetoclax on basal and
induced B- and CLL cell signaling. The observations may be useful to identify

relevant drug targets as well as drug effects in the individual patient
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3. MATERIALS AND METHODS

3.1. Patient material and ethical considerations

Buffy coats from healthy blood donors were received from the Blood Centre (Blodbanken,
Oslo University Hospital) blood samples from CLL patients from the Department of
Haematology, Oslo University Hospital, Rikshospitalet, with written informed consent from
all donors. The study was approved by the Regional Ethical Committee and the research on

human blood was carried out in accordance with the Declaration of Helsinki (2013).

3.2. Reagents and antibodies

The inhibitor drugs Idelalisib (CAL-101) (cat. S2226), Ibrutinib (Imbruvica) (cat.S2680) and
Venetoclax (ABT-199) (cat.S8048) were from Selleckchem (Houston, TX, USA). Alexa
Fluor 647-conjugated antibodies against Bcl-2 (pS70)(cat.562531), BLNK (Y84)(cat.558443),
Btk (pY551) & Ikt (pY511) (cat.558129), IgGkappa (cat.557783), Lck (pY505) (cat.558577),
MEK1 (pS289) (cat.560043), MEK1 (pS218) MEK2 (pS222) (cat.562420), mTor (pS2448)
(cat.564242), NF-kB p65 (pS529) (cat.558422), PLCy2 (pY759) (cat.558498), Rb (pS807/811)
(cat.558590), Src (pY418) (cat.560096), STAT1 (pY701) (cat.612597), STATL (pS727)
(cat.560190), STAT3 (pY705) (cat.557815), STAT3 (pS727) (cat.558099), STAT5 (pY694)
(cat.612599), STATG6 (pY641) (cat.612601), TBK1 (pS172) (cat.558603) and ZAP70/SYK
(pY319/352) (cat.557817) were from BD Biosciences (Franklin Lakes, NJ, USA). The Alexa
Fluor 647-conjugated antibodies against Akt (pS473) (cat.4075), Akt (pT308) (cat.3375),
Histone H2AX (pS139) (cat.9720), Histone H3 (pS10) (cat.9716), MAPKAPK-2 (pT334)
(cat.4320), p44/42 MAPK (pT202/Y204) (cat.4375), NF-xB p65 (pS536) (cat.4887), p38
MAPK (pT180/Y182) (cat.4552), SAPK/INK (pT183/Y185) (cat.9257), S6-ribosomal protein
kinase (pS235/236) (cat.4851), SYK (pY525/526) (cat.12081) and tyrosine (pY100) (cat.9415)
were from Cell Signaling Technologies (Danvers, MA, USA). Alexa Fluor 647-conjugated
ATF-2 (T71) (cat.Sc-8398) was from Santa Cruz Biotechnology (Dallas, Tx, USA). The anti-
human surface marker PerCP-Cy5.5 conjugated CD19 (cat.45-0199) was from e-Bioscience
(San Diego, CA, USA), and the anti-human IgM (cat.2022-01) was from Southern
Biotechnology (Birmingham, AL, USA). RosetteSepTM Human B-Cell Enrichment Cocktails
(cat.15064) and LymphoprepTM (cat.07861) were from Stemcell Technologies (Cambridge,
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United Kingdom), and the BD phosphoflowTM Perm Buffer 111 (cat.558050), Fix Buffer |
(cat.557870) and BDTM CompBeads Anti-Mouse IgK (cat.51909001229) and BDTM
CompBeads Negative Control (cat.51909001291) were from BD Bioscience. The RPMI 1640
GlutaMAXTM medium (cat.61870044), fetal calf serum (FCS) (cat.10270106), TrypLE
Express (Stable Trypsin Replacement Enzyme) (cat.12605010), Sodium Pyruvate
(cat.11360039), PenStrep (Penicillin Streptomycin) (cat.15140122), MEM NEAA (Minimum
Essential Medium Non-Essential Amino Acids) (cat.11140035) and the barcoding
fluorochromes Alexa488 Succinimidyl Ester (cat.A20100), Pacific Blue Succinimidyl Ester
(cat.P10163), Pacific Orange Succinimidyl Ester (cat.P30253) and FITC AnnexinV/ Dead
Cell Apoptosis Kit (containing FITC Annexin V, Propidium lodine, 5xAnnexin-Binding
Buffer) (cat.13242) were from Thermo Fisher Scientific (Waltham, MA, USA). The
antibodies used for Western blot experiments were phospho-Akt (Ser473) (cat.9271), Akt
(cat.9272), BAFF (cat.19944), CD40 Ligand (cat.15094), phospho-p38 MAPK
(Thr180/Tyr182) (cat.4511), p38 MAPK (cat.8690), phospho-S6-ribosomal (Ser235/236)
(cat.2211), S6-ribosomal (cat.2317), phospho-ZAP70 (Tyr319)/phospho-SYK(Tyr352)
(cat.2701) from Cell Signaling Technologies, SYK (cat.573) from Santa Cruz Biotechnology
and APRIL (cat.Pa5-19976) from Thermo Fisher. The secondary antibodies Peroxidase-
Conjugated AffiniPure Goat Anti-Rabbit IgG (cat.111035144) and Peroxidase-Conjugated
AffiniPure Goat Anti-Mouse 1gG (cat.115035146) were from Jackson ImmunoResearch
(Suffolk, UK). The horse radish peroxidase (HRP) substrates used for developing membranes,
SuperSignal TM West Pico Chemiluminescent Substrate (cat.3480) and SuperSignalTM West
Dura Extended Duration Substrate (cat.34076), and the Restore Western Blot Stripping Buffer
(cat.21059) were from Thermo Fischer Scientific. The SDS/PAGE CriterionTM TGXTM
Precast Gels 10 % (cat.5671034), 12% (cat.5671043) and Precision Plus ProteinTM Dual
Color Standards (cat.1610374) were from BioRad (Hercules, CA, USA). The Protease
inhibitor cocktail (cat.14584200), Dimethyl Sulfoxide (DMSO) (cat.41640) and Staurosporine
(STS) from Streptomyces sp. (cat.S5921) were from Sigma-Aldrich, Merck Life Science

(Darmstadt, Germany).

3.3. Purification of B cells and CLL cells

B cells were isolated from Buffy coats by negative selection following 20 min incubation with
RosetteSep Human B-cell Enrichment Cocktails. The blood was diluted in PBS with 2% FCS

and layered in a Lymohoprep gradient according to the manufacturer’s protocol, and
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centrifuged for 25 min at 800 g. The B cells were harvested and washed with PBS 2% FCS
and centrifuged for 15 min at 350 g, before they were counted, washed with PBS 2% FCS and
resuspended in PBS 10 % DMSO and frozen down at -80°C over night. CLL cells were
isolated from patient blood without the negative selection with RosetteSep Human B-cell
Enrichment Cocktails, diluted 4 times in room temperature PBS and further isolated as

described above. All cells were stored in liquid nitrogen.

3.4. Phosphoflow cytometry and fluorescent cell barcoding (FCB)

B- and CLL cells were thawed and washed with RPMI 1640 GlutaMAX medium
supplemented with 10% FCS and 1% Pen/Strep before they were incubated for 1 hour in a
37°C CO; incubator. The cells were then washed and resuspended in RPMI 1% FCS medium
and rested for 10 min in a 37°C waterbath prior to treatment. The cells were pre-incubated
with the indicated drug or 0.0001% DMSO as a negative control for 20 min, before an
unstimulated sample was taken out and the cells were stimulated with a-IgM (10 pg/ml). Cell
samples were collected at the indicated time points and directly transferred to a pre-warmed
Fix Buffer, left for 10 min at 37°C followed by two washes with PBS. Four unstimulated

samples were also fixed and kept for use as compensations controls.

The fixed cells were resuspended in PBS and incubated with different concentrations of the
barcoding fluorochromes Alexa488, Pacific Orange and Pacific Blue (diluted in DMSO) in a
96 well plate for 20 min at room temperature. After staining, the cells were washed twice with
flow wash (PBS, 1% FCS, 0,9% Sodium Acid (10%)) combined in one tube, and
permeabilized with -20°C cold Perm Buffer and stored at -80°C until further processing.

The permeabilized cells were washed in flow wash three times and resuspended and
distributed into aliquots on a 96-V well plate. The cells were stained with anti-CD19 PerCP-
Cy5.5 (1:20 ratio) and indicated phospho-specific antibodies, followed by one wash with flow
wash. The cells were resuspended in flow wash and analyzed with a BD FACS Canto Il (4-2-
2) cytometer equipped with 405 nm, 488 nm and 633 nm lasers. Compensation controls were
made for each antibody-coupled fluorochrome using compensation beads, and separately
stained cells were used for the barcoding fluorochromes.
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3.5. Gating strategy and analysis in Cytobank

Phosphoflow cytometry data were analyzed using Cytobank (www.cellmass.cytobank.org).
The live lymphocytes were selected by gating cells in a plot of forward scatter area against
side scatter area, and single cells were selected by plotting side scatter height versus side
scatter width. CD19+ cells were selected by plotting side scatter area against PerCp-Cy5-5,
and FCB cells were selected by plotting side scatter area against the different fluorochromes,
Alexa488, Pacific Blue and Pacific Orange, respectively. The data from Cytobank were
analyzed and plotted using Excel (Microsoft, USA) and GraphPad Software (CA, USA).

3.6. Western blot

Normal B cells were thawed and stimulated as described above. The stimulation was stopped
by transferring the cells to ice-cold lysis buffer (150 mM NaCl, 50 mM Tris pH 8,0, 1%
Triton x-100, supplemented with protease inhibitors) and lysis on ice. The lysates were
cleared by spinning the samples for 10 min at 600g. Laemmli sample buffer was added to the
supernatant and the samples were boiled for 3 min. The proteins were separated by
SDS/PAGE and transferred to a PVDF membrane (Millipore) (Darmstadt, Germany), before
analysis with the indicated antibodies. The signals were visualized by AGFA Curix 60 film
processor (Mortsel, Belgium) or ChemiDocTM Touch Imaging System from BioRad.

3.7. Cell culture

NIH 3T3 fibroblasts stably expressing human GFP-BAFF, GFP-APRIL or GFP and CD40L,
were obtained from Dr. Ludvig Munthe (Oslo University Hospital, Norway). The cells were
maintained in RPMI 1640 GlutaMAX supplemented with 10% FCS, 100 units/mL of
Penicillin and 100 pg/mL Streptomycin, 1x MEM NAA and 1mM Sodium Pyruvate.
Expression of GFP was analyzed by a BD FACS Canto Il cytometer and an Axio Vert. Al
fluorescence microscope from Zeiss (Oberkochen, Germany). Expression of the ligands was

analyzed with specific antibodies by Western blot analysis.
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3.8. FITC Annexin V/Dead Cell Apoptotis Assay

Normal B cells or CLL cells were incubated with NIH 3T3 fibroblasts or a mix of GFP-BAFF,
GFP-APRIL, and CD40L expressing NIH 3T3 fibroblasts (1:1:1) at a ratio of 1:15 for 24 h.
The lymphocytes were separated from the fibroblasts and transferred to a new plate where
they were incubated with 0.0001% DMSO (negative control), 1uM Staurosporine (positive
control) or Venetoclax (1nM, 10 nM, 100 nM, 1000 nM and 10 000 nM) for 48 h. The cells
were then analyzed for apoptosis with a FITC Annexin VV/Dead Cell Apoptosis kit following

the manufacturer’s protocol, and run on a BD FACS Canto |l cytometer.

3.9. Statistical Analysis

The phosphoflow data were analyzed in Cytobank and sorted in Microsoft Excel. All

statistical analyses were performed with Graphpad Prism 7.02.
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4. RESULTS

To investigate the basal- and induced phosphorylation levels across CLL, six different CLL

patients were included, as well as healthy donors. Table 4 shows information about the

investigated patients concerning age, prior treatment, Binet stage, IgHV-gene mutational

status and chromosomal aberrations. The phosphorylation level of 32 different phospho-

epitopes on signaling proteins believed to be relevant in the BCR pathway were detected by

phospho-specific flow cytometry.

Table 4. Patient information

Patient  Gender/Age  Time from Treatment  Binet
identifier (Years) diagnosis to prior to stage

procurement procurement

IgHV-gene
mutational

status (%o

Chromosomal

aberrations

(months) homology
to
germline)
CLL153 M/50 24 No A UM (100) TP53 wild-
type
CLL167 M/58 167 No C M (93) del(13g14)
CLL171 M/53 58 FCRx2 C UM (100) del(13q14)
del(11922)
CLL172 M/68 >192 No A M (92,3) ND
CLL173(*) M/41 15 No A UM (100) ND
CLL174 M/68 120 FC C UM (98,8) Normal
karyotype

No; Non-treated patients, ND; not defined, M; mutated, UM; unmutated. Treated patients received the

following drugs marked with aberrations: F=fludarabine, C=cyclophosphamide, R=rituximab (*Not

used in experiments with ibrutinib.)
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4.1. Cryopreservation of B cells has little effect on BCR signaling

Isolated CLL cells are routinely stored in liquid nitrogen, and all experiments presented herein
were performed on thawed CLL samples. In order to investigate if the phosphorylation signals
were affected by freezing, cryopreserved and fresh normal B cells were compared. 20
different phospho-epitopes were used as readout for both fresh- and frozen B cells, and basal-
and anti-lgM induced signals were investigated (Figure 9A and 9B). B cells from three
healthy donors were included in each group and an unpaired, parametric t-test, with unpaired
Welch’s correction was performed to estimate the significance of the parameters. For the
basal signaling, 18 of the 20 investigated phospho-epitopes showed no significant difference
in signal amplitude. However, the basal level of phosphorylation in fresh B cells was
significantly higher for BLNK (pY84) and SAPK/INK (pT183/Y185) (Figure 9A).

For the anti-lgM induced signaling, a paired t-test (excluded time) was performed to estimate
the significance of the phospho-signals between the fresh and the frozen B cells (Figure 9B).
Again, the majority of the investigated phospho-epitopes showed no significant differences
between fresh and frozen B cells, with the exception BLNK (Y84), Histone H3 (pS10), Lck
(pY505) and MEK1 (pS298) which were higher in fresh B cells (Figure 9B). In conclusory,
these results indicate only small differences in basal and anti-lgM induced signaling in fresh

and frozen B cells. In the following study, only frozen B cells were investigated.

4.2. Lower basal levels of phosphorylation in CLL cells relative to normal
controls

In order to detect aberrations in the basal signaling in CLL cells relative to normal B cells,
phosphorylation levels of 32 different phospho-epitopes on signaling proteins believed to be
relevant for the BCR pathway were investigated. Figure 10 shows basal level of
phosphorylation in CLL cells (n=6) and normal B cells (n=9). An unpaired parametric t-test
with Welch’s correction was performed, showing that the basal level of phosphorylation was
significantly lower for Akt (pS473), MEK1 (pS298), mTOR (pS2448), S6-ribosomal protein
(pS235/S236) and STAT3 (pS727) in CLL cells, while it was significantly higher for ATF-2
(pT308), Bcl-2 (pS70) and ZAP70/SYK (pY317/Y352) relative to normal B cells (Figure 10).
Except for the significant higher basal levels of phosphorylation mentioned above, CLL

signals tend to be similar or lower relative to basal levels of normal B cells.
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Figure 9. Basal- and anti-IgM induced phosphorylation levels in frozen and fresh normal B cells. A) Fresh
(n=3) or frozen (n=3) B cells were incubated with 0.0001% DMSO for 20 min, before they were fixed,
permeabilized and distributed into aliquots. Each aliquot was stained with an anti-CD19 surface marker and one
of the indicated 20 phospho-antibodies. The fluorescence signals were detected by a flow cytometer and
analyzed in Cytobank. The basal fluorescence intensity signals were measured relative to IgGk-isoptype control
and shown as arcsinh ratio. * indicates significant p-value, p<0.05 calculated by an unpaired t-test. B) The
experiments were performed as in A), but the cells were stimulated with 1 ug/ml anti-lgM, and fixed at different
time-points (0, 1, 3, 5, 10, 30 min). *indicates significant p-value, p<0.05 calculated by a paired t-test with
excluded time parameter.
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Figure 10. Basal levels of phosphorylation in B cells from healthy donors and CLL patients. The
experiments were performed as explained in Figure 9A. The data are presented as scatter plot with median of
n=9 normal B-cell donors and n=6 CLL patients with three repeats. *indicates significant p value <0.05
calculated by an unpaired t-test.



4.3. Elevated phosphorylation signals in UM-CLL patient samples in
response to anti-IgM stimulation

It has previously been reported that UM-CLL cells have a greater response to anti-lgM
stimulation of the BCR receptor (Fabbri & Dalla-Favera 2016). In order to identify any
signaling aberrations in the induced BCR pathway in CLL cells relative to normal B cells, the
cells were stimulated with anti-IgM for different time periods (0-30min) (Figure 11A). The
phosphorylation of Akt (pS473), Akt (pT308), STAT3 (pY705) and STAT3 (pS727) were
more potently induced in UM-CLL patients (n=4) (blue, crossed circles) relative to normal B
cells, while phosphorylation levels of these proteins in M-CLL patients (n=2) (pink,open
circles) tended to be equal to normal B cells (Figure 11A). After 30 minutes of anti-IgM
stimulation, the phosphorylation levels of Akt (pS473), Akt (pT308), ATF-2 (pT71), Bcl-2
(pS70), Histone H2AX (pS139), Histone H3 (pS10), p44/42 MAPK (pT202/T204), MEK1
(pS218) MEK2 (pS222), mTOR (pS2448), Rb (pS807/S811), Src (pY418), STAT3 (pY705)
and STAT3 (pS727) were significantly induced in UM-CLL patient samples relative to
normal B cells (Figure 11B), even though they were similar to the phosphorylation levels in
normal B cells at earlier time points (Figure 11A). Significantly lower phosphorylation
levels of BLNK (pY84), PLCy2 (pY759) and ZAP-70/SYK (pY317/Y352) were observed for
UM-CLL patient samples. Significantly induced phosphorylation levels of Rb (pS807/S811)
in M-CLL patient samples after 30 minutes of anti-IgM stimulation were also observed, while
the phosphorylation levels of BLNK (pY84), NF-kB p65 (pS536), PLCy2 (pY759) and SYK
(pY525/526) were significantly lower for the M-CLL patient samples relative to normal B
cells (Figure 11B). This could indicate that especially the UM-CLL cells, were more
sensitive to anti-IgM stimulation, particularly over time. CLL cells appeared to be hypo-

responsive for the other phospho-proteins investigated (Figure 11A).
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Figure 11. Anti-lIgM induced levels of phosphorylation in B cells from healthy donors and CLL patients.
A) (Previous page) B cells from healthy donors (n=3, mean SEM) and CLL patient samples were stimulated with
anti-IgM (1ug/ml) and fixed at the indicated time periods. The cells were processed and analyzed as described in

Figure 9B.The signals were measured relative to unstimulated samples and shown as arcsinh ratio.

B) Significantly induced or reduced phosphorylation signals in UM-CLL- or M-CLL samples relative to normal
B cells after 30 min anti-IgM stimulation. The data were collected from Figure 11A and *indicates significant p

value <0.05 calculated by an unpaired t-test with Welch’s correction.
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4.4. 1delalisib inhibits the phosphorylation of Akt and downstream
proteins

Idelalisib has recently been approved as CLL therapy and its efficacy has been demontrated in
treatment of relapsed/refractory CLL disease (Lampson et al. 2016). Idelalisib inhibits PI3K4,
an essential kinase in the BCR pathway known to be involved in regulation of proliferation,
metabolism, survival and migration of the cell (Do et al. 2016).

Here the signaling effects of idelalisib were characterized in CLL cells relative to normal B
cells (red line) (Figure 12A and Supplementary Figure S1A). The proteins Akt, mTor and
S6-ribosomal protein are downstream of PI3K9, and were expected to be affected by the
inhibition of the kinase. The level of phosphorylation of Akt (pS473) and S6-ribosomal
protein (pS235/236) showed a concentration-dependent response of idelalisib in normal B
cells, but not in CLL cells. This may be due to the short time of treatment (20 minutes). To

conclude, the data showed only minor effect of short time treatment with idelalisib.

Next, the cells were treated with idelalisib followed by anti-IgM stimulation over different
time periods. One time point is shown based on the concentration response curve and plotted
with idelalisib concentration against the signal relative to unstimulated sample (Figure 12B
and Supplementary Figure S1B). Idelalisib showed a strong concentration-dependent effect
on the anti-lgM induced CLL signals of Akt (pS473) and Akt (pT308) relative to normal B
cells, where minor or no effect of the drug was observed (Figure 12B). We demonstrated a
concentration-dependent effect of idelalisib both in normal B cells and CLL cells on
phosphorylation of the proteins mTOR (pS2448) and S6-ribosomal protein (pS235/236),
which are downstream of Akt and PI3Kd (Figure 12B). A small effect of the drug was
observed on Bcl-2 (pS70) and NF-kB p65 (pS529), while idelalisib moderately inhibited
p44/42 MAPK (pT202/Y204) and STAT3 (pS727) phosphorylation, especially in the CLL
cells, indicating that the drug might affect other pathways than the PI3K-Akt-mTor pathway.
The phosphorylation level of p38 MAPK (T180/182) was decreased in normal B cells and
some of the CLL patient samples (Figure 12B).
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Figure 12. Unstimulated- and anti-lgM induced phosphorylation levels in normal B cells and CLL patient
samples treated with idelalisib. B cells from healthy donors (n=3, mean, SEM) and CLL patient samples (n=6)
were incubated with idelalisib or 0.0001% DMSO for 20 min before stimulation with 1ug/ml anti-IgM. The cells
were fixed for different time-points, permeabilized and distributed into aliquots. The rest of the experiments
were performed as described in Figure 9. A) Phosphorylation signals of unstimulated normal B cells and CLL
patient samples, with signals measured relative to 1gG-kappa isotype control (Arcsinh ratio). B) Anti-lgM
induced (5 minutes) phosphorylation signals in B cells from healthy donors and CLL patient samples. Signals
measured relative to unstimulated sample (Arcsinh ratio). C) Normal B cells were stimulated as explained above,
lysed, subjected to a SDS/PAGE and Western blot analyzed with Akt (pS473) and total Akt, p38 MAPK
(T180/182) and total p38 MAPK. One representative experiment of three is shown, and molecular masses are
indicated in kDa. D) Anti-IgM induced (5 minutes) phosphorylation signals in normal B cells (n=3) treated with
idelalisib, performed as described above.

In order to access phosphorylation of the signaling proteins by another method, Western blot
analyses were performed (Figure 12C). The effects of idelalisib on anti-IgM induced
signaling on normal B cells were investigated. Phosphorylation of both Akt (pS473) and p38
MAPK (T180/Y182) were decreased in the B cells, showing a concentration-dependent effect
of idelalisib, in accordance with the phosphoflow data in Figure 12C and 12D.

4.5. Ibrutinib inhibits the phosphorylation of several proteins in the BCR
pathway

The second drug examined was the Btk inhibitor ibrutinib. This drug is currently in use as
first line therapy for CLL patients with relapsed disease. Btk is a part of the BCR signalosome

essential for activation of several BCR mediated pathways (Zhong et al. 2014).

Figure 13A and Supplementary Figure S2A show the unstimulated phosphorylation signals
in response to different concentrations of ibrutinib (1-100 uM). The phosphorylation levels of
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Btk (pY551) Ikt (pY511) and the downstream protein PLCy2 (pY759) were reduced upon
exposure to increased ibrutinib concentrations in both normal B cells and CLL cells, but we
did not observed large concentration-dependent responses on the Btk-downstream proteins
NF-kB p65 (pS529) or NF-kB p65 (pS536) in CLL cells, even though there was a modest
concentration-dependent response in normal B cells (Supplementary Figure S2A). It has
previously been reported that ibrutinib inhibits the phosphorylation of Akt (Craxton et al.
1999), which was confirmed for Akt (pS473) in both normal B cells and CLL cells, but not
for Akt (pT308) (Figure 13A). To assess proteins downstream of Akt, mTor (pS2448) and
S6-ribosomal protein (pS235/236) were examined and a small concentration-dependent
response was observed for S6-ribosomal protein (pS235/236) only in normal B cells, while
there was little or no responses in the phosphorylation level of mTor (pS2448) neither for the
normal B cells nor CLL cells (Figure 13A). A concentration-responsive decrease in the
phosphorylation levels of Lck (pY505), Src (pY418), SYK (pY525/526), Tyrosine (pY100)
and ZAP-70/SYK (pY319/Y352) was also detected in both normal B cells and CLL patient
samples, in addition to a downregulation of MEK1 (pS298) in normal B cells, indicating that
the inhibition of Btk may affect several of the BCR pathways or that ibrutinib have other off
target effects (Figure 13A).

Next, the cells were stimulated with anti-IgM post ibrutinib treatment (Figure 13B). A
concentration- dependent response was observed on the phosphorylation of Btk (pY551) Ikt
(pY511) and PLCy2 (pY759) in normal B cells, while only a modest decrease in the signals
was observed in CLL patient samples (Figure 13B). Akt (pS473) and Akt (pT308) were
highly inhibited by increased concentrations of ibrutinib, especially in the UM-CLL cells,
while we did not observe the same concentration-dependent response in normal B cells
(Figure 13B). Akt downstream proteins mTOR (pS2448) and S6-ribosomal protein
(pS235/236) showed a concentration-dependent effect of ibrutinib in both CLL cells and
normal B cells, and the phosphorylation signal was more strongly suppressed in UM-CLL
cells compared to M-CLL cells. Inhibition of phosphorylation signals was also observed for
Lck (pY505), p44/42 MAPK (pT202/Y204), STAT3 (pS727), SYK (pY525/526), Tyrosine
(pY100) and ZAP-70/SYK (pY319/Y352) in both normal B cells and CLL cells (Figure 13B).

In order to assess phosphorylation of the signaling proteins by another method, Western blot
analyses were performed on normal B cells. The concentration response of ibrutinib on anti-
IgM induced phosphorylation levels of Akt (pS473) and ZAP-70/SYK (pY319/Y352) was
investigated (Figure 13C). The phosphorylation levels of both Akt (pS473) and ZAP-70/SYK
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(pY319/352) were inhibited by increased concentration of ibrutinib, in agreement with the
phosphoflow data (Figure 13C and 13D).
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Figure 13. Unstimulated and anti-IgM induced phosphorylation in normal B cells and CLL patient
samples treated with ibrutinib. B cells from healthy donors (n=3, mean, SEM) and CLL patient samples (n=5)
were incubated with ibrutinib (1-100uM) or 0.0001% DMSO for 20 minutes before stimulation with 1pg/ml
anti-lgM. The cells were fixed for different time-points, permeabilized and distributed into aliquots. Each aliquot
was stained with an anti-CD19 surface marker and the indicated phospho-antibody. The fluorescence signals
were detected by a flow cytometer and analyzed in Cytobank. A) Phosphorylation signals of healthy B cells and
CLL patient samples treated with ibrutinib, with signals measured relative to 1gG-kappa isotype control (Arcsinh
ratio). B) Three minutes anti-IgM induced phosphorylation signals in B cells from healthy donors and CLL
patient samples, both treated with ibrutinib as indicated. Signals were measured relative to unstimulated sample
(Arcsinh ratio). C) Cells were stimulated as described above, lysed, subjected to SDS/PAGE and Western blot
analysis with Akt (pS473) and total Akt, ZAP-70/SYK (pY319/Y352) and total SYK antibodies. One
representative experiment of two is shown, and molecular masses are indicated in kDa. D) Three minutes anti-
IgM induced phosphorylation signals in normal B cells (n=3) treated with ibrutinib, performed as described
above (data from Figure 13B).

4.6. Venetoclax suppresses phosphorylation levels of several BCR
proteins in CLL cells upon anti-IgM stimulation.

The last drug examined was venetoclax, which is known to induce apoptosis by mimicking
BH3 molecules, which bind and inhibit BCL-2 proteins and cause the release of cell death
mediators (VVogler et al. 2013). Venetoclax is used in CLL therapy for patients with relapsed
disease (Deeks 2016), and drug effects on both unstimulated and anti-IgM induced

phosphorylation signals were investigated in this Thesis.

The unstimulated phosphorylation data showed upregulated levels of Akt (pT308), Histone
H2AX (pS139), MEK1 (pS298) and p38 MAPK (pT180/Y182) in CLL patient samples
treated with increased venetoclax concentration, especially for some UM-CLL samples,
relative to normal B cells (Figure 14A). The UM-CLL171 patient (purple, crossed circle)
showed increased levels of Akt (pT308), Histone H2AX (pS139), NF-kB p65 (pS539) and
p38 (MAPK (pT180/Y182) relative to normal B cells in response to venetoclax treatment, and
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the UM-CLL173 (green, crossed circle) were observed to have elevated phosphorylation

levels of Akt (pT308), Histone H2AX (pS139), MEK1 (pS298) and p38 MAPK (pT180/Y182)
relative to normal B cells when treated with high concentrations of venetoclax. However, a
tendency with lower phosphorylation signals in M-CLL patient samples compared to UM-

CLL patient samples was observed (Figure 14A).

In order to detect differences induced through the BCR pathway, cells were stimulated with
anti-lgM. Data for one time-point is shown based on the concentration effect (Figure 14B),
and entire data set can be found in the supplement (Supplementary Figure S3B). A
concentration-dependent response was observed, to a varying degree, on the phosphorylation
of Akt (pS473), p44/42 MAPK (pT202/Y204), MAPKAPK-2 (pT334), PLCy2 (pY759), S6-
ribosomal protein (pS235/236), STAT3 (pS727), Tyrosine (pY100) and of ZAP-70/SYK
(pY319/Y352) for CLL cells, while the phosphorylation signals for normal B cells remained
stable or only moderately affected by increasing drug concentration. This could indicate that
the phosphorylation-sites of these proteins are more sensitive to venetoclax in CLL cells
relative to normal B cells. In addition, elevated phosphorylation levels of the DNA damage
marker Histone H2AX (pS139) was observed in CLL cells with increased concentrations of
venetoclax relative to normal B cells (Figure 14B). High levels of phosphorylation of His
H2AX (pS139) was observed in unstimulated CLL patient samples UM-CLL171 and UM-
CLL173 (Figure 14A). In addition, these samples were observed to have elevated signals for
the protein upon short-time anti-lgM stimulation (Figure 14B). The elevated signaling of His
H2AX (pS139) could indicate increased apoptosis of the CLL cells (Podhorecka et al. 2010),

and was investigated further below.

Western blot analyses were performed in order to assess the effect of venetoclax on
phosphorylation of the signaling proteins be another method (Figure 14C). In agreement with
the phosphoflow analyses (Figure 14D), the phosphorylation level of Akt (pS473) was shown
to decrease upon exposure to increasing venetoclax concentration and anti-lgM stimulation
time (Figure 14C). Similarly, the inhibitory effect of venetoclax on S6-ribosomal protein
(pS235/236) was also confirmed (Figure 14C and 14D).
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Figure 14. Unstimulated and anti-IgM induced phosphorylation in normal B cells and CLL patient
samples treated with venetoclax. B cells from healthy donors (n=3, mean, SEM) and CLL patient samples (n=5)
were incubated with venetoclax (1-100uM) or 0.0001% DMSO for 20 minutes before stimulation with 1pg/ml
anti-lgM. The cells were fixed for different time-periods, permeabilized and distributed into aliquots. Each
aliquot was stained with an anti-CD19 surface marker and the indicated phospho-antibody. The fluorescence
signals were detected by a flow cytometer and analyzed in Cytobank. A) Phosphorylation signals of normal B
cells and CLL patient samples treated with venetoclax, with signals measured relative to 1gG-kappa isotype
control (Arcsinh ratio). B) Anti-IgM induced phosphorylation signals in B cells from healthy donors and CLL
patient samples, both treated with venetoclax, with indicated time of anti-lIgM stimulation. Signals measured
relative to unstimulated sample (Arcsinh ratio). C) Cells were stimulated as explained above, lysed, subjected to
SDS/PAGE and Western blot analysis with Akt (pS473) and total Akt, S6-ribosomal protein (pS235/236) and
total S6-ribosomal protein antibodies. One representative experiment of two is shown, and molecular masses are
indicated in kDa. D) Bar graph representing anti-IgM induced phosphorylation signals in normal B cells (n=3)
treated with venetoclax for all time points, performed as described above.

4.7. Significantly lower phosphorylation levels of Akt in CLL cells upon
treatment with therapeutic drugs

Significantly lower phosphorylation levels of the phospho-epitope Akt (pS473) in anti-IgM
stimulated CLL cells were observed upon treatment with ibrutinib and venetoclax, in addition
to the PI3K$ inhibitor idelalisib as expected (Figure 15). Ibrutinib and idelalisib, but not
venetoclax, significantly inhibited Akt (pT308) as well (Figure 15).
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Figure 15. CLL cells were incubated with DMSO (0.001%), idelalisib (0.001 uM), ibrutinib (1 uM) or
venetoclax (1 uM) for 20 minutes, before they were stimulated with anti-IgM for 5 minutes (idelalisib), 3
minutes (ibrutinib) or 5 minutes (venetoclax). The cells were then processed and analysed as described in Figure
9. The DMSO- and idelalisib data are from Figure 12B, the ibrutinib data is from Figure 13B and the
venetoclax data is from Figure 14B. Blue symbols with a cross represent UM-CLL samples, while red open
circles represent M-CLL samples. Horizontal bars indicate calculated mean. *indicate p-value <0.005, ns: not
significant
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Figure 16. Concentration-response curves for Akt (pS473) and Akt (pT308) in normal B cells and CLL cells
after treatment with A) idelalisib, B) ibrutinib and C) venetoclax. The X-axis is the logarithm of the
concentrations of the drug. Shown responses in representative CLL patients are based on the IC50 value (Table
5).
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Table 5. I1C50 values for Akt (pS473) and Akt (pT308) in normal B cells and CLL cells after treatment
with idelalisib, ibrutinib and venetoclax. The IC50 values are stated in nM. ND: not defined

Drug Akt phospho-epitope Patient 1C50 (nM)
Idelalisib pS473 Normal B cells 3,9
CLL153 1,0
CLL167 0,3
CLL171 0,3
CLL172 ND
CLL173 ND
CLL174 2,6
Idelalisib pT308 Normal B cells 0,4
CLL153 0,4
CLL167 0,2
CLL171 0,4
CLL172 ND
CLL173 ND
CLL174 0,5
Ibrutinib psS473 Normal B cells 635
CLL153 ND
CLL167 ND
CLL171 178,4
CLL172 ND
CLL174 808,6
Ibrutinib pT308 Normal B cells 102,7
CLL153 ND
CLL167 ND
CLL171 ND
CLL172 2,0
CLL174 0,6
Venetoclax psS473 Normal B cells 1828
CLL153 333
CLL167 207
CLL171 475,4
CLL172 ND
CLL173 4,7
CLL174 160,4
Venetoclax pT308 Normal B cells 928,6
CLL153 2992
CLL167 1265
CLL171 475
CLL172 ND
CLL173 824,9
CLL174 ND

The half maximal inhibitory concentration (IC50) is often used to assess how effective a drug
is and the value explains the concentration of a drug required for 50 % inhibition in vitro
(Sebaugh 2011).The IC50 on Akt (pS473) and Akt (pT308) for all investigated drugs were
determined in normal B cells and CLL patient samples (Table 5). This was done by
constructing a concentration response curve of Akt (pS473) and Akt (pT308) for each donor
treated with the indicated drug (Figure 16). The numbers listed in table 5 reflects the
heterogeneity of CLL samples, showing the range of concentration of the different drug
needed to reach 1C50.
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4.8. Increased phosphorylation of DNA damage marker in CLL cells after

treatment with venetoclax.

Double strand breaks of DNA may have serious consequences for cell survival. When double
strand breaks occur, many activators are triggered and induced phosphorylation of Histone
H2AX is one of them (Podhorecka et al. 2010). The observations of elevated phosphorylation
signals in both unstimulated and anti-IgM induced CLL patient samples of the protein Histone
H2AX (pS139) (Figure 14A and 14B), triggering further investigation of how venetoclax
affected the phosphorylation of this protein (Figure 17).
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Figure 17. Phosphorylation signals of Histone H2AX (pS139). A,B) Data from Figure 14 presented as
overlaid histograms. A) Histone H2AX (pS139) levels in normal B cells and CLL patient samples after 20
minutes incubation with the indicated concentrations of venetoclax. B) 30 minutes anti-lgM induced Histone
H2AX (pS139) levels in normal B cells and CLL patient samples after 20 minutes incubation with the indicated
concentrations of venetoclax.
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When the cells were left unstimulated and treated with different concentrations of venetoclax,
observations of a divided signal distribution between cells were made (Figure 17A). UM-
CLL patient samples showed upregulated phosphorylation levels of Histone H2AX (pS139),
while M-CLL cells responded similarly to normal B cells for the same phospho-epitope
(Figure 17A).

Next, the venetoclax treated cells were stimulated with anti-lgM for 30 minutes (Figure 17B).
Normal B cells showed low phosphorylation levels of Histone H2AX (pS139), while both
UM-CLL and M-CLL patient samples showed an up regulation of the phosphorylation levels,
which could indicate that all stimulated CLL cells are more sensitive to treatment of

venetoclax relative to normal B cells (Figure 17B).

4.9.The viability of CLL cells is decreased upon long time treatment with

venetoclax

A long time apoptosis-assay was performed to further investigate if the high phosphorylation
levels of Histone H2AX (pS139) observed in the phosphoflow analysis were related to
induced apoptosis in CLL cells when treated with venetoclax. It is well known that CLL cells
are depending on the microenvironment to survive, and the cells will die spontaneously if
cultured in vitro (Fabbri & Dalla-Favera 2016). To be able to perform a long time assay,
fibroblasts expressing the ligands APRIL, BAFF and CD40L essential for CLL survival in
vitro were used as a tool. The expression of ligands was confirmed by microscopy, flow
cytometry and Western blot analysis (Figure 18).
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Figure 18: A) Wild-type NIH 3T3 fibroblasts and fibroblasts stably transfected with GFP-APRIL, GFP-BAFF
and GFP+CDA40L were analyzed in a fluorescence microscope. Cells are shown with phase contrast in the upper
row, while GFP signals are shown in the lower row. B) The indicated fibroblast cell lines were analyzed by flow
cytometry for detection of GFP signals. C) Fibroblasts were lysed, subjected to SDS/PAGE and analyzed by
Western blot with anti-BAFF and anti-CD40L antibodies. One representative experiment of two is shown.
Molecular masses are indicated in kDa.

The cells were co-cultured with the ligand-expressing fibroblasts (Figure 18), before they
were either treated with different concentrations of venetoclax, a negative DMSO control or a
positive staurosporine control (Figure 19). The different stages of the cells were identified by
the expression of Annexin V and PI (Figure 19A and 19B). A concentration-dependent
response was observed at increasing venetoclax concentrations, which was greater in the CLL
patient sample relative to the normal B cells (Figure 19C). This could indicate that the CLL
cells are more sensitive to treatment of venetoclax and correlates with the previous

phosphoflow data (Figure 14 and 17).
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Figure 19. Effect of venetoclax on cell viability. Normal B cells and CLL cells were pre-incubated with
APRIL", BAFF" and CD40L" fibroblasts for 24h before they were removed and incubated further with different
concentrations of venetoclax for 48h, followed by analysis by flow cytometry. A) Gating strategy. Lymphocytes
were gated by plotting SSC-A against FSC-A (1). Doublets were excluded by plotting FSC-W against FSC-A (2).
The apoptotic state of the cells was identified by plotting P1 against Annexin V FITC (3). Square Q1 shows
necrotic cells (Annexin V" PI*), Q2 shows late apoptotic cells (Annexin V* PI1%), Q3 shows viable cells (Annexin
V" PI"), and square Q4 shows early apoptotic cells (Annexin V* PI). B) The state of normal B cells and CLL

cells in a PI fluorescence against Annexin V FITC fluorescence plot. Cells incubated in DMSO were used as a
negative control, and cells incubated with 1 uM Staurosporine were used as a positive control. C) Bar chart
showing the percentage of the different states of the cells shown in B.
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5. DISCUSSION

In this study, a phosphoflow approach was used to investigate the signaling effects of
idelalisib, ibrutinib and venetoclax on normal B cells and CLL patient samples. CLL samples
are routinely cryopreserved, and it was of interest to examine if the frozen cells display
differences in the signaling compared to fresh cells. No or only minor differences were
observed between cryopreserved- and fresh B cells. A previous study on Akt signaling in CLL
cells reported that phosphorylation of Akt (pS473) was lost after cryopreservation and
thawing of CLL cells (Barragan et al. 2006). In the present study, no significant decrease in
the signal of Akt (pS473) in frozen normal B cells relative to fresh B cells was observed. The
inconsistence between the study performed by Barragan et al. and this study may possibly be
due to the different experimental approaches. The study done by Barragan et al. was
performed on (n=12) CLL cells and the results were revealed by Western blot analysis which
is non-quantitative, while the present study was performed on normal B cells from three
donors (n=3) and analyzed by phosphoflow cytometry. Without equivalently data containing
comparison of both fresh normal B cells and fresh CLL cells, no final conclusion can be
drawn from this and further analysis should be done to investigate which impact

cryopreservation have on the signaling of the cells.

Blix et al. reported that the basal levels of PLCY2 (pY759), p44/42 MAPK (pT202/Y204),
p38 MAPK (pT180/Y182), NF-kB p65 (pS529), STATS (pY694) and STAT6 (pY641) in
CLL/ small lymphoma leukemia (SLL) patients were significantly higher relative to normal B
cells (Blix et al. 2012). This was not observed in this present study, where the basal levels of
the proteins mentioned above showed a tendency to have lower basal signals in CLL cells
relative to normal B cells. Overall higher basal levels in CLL/SLL cells were observed in the
study performed by Blix et al, while the present study rather observed overall lower basal
levels of phosphorylation in CLL cells relative to normal B cells. The inconsistence may be
due to the usage of different cell samples. Blix et al. used samples from both CLL and SLL
patients and the samples were collected from tumor biopsies, while the present study was
performed with only CLL patient samples obtained from blood. Notably, Blix et al. reported
that the basal levels showed high variations between the SLL/CLL patients (Blix et al. 2012),
which is in agreement with the data presented here, underlining the heterogeneity of the

disease. However, a master study done by Ida K Myhrvold reported observations of impaired
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basal levels of phosphorylation in CLL patient samples relative to normal B cells (Myhrvold
2016). Myhrvold observed significantly lower phosphorylation level of S6-ribosomal protein
(pS235/236) which is in agreement with the data in the present study. Some of the
observations of basal phosphorylation made in the present study were also in agreement with
results revealed by Myklebust et al, which reported observations of elevated levels of
phosphorylated SYK, and low levels of p-Akt and p-p65 NF-kB in CLL cells relative to
samples from healthy donors (Myklebust et al. 2017). We observed significantly elevated
signal of ZAP-70/SYK (pY317/Y352) in CLL cells relative to normal B cells. The present
study also observed an overall lower signaling of SYK (pS525/526) in CLL cells, but the
differences in the signaling between ZAP-70/SYK (pY317/Y352) and SYK (pS535/536) may
be due to replacement of SYK with ZAP-70 in CLL cells or the fact that other phospho-
epitopes were targeted on the investigated proteins. The present study also observed
significant lower levels of Akt (pS473) which is in agreement with the observations made by
Myklebust et al (Myklebust et al. 2017). However, both Myhrvold and the present study were
performed with few patient samples, and further analyses with larger sample size should be

performed to make stronger conclusions.

As reported, the phosphorylation signals in UM-CLL patient samples were elevated in
response to anti-lgM stimulation. This is in line with previously reports reporting that anti-
IgM stimulation of CLL cells have a greater effect on the signaling in UM-CLL patient
samples compared to M-CLL patient samples (Petlickovski et al. 2005; Ten Hacken et al.
2016). Hacken et al. observed elevated signals of p44/42 MAPK (pT202/Y204) in UM-CLL
cells upon stimulation with anti-IgM, while M-CLL cells were less responsive to anti-IlgM
stimulation. This is in agreement with observations made in the present study, were the UM-
CLL cells showed significantly higher phosphorylation levels of p44/42 MAPK (pT202/Y204)
relative to normal B cells, while M-CLL cells showed no significant elevated phosphorylation
of the protein. Also Akt (pS473) and Akt (pT308) showed significant higher phosphorylation-
levels in UM-CLL cells relative to normal B cells in response to anti-IgM stimulation, while
M-CLL cells showed no significant up regulation of the same phospho-epitopes. This is
consistent with a previous report by Petlickovski et al. showing that UM-CLL cells express
higher levels of phosphorylated Akt in response to anti-IlgM stimulation compared to M-CLL
cells (Petlickovski et al. 2005).

The significantly lower signal of NF-kB p65 (pS536) in M-CLL cells after 30 minutes of anti-
IgM stimulation could possibly be explained by the 13q14 deletion in M-CLL167. The
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deletion affects the DLEU7 gene which encodes for a supposedly negative regulator of the
NF-xB transcription complex and causes a lower signal for NF-xB (Fabbri & Dalla-Favera
2016). M-CLL172 have no defined chromosomal aberrations, but since both of the M-CLL
patient samples tested showed lowed signal of NF-kB p65 (pS536) and 13q14 deletion is
more frequent in M-CLL subtypes, it would be of interest to investigate the M-CLL172
patient also bear the 13914 deletion.

Significantly increased phosphorylation levels of STAT3 (pY705) and STAT3 (pY727) were
observed in UM-CLL cells relative to normal B cells after 30 minutes anti-IgM stimulation in
this study. A previous study showed that anti-IgM stimulation increase levels of STAT3
(pY705) and STAT3 (pY727) in CLL cells (Rozovski et al. 2014). The STAT3 is translocated
to the nucleus where it binds to the DNA and activates transcription of anti-apoptotic genes
(Hazan-Halevy et al. 2010), and constitutive activated STAT3 signaling has been associated
with hematological malignancies (Siveen et al. 2014). However, no significant increased basal

levels of STAT3 in CLL cells were observed in this study.

In addition, the observation of significantly decreased levels of PLCy2 (pY759) 30 minutes
after anti-lgM stimulation in both UM-CLL and M-CLL relative to normal B cells was in
agreement with a study reporting that induced phosphorylation of PLCy2 (pY759) in
CLL/SLL were significantly lower compared to B cells from healthy donors (Blix et al. 2012).

Idelalisib inhibits PI3Ko and supresses Akt phosphorylation, which is essential for
proliferation, metabolism, survival and migration of the B cell (Do et al. 2016). The drug is
approved for CLL therapy and is known to induce apoptosis of CLL cells (Barrientos 2016).
The present study observed elevated phosphorylation levels of the PI3Kd downstream protein
Akt for both of the phospho-epitopes Akt (pS473) and Akt (pT308) in anti-IgM induced CLL
cells relative to normal B cells. A previous study showed that the constitutive levels of Akt
(pT308) in unstimulated CLL cells were significantly reduced by idelalisib (IC50 < 100 nM)
(Lannutti et al. 2011). In contrast we found that unstimulated CLL cells showed small or no
effect of increased concentration of idelalisib. However, the same study reported a complete
inhibition of Akt (pS473) in induced CLL cells at 0.1-1uM idelalisib. This is in line with our
observation where a total suppression of Akt (pS473) in anti-IgM induced CLL cells was
observed at 0.1 uM idelalisib. In addition, the present study showed an idelalisib
concentration-dependent response of p44/42 MAPK (pT202/Y204) in induced CLL cells.
This is in agreement with a study by Yahiaoui et al. which reported an inhibitory effect of
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p44/42 MAPK (pT202/Y204) on diffuse large B-cell lymphoma cells in response to idelalisib
treatment (Yahiaoui et al. 2017).

Inhibition of the signaling of Btk, PLCy2, NF-kB and p44/42 MAPK in unstimulated CLL
cells when treated with ibrutinib has previously been reported (Herman et al. 2014). Similar
observations were made for Btk (pY551) Ikt (pY511) and PLCy2 (pY759) in unstimulated
CLL cells in the present study. Herman et al. performed a long time assay over days on the
CLL cells, which may explain the lack of observations of inhibition of p44/42 MAPK and
NF-xB in the present study, where observations were only made for up to 60 minutes. This
may indicate that ibrutinib have porlonged effects on the BCR signaling which need to be
investigated further with temporal studies over extended periods of time. Ten Hacken et al.
have previously reported that the signal of p44/42 MAPK (pT202/Y204) in anti-IgM
stimulated CLL cells was inhibited after treatment of 1 uM ibrutinib (Ten Hacken et al. 2016).
This is in line with the findings in the present study, which showed that treatment with the
same concentration of ibrutinib had an inhibitory effect of p44/42 MAPK (pT202/Y294) the

CLL cells compared to anti-IgM stimulated cells without treatment of ibrutinib.

Significant inhibition of Akt (pS473) was observed in anti-lgM induced CLL cells upon
treatment with all the drugs tested in this Thesis. Idelalisib targets PI3K5 which is upstream if
Akt, thus inhibition of Akt upon idelalisib treatment is expected. It has also been reported that
ibrutinib affects Akt signaling (Craxton et al. 1999). Interestingly, venetoclax also seemed to
significantly inhibit the phosphorylation of Akt (pS473), and this might be a positive side
effect of venetoclax since the PI3K/Akt/mTOR pathway is associated with proliferation and
differentiation of the CLL cell (Zhang et al. 2011). Elevated levels of phosphorylated Akt in
CLL cells has been related to venetoclax resistant CLL cells, and it is suggested that the
resistance can be overcome by preventing the activation of the PI3K/Akt/mTor pathway
(Choudhary et al. 2015). It has recently been reported that the combination of ibrutinib and
venetoclax show promising effect in treatment of CLL (Bose et al. 2017), and combination

studies would be of interest to examine further.

The Bcl-2 inhibitory drug venetoclax was also tested on CLL cells, and effects on components
of the phospho-protein panel examined. Since venetoclax inhibits Bcl-2 in the mitochondrial
pathway, no major impact on the BCR signaling was expected. However, elevated signals of
Histone H2AX (pS139) were induced in both unstimulated and anti-IgM stimulated CLL cells
compared to normal B cells. Elevated phosphorylation of Histone H2AX in response to
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double strand breakage of the DNA is frequently used to detect the efficacy of drugs in cancer
treatment (Podhorecka et al. 2010). Herein UM-CLL and M-CLL patient samples showed
different sensitivity to treatment of venetoclax, where UM-CLL cells displayed high
phosphorylation levels and M-CLL expressed low Histone H2AX (pS139) levels similar to
normal B cells. This could indicate that UM-CLL are more sensitive to venetoclax, but due to
only 4 patients representing UM-CLL and 2 patients representing M-CLL, this needs to be
investigated further with more patient samples. When the phosphoflow data were plotted as
histograms, two distinct cell populations in regards to Histone H2AX (pS139) signal intensity
were revealed, indicating heterogeneity within the CLL sample concerning sensitivity towards
the drug. This observation indicates the importance of looking at the raw data as the data
plotted in graphs are means of signals in the whole population.

Some of the difficulties with curing CLL are indicated by the heterogeneity of signals among
patients in response to different treatments observed in this study. Some CLL cells showed
more resistance to the treatments and transferred in vivo, this CLL cells can then remain in the
body and minimal residual disease (MDR) is the major cause of relapsed cancer (Zahreddine
& Borden 2013).

To conclude, a phosphoflow cytometry approach was used to investigate and provide
information about signaling aberrations on basal and anti-IgM induced CLL cells compared to
normal B cells. The work has provided important information on the signaling effects of
idelalisib, ibrutinib and venetoclax. The findings may be of value to identify relevant drug
targets and it will be relevant in following studies which aim to predict patient response and
provide personalized treatment of CLL patients.
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Supplementary Figure S1. A) Unstimulated- and B) anti-lgM induced phosphorylation
levels in normal B cells and CLL patient samples treated with idelalisib. The experiments
were performed as described in Figure 12.
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Supplementary Figure S2. A) Unstimulated and B) anti-IgM induced phosphorylation in
normal B cells and CLL patient samples treated with ibrutinib. The experiments were
performed as described in Figure 13.
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Supplementary Figure S3. A) Unstimulated and B) anti-IgM induced phosphorylation in
normal B cells and CLL patient samples treated with venetoclax. The experiments were
performed as described in Figure 14.
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