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1. Introduction

1.1 The immune system

The main function of the immune system is to protect an individual from infectious
diseases. Often, infections with a pathogen remain localized within the body and is
controlled and terminated by the first part of the immune system named the innate
immune system. Innate immunity consists of different components. The first task in
innate immunity is to recognize foreign pathogen. Both soluble proteins like
complement proteins and C-reactive protein together with pattern recognition
receptors like Toll-like receptors and NOD proteins have the ability to distinguish
foreign pathogens from human cell components (1). Complement and C-reactive
protein attached to pathogens mediate phagocytosis and destruction of pathogens by
a process called opsonization. The next step in the defense of innate immunity is
mediated by effector cells or complement proteins which either engulf opsonized

pathogens like bacteria, destruct bacteria cell-membrane or kill virus-infected cells

).

Natural killer (NK) cells have traditionally been defined as effector lymphocytes of
innate immunity with cytolytic functions aimed to kill virus-infected cells (2). More
recently, a more broadened view of NK cells has emerged. NK cells are now
recognized to express a repertoire of activating and inhibitory receptors that is
calibrated to ensure self-tolerance while allowing efficacy against pathogens and
tumor development. Furthermore, NK cells can also mount a form of antigen-specific
immunologic memory, thereby exert functions that are attributes of both innate and
adaptive immunity, blurring the traditionally functional borders between these two

parts of the immune system (3).

The second arm of the immune system is termed the adaptive immune system. It is
composed of B and T lymphocytes with unique capability to improve pathogen
recognition during infection and to evolve long-lasting memory cells specific for a
given pathogen. Collectively, lymphocytes recognize a vast majority of pathogens by
means of their highly diverse antigen-receptors, immunoglobulin’s (Ig) on B

lymphocytes surface and T-cell receptor on T lymphocytes surface. An enormous



diversity of antigen-receptors within the B and T-cell population is created through
somatic gene rearrangement and somatic mutations in antigen receptor genes. A
given pathogen is only recognized by a small subset of B and T lymphocytes.
However, clonal expansion of the given subset of activated lymphocytes provides an
individual with efficient adaptive immune response to any antigen. An important
difference between the two components of adaptive immunity is how B and T cells
are activated by antigen. The Ig on B cells can recognize whole molecules or an
intact pathogen, while the antigen receptor of T cells can only recognize small
peptide fragments bound to major histocompatibility complex located on the cell
surface. B cells with Ig that recognize foreign antigen can be stimulated by CD4* T
helper cells to differentiate into a terminal stage in a B cell lifecycle called plasma
cells. They have unique property to produce and secrete antibodies. A young, naive
B cells is under an enormous pressure. B cells which fail to enter follicles within
lymph nodes will die by apoptosis within a few days while B cells that gain access to
a primary follicle inside lymph nodes without antigen-activation will live for average
100 days. Only B cells activated by antigen that also receive help from T cells have
ability to differentiate into long-lasting memory B cells or antibody-secreting plasma
cells (2). Separate and apart from the conventional population of B cells, termed B-2,
are B-1 cells that constitutively and spontaneously secrete natural antibody of IgM
and IgA isotype. Natural antibodies appear in the absence of infection or
immunization and recognize phosphorylcholine on gram-positive bacteria but also on
other bacterial pathogens, apoptotic cell membranes, and oxidized lipids (4).
Identification of B-1 cells emerged from earlier identification that malignant cells of
human and mouse B cell leukemia and lymphomas expressed the T cell antigen CD5
(5, 6). However, it is now clear that CD5 is not an exclusive marker of B-1 cells in
human as CD5 is expressed on pre-naive, transitional, and activated B-2 cell
populations (7-9).

1.1.1 Early B-cell development in the bone marrow
B cells are generated from hematopoietic stem cells (HSC) in the bone marrow. In

1991, Hardy et al. utilized the innovations in flow cytometry with four-color flow
cytometry, new monoclonal antibodies and live cell sorting to characterize four

distinct cell subsets (fractions A-D) within the mouse B cell precursor compartment of



HSC (10). B progenitor cells transits through distinct developmental steps in bone
marrow characterized by surface marker expression and rearrangements of the B cell
receptor (BCR). The current consensus is that human B lineage—restricted cells pass
through an early B (CD34*CD19°CD10%"), pro-B (CD34*CD19*CD10%), large pre-BI
(CD34*CD19*CD10%), large pre-Bll (CD34°CD19*CD10*) and finally small pre-BlI cell
(CD34°CD19*CD10*) development pathway (Figure 1) (11). CD133, a five-
transmembrane glycoprotein, is a positive marker of human cord blood-derived
CD34 HSC (12), and human CD133*CD34'HSC contains primitive precursors of
CD34* cells with NOD/SCID mice repopulating capacity (13).

Naive B cells require continued expression of functional BCR to survive (14, 15). B
cell progenitors rearrange their Ig genes to construct a functional BCR. During early
stages of B cell differentiation recombination takes place to assemble the variable
(V), diversity (D) and joining (J) gene-segments of the Ig genes. An early pro-B cell
must express recombination-activating genes (RAG) and other DNA-modifying
enzymes to cut paste and add different gene segments to the final Ig gene. Different
stages in B cell development are accompanied by gene rearrangements to make
functional Ig heavy and light chains of the BCR. First, rearrangement of the D-J gene
segments of the Ig heavy chain locus is initiated at the common-lymphocyte
progenitor or pro-B cell stage followed by V-DJ heavy chain rearrangements at the
late-pro B cell stage. If successful, this gives rise to the Igu chain that is expressed
on the cell surface in the form of the pre-B cell receptor (pre-BCR) at the large pre-B
cell stage. Pre-BCR signaling is necessary to induces clonal proliferation,
downregulation of pre-BCR components and recombination of Ig light chain genes.
Light chain gene rearrangements in small pre-B cells result in the expression of a
final BCR on immature B cells that is composed of two Igu chains and two Igk/A
chains. During B-cell development, the transcription factor Pax5 is responsible to
switch on B cell exclusive genes coding for Iga, Igp (described later on page 14) and
the BCR co-receptor molecule CD19 (2). CD19 expression marks transition from pre-

pro-B cells to pre-B cells (16).
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Figure 1. Model of early stages of human B cell development (11). Reprinted by
permission from Annual Review of Immunology.

Early B cell development takes place in a complex bone-marrow micro-environment
with mature blood cells and their hematopoietic stem cell precursors in close contact
with medullary vascular sinuses (17). Vascular, mesenchymal and bone cells
contribute to cellular niches which are functional compartments inside the bone

marrow that control cell numbers by providing signals that regulate cell self-renewal,
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differentiation or quiescence (18). Osteoblasts and osteoclasts within bone marrow
niches are important for B cell development as inhibition of these cells results in
decrease or relocalization of early B cell progenitors to spleen (19, 20). Bone marrow
endothelial cells express cell-surface molecules that aid in the transit of
hematopoietic stem cells and mature B cells between bone marrow and secondary
lymphoid organs (21). Furthermore, they express several factors known to stimulate
hematopoiesis like granulocyte colony-stimulating factor (G-CSF) and stem cell factor
(KIT ligand) (22). Hematopoietic stem cells are also dependent on close contact with
CXCL12 (SDF-1) positive mesenchymal cells (23). The chemokine CXCL12 (SDF-1)
is essential for early B cell (pre-pro B cells) development (24), and for homing of
plasma cells to the bone marrow (25, 26). Furthermore, B cell maturation are
promoted by interleukin (IL)-7-secreting stromal cells and sinusoidal endothelial cells
(27). IL-7 is central to hematopoietic stem cell decisions to commit maturation to the
B cell lineage, to give signals that support proliferation and survival of B cell
progenitors and maturation during the pro-B to pre-B cell transition (28). Together
with the pre-B cell receptor, IL-7 receptor is essential in proliferation and survival of

pre-B cells.

1.1.2 B-cell maturation in the germinal centre

Immature B cells with a BCR that do not recognize self-antigen survive and migrate
to secondary lymphoid organs as lymph nodes, spleen or mucosa associated
lymphoid tissue. A naive B cell that encounter antigen presented by specialized
dendritic cells move to the T cell area of lymphoid tissue due to up-regulation of
chemokine receptors. Interaction between the B cell co-receptor CD40 and CD40
ligand (CD154) expressed by activated CD4* T cells initiate the germinal-centre (GC)
reaction. Activated B cells can either develop directly to antibody-secreting plasma
cells or move to a primary follicle consisting of recirculation IgM*IgD* B cells together
with antigen-presenting follicular dendritic cells (FDC). Here, the activated B cells
proliferate and after few days, the secondary follicle consisting of central zone of
rapidly proliferating B cells with IgM*IgD* cells. This structure is now called the GC.
Surrounding the GC are naive B cells forming the mantle zone. Naive B cell become
activated to centroblasts that undergo clonal expansion in the dark zone of GC (2).

During centroblast proliferation, somatic hypermutation (SHM) introduces randomly
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modifications of the variable region of the Ig light and heavy chain of BCR to achieve
enhanced antigen binding. SHM can result in improved but also reduced affinity for
antigen Importantly, only the B cells which express BCR with improved antigen
affinity will survive as they will outcompete the other B cells for binding to immune
complexes attached to FDCs, and receive survival signals. SHM is dependent on the
enzyme activation-induced cytidine deaminase (AID) that converts cytosine to uracil
and is only made by proliferating B cells (2). AID is up-regulated by the transcription
factor BCL-6 which has high expression in GC B cells and is essential for GC
formation, inhibition the DNA-damage response and thus allowing for SHM and
inducing cell proliferation (29). The activity of this enzyme and consequent repair of
damaged DNA is the basis for SHM and isotype switch in GC B cells. Centroblasts
then differentiate to centrocytes in the light zone of the GC. A subset of centrocytes
undergo isotype switch which change the heavy chain class from IgM or IgD to 1gG,
IgA or IgE thereby alter how captured antigen is eliminated or to which location of the
body the antibody are delivered (2). Traditionally, B cells differentiation was
postulated to be in the unilateral direction from dark to light zone of the GC, however
recent studies have shown that B cells can move in both directions during
differentiation and proliferation within the GC. Antigen-selected centrocytes with
ability to bind antigen finally differentiate to become memory cells or plasma cells (30,
31). Little is known about the homeostasis of memory B cells and long-lived plasma
cells, which is of central importance to the quality of an immune response (29). The
gene-expression changes required for an activated B cell to differentiate into a
plasma cell are regulated by the coordinated activity of a small group of transcription
factors. These factors can be divided into those that promote the B cell program
(Pax5, BCL-6 and Bach?2) and others such as Blimp-1 and Xbp1, which control
plasma cell differentiation (29). A proposed target of BCL-6 is the gene encoding
Blimp-1, and BCL-6 mediated Blimp-1 suppression inhibits plasma cell differentiation
in the GC (32). In the beginning of the GC reaction, an activated B cell must make a
differentiation decision to become an extrafollicular plasmablast, to acquiring the
early adoption of a memory phenotype or to entering the GC. The signals that turn off
BCL-6 to allow differentiation into either a memory B cell (Blimp-1"Pax5*) or a plasma
cell (Blimp-1*Pax5-) are unclear (29). There are two waves of memory B cell

development, one preceding and independent of the GC and the other being the
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traditional GC-derived variety (33). Homing of plasma cells to bone marrow is

dependent on expression of the chemokine receptors CXCR4 and CCR10 (34).

1.1.3 B cell receptor signaling in normal B cells

The BCR is a dimer with two identical heavy-chain and two identical light-chain Ig
subunits covalently coupled by disulfide bridges. The BCR complex also includes the
subunits Iga (CD79a) and IgB (CD79b), which contain cytoplasmic immunoreceptor
tyrosine-based activation motifs (ITAMs) (35). Crosslinking of BCR by antigens
initiates phosphorylation of tyrosines within the ITAM in the cytoplasmic tails of
CD79a and CD79b mediated by different Src family kinases (SFKs) including FYN,
BLK, HCK, FGR, LCK and LYN tethered to the inside of the plasma membrane close
to the BCR (36-39). SYK is then recruited to phosphorylated ITAMs, which results in
autophosphorylation and phosphorylation by Src kinases of multiple tyrosine residues
and subsequent activation of SYK (Figure 2) (40-42).
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Figure 2. BCR signaling in normal B cells. The solid inhibition signal represents
proteins sending an off signal and the dashed inhibition signal represents drugs
inhibiting kinases (41).

This activation initiates the coordinate assembly of the signalosome, composed of

several adaptor molecules and kinases, including B-cell linker protein (BLNK), Bruton
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tyrosine kinase (BTK), phosphatidylinositol 3-kinase (PI3K), Vav and PLCy (43-45).
After PLCy is activated, it further hydrolyzes phosphatidylinositol-4,5-bisphosphate
(PIP2), resulting in generation of the second messengers phosphatidylinositol-3,4,5-
triophosphate (IP3) and diacylglycerol (DAG) (46), and to release of Ca?*and
activation of PKC (46). This signaling cascade phosphorylates and activates a
complex (CARD11/BCL10, MALT1) which eventually activates the NF-kB pathway
(47-49), and the mitogen-activated protein kinases (MAPKS), including extracellular
signal-regulated kinase (ERK), c-JUN NH2-terminal kinase and p38 (50). Regulation
of BCR signaling is mediated by phosphatases that dephosphorylate the Iga and Ig
ITAMs. Notably, as H20:2 inactivates phosphatases it has been proposed to regulate
signals generated through the BCR (51).

BCR expression and signaling is a fundamental property of viable B cells as loss of
BCR results in death of peripheral B cells (14, 52). Maintenance and survival of
normal B cells depends on both ligand-independent BCR activation and ligand-
induced BCR activation (15, 53-55). Activation of naive B cells and clonal expansion
require antigen-induced BCR signaling and co-receptor signaling (56). Hence, BCR
signaling is intimately connected with B cell survival throughout development (57).
BCR activation induces intracellular signaling of several pathways regulating multiple
cellular processes, including differentiation, proliferation, apoptosis and cell migration
in normal B cells. This includes BCR induced activation of the RAF-MEK-ERK
pathway which is important in proliferation of mature B cells (58, 59). BCR induced
NF-kB activation is responsible for the survival and activation of B cells (48, 49). In
mature B cells, antigen-induced BCR signaling drives B cell proliferation and
expansion. Somatic hypermutation results in further selection of the B cell repertoire
with increased antigen affinity of the BCR governed by increased Ca?* dependent
BCR signaling (60). The balance of these signals determines the B-cell fate (61).

1.1.4 CD40 co-receptor signaling

The B-cell co-stimulatory receptor CD40 is type | transmembrane glycoprotein of the
tumor necrosis factor (TNF) receptor superfamily. CD40 is expressed constitutively
on normal and most malignant B cells, dendritic cells, and macrophages. Interaction
between CD40 on B cells and CD40L (CD154) on T helper cells activates CD40 (62).
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CD40 stimulation result in the activation of a variety of phosphoproteins, including
NF-kB, p38, c-jun N-terminal N-kinase (JNK), PI3K, ERK, and the Src family kinases
SYK, Lyn, and Fyk. CD40 signaling has been shown to induce the production of
cytokines and chemokines, including IL-2, IL-6, IL-7, IL-10, IL-12, IL-15, IL-17, IFNy,
lymphotoxin-a (TNF-B), and TNF-a which regulate important functions in immunity
like isotype switching and antigen presentation (62). The importance of CD40
stimulation and subsequent signaling is illustrated by patients with x-linked hyper-IgM
syndrome who have defect in CD40L resulting in no formation of GC and defects in
antibody class-switch (63-67). The CD40 - CD40L interaction initiates B cell
differentiation and proliferation when B cells interact with T cells in the T cell area and
furthermore, transition from centroblasts to centrocytes in GC through NF-kB
signaling resulting in down regulation of BCL-6 (68). Hence, CD40 signaling is central

in normal B cell development.

1.2 B cell malignancies

The great antibody repertoire created during normal B cell development by VDJ
rearrangement of Igs and the later SHM and isotype switch processes during the GC
reaction, comes with the risk of developing B-cell malignancies. A hallmark of many
types of B-cell malignancies is chromosomal translocations involving one of the Ig
loci and a proto-oncogene (69). In addition to translocations, chromosomal
abnormalities like deletions and amplifications of DNA sequences are frequent
among B cell malignancies. Hence, about 95% of the mature lymphoid neoplasms
are of B-cell origin as compared to T- or NK-cell malignancies (70). More than 25
different sub-types of B-cell lymphoma are distinguished in the current World Health
Organization lymphoma classification. B-cell ymphoma is sub-classified into
Hodgkins lymphoma and non-Hodgkins lymphomas (NHL) where Burkitt lymphoma,
Diffuse large B cell ymphoma (DLBCL), Follicular lymphoma (FL) Chronic
lymphocytic leukemia/small lymphocytic lymphoma (CLL/SLL), Marginal zone
lymphoma (MZL) and Mantle cell ymphoma (MCL) are some of the most prevalent
subtypes (71). The classification of B-cell neoplasms is important regarding
pathogenesis, patients counseling and treatment options. The different sub-types of
B-cell malignancies have highly variable clinical behaviors, and therefore require
adapted treatments (69). Examples of this include SLL/CLL, MZL and Multiple
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myeloma (MM) and it is focused especially on those diseases in the following. In US,
an assessment of lymphoid neoplasms diagnosed during 1992-2001 according to the
internationally recognized World Health Organization (WHO) lymphoma classification
(2001) estimated incidence rate of 0.97, 5.17 and 5.29 per 100 000 person-years for

MZL, CLL/SLL and MM, respectively (72).

1.2.1 Cell of origin in B cell malignancies

Knowledge about the cellular origin of human B-cell malignancies can provide
identification of key transforming events and guide for targeted therapies. The cell of
origin in SLL/CLL is controversial. It is uncertain if malignant cells arise from a
defined subset of B cells, like naive, marginal zone or CD5* B cells. There is
evidence that SLL/CLL with mutated Ig variable heavy region (IGHV) arise from
antigen-experienced post-GC memory B cells (73). The opponent SLL/CLL cells with
unmutated IGHV have a gene expression pattern more similar to post-GC memory B
cells than to naive or CD5+ B cells (74), and there is evidence that GC reactions may
also generate some memory B cells with low somatic mutation load (75). In
conclusion, there are evidence that also SLL/CLL cells with unmutated IGHV stem
from antigen-experienced B cells that acquired features of memory B cells (Figure 3)
(73). However, the origin of unmutated CLL cells are controversial as the malignant
cells may arise from circulating, naive B cells (76). Recently, it has been shown that
unmutated CLL cells derives from unmutated mature CD5* B cells and mutated CLL
cells derives from a distinct, previously unrecognized CD5*CD27* post—-GC B cell
subset (77). Unsupervised multiparametric analyses pointed to CD5" B cells as the
normal B cell subset with the most similar gene expression to CLL. Both unmutated
and mutated B-CLL cells was highly similar to normal CD5* B cells, which are mostly
IGHV unmutated. However, a distinct subset of CD5*CD27* B cells has somatically
mutated IGHV genes. The CD5*CD27* B cell subset carried mutations in BCL6 as a
specific hallmark of B cells undergoing hypermutation in the GC. BCL6 is only highly
transcribed in GC B cells and strong transcription of a gene is essential for somatic

hypermutation (78, 79).
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lymphoma pathogenesis (69). Reprinted by permission from Nature Publishing
Group.

In MZL, gene expression analysis of non-splenic MZL indicates an origin from
memory B-cells (80). A subset of splenic MZL cells are IgM*IgD* which supports a
naive B-cell origin while others had mutated IGHV genes consistent with a memory
B-cell origin (81). There are evidence that MM cells arises from post-GC B cells (69
82, 83). The variable region of Ig gene sequences are somatically hypermutated (84
85). In addition, MM cells have undergone class switch recombination, as the
secreted monoclonal component in MM cells are of IgG, IgA, IgE or IgD and only
rarely of the IgM isotype (86). This provides further evidence for post-germinal origin

of malignant MM cells. In conclusion, a common feature of malignant B cells from
SLL/CLL, MZL and MM is origin from post-GC B cells.
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1.2.2 Small lymphocytic lymphomal/chronic lymphocytic leukemia

1.2.2.1 Characteristics

SLL/CLL is most often an indolent lymphoid malignant disease characterized by
accumulation of monoclonal CD5* B cells in primary and secondary lymphoid tissues.
The term SLL is restricted to the non-leukemic form of CLL, but with the same tissue
morphology and immunophenotype as CLL. A typical case of SLL/CLL can be
diagnosed based on morphological features alone. The characteristic
immunophenotype of CLL cells are dim expression of surface Igs and CD20. The
cells express B-cell associated antigens like CD19, CD20 and CD79a, together with
CD5, CD22, CD23, CD43 and CD11c. A CD5*CD23* phenotype are regarded as
essential in the diagnosis of CLL (87, 88). There are 170-200 new patients with CLL
each year in Norway (89), with an incidence rate of 3.6 new patients per 100 000

person-years (90).

1.2.2.2 Prognostic markers in small lymphocytic lymphoma/chronic

lymphocytic leukemia

Morphology, immunophenotype and gene expression are relatively homogenous
among patients with SLL/CLL, in contrast to the highly variable clinical course (91-
93). Clinical staging systems have been developed for assessment of the extent of
the disease in individual CLL patient at time of diagnosis which can serve as a tool
for medical decisions regarding follow-up and time of treatment (94, 95). Binet
staging is common in Europe and divides patients into three risk groups. Group A
have no anemia, no thrombocytopenia and less than three involved lymph-node
areas. Group B have no anemia, no thrombocytopenia and three or more involved
lymph-node areas while group C patients have anemia and/or thrombocytopenia.
Low grade disease have median expected survival over 10 years in contrast to
patents in the high risk group with expected median survival about 2 years (92, 96).
However, these staging systems fail to predict clinical course and prognosis in
patients diagnosed with early stage disease (91, 92). Some patients which initially
have signs of low grad disease over time progress to more aggressive disease (97).
It is therefore of special interest to identify biological risk factors in order to identify
the subset of patients who early in disease will need therapy.
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Several molecular prognostic markers have been identified in SLL/CLL patients.
Genomic aberrations like 11q deletions, 17p deletions and TP53 mutations have
implications on response to chemotherapy and overall survival (OS) (96). In addition,
properties of the BCR have impact on prognosis in SLL/CLL. Patients can be divided
into two groups depending on if the lymphoma B cells have somatic mutation in IGHV
or not (98). In patients whose B-lymphoma cells have unmutated IGHV, the disease
tends to have a more aggressive course compared to patients with B-CLL cells with
mutated IGHV genes (99-101). B-CLL cells with unmutated IGHV genes often have a
relative high expression of 70-kD &-associated protein (ZAP-70), comparable to the
expression in normal T cells. This is in contrast to CLL B-cells with mutated IGHV
genes which have lower levels of ZAP-70 (102-104). High ZAP-70 expression on B-
CLL cells determined by flow cytometry is a negative prognostic marker in CLL (105,
106). ZAP-70 is a cytoplasmic protein tyrosine kinase (PTK) originally identified in T
cells that mediate T cell receptor signaling after it is recruited to and activated by the
phosphorylated ITAMs. B cells generally lack ZAP-70, but instead use SYK, a related
PTK to mediate BCR signaling. Similar to ZAP-70, SYK is recruited to the
phosphorylated ITAMs and becomes phosphorylated. Phosphorylated ZAP-70
induces downstream signaling pathways PLC-y and Ras signaling (107). The
lymphocyte differentiation marker CD38 is an important enzyme for the regulation of
calcium signaling and the cell’'s energy transfer homeostasis (108). High CD38
expression on B-CLL cells determined by flow cytometry is a negative prognostic
marker in CLL patients (99). However, in multivariate analysis, CD38 expression did
not improve the predictive power of either ZAP-70 expression or IGHV mutational
status (105). To summarize, the association between IGHV mutation, ZAP-70
expression and clinical outcome demonstrates that BCR signaling have a central role
in B-CLL cell survival. There are recently developed new drugs targeting pathways
downstream of BCR. This includes targeting of SYK with fostamatinib (109), BTK with
ibrutinib (110) and PI3K®d with idealisib (111).
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1.2.2.3 B cell receptor and co-receptor signaling in small lymphocytic

lymphomal/chronic lymphocytic leukemia.

BCR expression and signaling is a fundamental property of both normal and
malignant B cells (69). Several lines of evidence support this. Translocations into the
Ig-loci almost always finds place on the non-productively rearranged Ig loci (112),
anti-idiotypic antibody treatment of FL did not result in emergence of BCR-negative
lymphoma clones (113, 114), and there are only rare occurrence of BCR negative
lymphomas despite on-going somatic hypermutations in the BCR (115-117),
reviewed in (69). Constitutive activation of BCR signaling by various mechanisms has
been shown in B lymphoma cells, giving these lymphoma cells a growth-advantage
(118). The BCR from malignant cells in CLL patients has different ability to become
activated in vitro. Stimulation of BCR on B-CLL cells results in a heterogeneous
response in terms of phosphorylation of SYK, PLCy and activation of Ca?* response
(119-122). The CLL B-cells generally have reduced response to ligation of the BCR
complex, and there are several explanations for this finding, including lower
expression of surface Ig, inadequate levels of SYK or mutated co-receptor CD79b
(122-125). Stimulation of the BCR by anti-IgM elicits Ca?* response in some patients,
but not all, and there were no clear association between the level of IgM and
response to anti-IgM response (121). Surface IgM expression varies considerably
among primary CLL samples, with a subset of patients having markedly decreased
IgM expression on the malignant cells (126-128). Anti-IgM stimulation in primary CLL
samples results in global tyrosine phosphorylation mainly in unmutated IGHV in
contrast to mutated IGHV CLL samples (129-131). Expression of ZAP-70 in B-CLL
cells enhances IgM signaling with increase of phosphorylated (p)-SYK, p-BLINK, p-
PLCy and Ca?* (132). This finding was independent of ZAP-70 kinase activity,
indicating that ZAP-70 acts as an adaptor protein facilitating BCR signaling

independent of its kinase activity (107).

CD40 signaling have implications in B cell malignancies as stimulation of CD40 on
normal and B-CLL induces B7 (CD80) expression necessary for alloantigen
simulation of T-cell receptor (133). CD40 signaling in normal B cells as well as

lymphoma cell line involves activation of NF-kB (134, 135) and p38 (136). This
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finding is of interest in B cell malignancies as CD40 induced signaling in B-CLL cells
results in up-regulation of NF-kB, activation of anti-apoptotic pathways (137, 138),
and induced drug resistance (139). Altogether, BCR and co-receptor signaling

connects to malignant B-CLL cells survival and proliferation.

1.2.3 Marginal zone lymphoma

1.2.3.1 Characteristics

MZL is an indolent B-cell malignancy consisting of three different subtypes;
extranodal marginal zone lymphoma of mucosa associated tissue (MALT), splenic
marginal zone lymphoma and nodal marginal zone lymphoma. MALT is the largest
subgroup, representing approximately 70% of MZL (140) and (141)(page 214-17).
Splenic MZL accounts for approximately 20% of all MZL (140, 142) and (141)(page
185-7). Patients with splenic MZL typically presents with enlarged spleen, enlarged
abdominal lymph nodes and bone marrow involvement, while liver or leukemic
involvement occurs only in a subset of patients. Nodal MZL accounts approximately
10% and by definition the disease represents nodal disease without involvement of
spleen or extranodal sites (140) and (141)(page 218-19). The malignant MZL cells
express the B cell associated antigens CD19, CD20, CD22, CD79a and CD79b. The
phenotype of the tumor cells is CD3-, CD5", CD10", CD11c” CD23- and CD43"*. The
lymphoma cells are most frequently IgM* (143). The incidence of MZL in Norway is

not known.

1.2.3.2 Prognostic markers in marginal zone lymphoma

MZL is often an indolent disease, but a subgroup of MZL patients has signs of
aggressive disease. Patients with extranodal, nodal, and splenic subtypes of MZL
have a five-year OS rates ranging from 87 to 93% (140, 144). Clinical staging can
provide prognostic information. In a MZL cohort including all three subtypes, male
sex, B-symptoms and serum-2-microglobulin (s-B2M) correlated to decreased
recurrence-free survival (140). In splenic MZL, hemoglobin, platelet count, high
lactate dehydrogenase level and extrahilar lymphadenopathy were independently

associated with lymphoma-specific survival (145). Cytogenetic parameters can affect
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prognosis in MZL as patients with splenic-MZL with and without TP53 mutation have
median OS of 68 and 140 months, respectively (146).

1.2.3.3 B cell receptor and co-receptor signaling in marginal zone lymphoma

It is limited information regarding BCR signaling in MZL. However, the association
between hepatitis C and splenic MZL and helicobacter pylori and mucosa associated
lymphoma provides evidence for importance of BCR signaling in MZL genesis (147,
148). In Splenic MZL mutation in CARD11 which links BCR and NF-kB signaling are
reported (149). ZAP-70 expression is only occasionally detected in MZL (150) and
there are reported that splenic MZL cells express both mutated and unmutated IGHV,
without any association with clinical features or outcome (151). Evidence of the
importance of BCR signaling in MZL have recently appeared as MZL patients have
response with reduced tumor mass after treatment with an inhibitor of PI3Kd

signaling (152).

1.2.4 Multiple myeloma

1.2.4.1 Characteristics

MM is a hematologic malignant disorder affecting plasma cells of B cell origin. The
hallmark of MM is clonal proliferation of malignant plasma cells in the bone marrow
microenvironment, monoclonal protein in the blood or urine and associated organ
dysfunction (153). The malignant MM cells typically express CD138 (syndecan-1)
and CD38. MM cells rarely express CD19 and also lack other B-cell-associated
antigens, such as CD20, CD22, and CD24, although CD20 and CD45 can be positive
in a subset of myeloma cases (154). It accounts for approximately 18% of all
lymphoid neoplasms (70). MM was documented by Dr. Samuel Solly in 1844 who
described a 39-year-old woman with fatigue and multiple fractures (155). At autopsy
the bone marrow was found to be replaced by a red substance. He postulated an
inflammatory character of the disease and described “that it commences with a
morbid action of the blood-vessels.” This observation can be interpreted as an early
description of the role of angiogenesis in MM pathophysiology (156). The incidence
rate of MM in Norway was 7.60 / 100 000 (2011) (157).
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1.2.4.2 Prognostic markers in multiple myeloma

MM patients have a very variable clinical course; patients may face rapidly
progressive disease or experience a more favorable indolent course of disease. High
dose chemotherapy with autologous stem cell transplantation (ASCT) has been the
standard of care for younger patients (153, 158). A cohort of MM patients all treated
with ASCT had highly variable clinical outcome as five-years OS ranged from 72%,
62% and 41% in low, intermediate and high risk groups, respectively (159). There are
several prognostic markers which add information about patients outcome. One of
the most important host factors is age as MM patients with younger age have a
favorable survival (160, 161). The most accepted clinical staging system is
international staging system (ISS) which combines albumin and s- 2M, where the
former provides information about host and the latter information regarding disease
activity and tumor burden (162). The most important tumor characteristics are genetic
aberrations and gene expression profiles, were translocation t(4:14) and t(14:16)
together with deletion 17p13 have been shown to be associated with adverse
survival (163-165). A combination model with ISS and genetic aberrations has been
demonstrated to be able to stratify MM patients into low, intermediate and high risk
groups (159, 166, 167). Better risk stratification have implications for a risk-adapted
management for MM patients treated with ASCT as there are need for new treatment

strategies to the subset of patients with the most adverse prognosis (159).

1.2.4.3 Angiogenesis and endothelial progenitor cells in multiple myeloma

Disease progression in MM is accompanied by increase in bone marrow
angiogenesis (168, 169). This is in contrast to DLBCL where estimating the role of
angiogenesis in regard to clinical outcome has shown different results (170, 171).
Bone marrow angiogenesis is an attractive target for treatment of MM as plasma cells
grow and expand almost exclusively in the bone marrow (172), and both osteoblastic
and vascular niches can support the proliferation of MM cells (173). Anti-angiogenic
properties of thalidomide was first described in 1994 (174). Due to increased
awareness of the importance of angiogenesis in the pathogenesis of cancer and
especially in MM, Dr. Barlogie and colleagues at the University of Arkansas initiated a
compassionate-use trial of anti-angiogenic therapy with thalidomide in MM with a

response-rate of 32% (175). Lenalidomide has diverse mechanisms of action,
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including angiogenesis (176), and maintenance therapy with lenalidomide after ASCT
have been demonstrated to increase progression free survival (PFS) (177) and OS
(178). International myeloma working group still doesn’t recommend different
treatments in different MM risk groups with the exception of bortezomib in induction
to and maintenance after ASCT to high-risk MM patients (179). It would therefore be
of interest to identify biologic or clinical risk-factors that could serve as a predictive
marker of response to lenalidomide and other anti-angiogenic therapies in MM.

Human endothelial progenitor cells (EPC) with capability to incorporate in sites of
active angiogenesis was first described more than a decade ago (180). A central part
in the complex process of malignant angiogenesis is EPC, together with
hematopoietic stem cells. This dual dependency in tumor progression has been
demonstrated in angiogenic defective mice as transplantation of VEGF-mobilized
wild-type EPC and hematopoietic stem cells were able to both reconstitute
hematopoiesis and also restore tumor growth (181).

Primitive hematopoietic progenitor cells from bone marrow and umbilical cord blood
express high levels of cytoplasmic aldehyde dehydrogenase (ALDH) as compared to
lymphocytes and monocytes (182). The cytosolic enzyme ALDH is expressed at high
levels in HSC and progenitors and seems to be responsible for the resistance to the
alkylating agent cyclophosphamide (183, 184). It has been developed a fluorescent
substrate for ALDH and demonstrated that ALDH" cells were highly enriched for
primitive hematopoietic progenitor cells (185). ALDH expression is a functional
marker of both hematopoietic and non-hematopoietic bone marrow derived
progenitor cells (186). A hematopoietic stem cell population from human umbilical
cord blood isolated by depletion of cells with mature lineage markers and selected by
high ALDH activity had enriched CD34 and CD133 expression (187), and isolation of
ALDH"CD133* cells selected a population of stem cells with ability of multi-lineage
reconstitution and possession of long-term repopulating ability in secondary murine
recipients (188). Hence, a functional stem cell marker such as high intracellular
ALDH activity in combination with conserved stem cell surface markers may both
serve as a useful tool for the delineation of distinct hematopoietic stem and
progenitor cell compartments and to isolate and functionally characterize non-

hematopoietic progenitors (188). Thus, some recent studies identified EPC as solely
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ALDH" cells (189, 190). Based on previous studies documenting the importance of
angiogenesis in MM it is therefore of interest to characterize levels of EPC in B cell

malignancies.

1.2.5 Defect signaling in tumor-infiltrating T cells in lymphoma

The immune microenvironment plays an essential role in clinical outcome. Defects in
tumor-infiltrating T-cell function in patients with hematologic malignancies might
influence their capacity to mount efficient anti-tumor immune responses. Malignant B-
CLL cells have to ability to impair the T cell actin cytoskeleton that is essential for T
cell activation and function (191). Both CD4* and CD8* tumor-infiltrating T cells in FL
have defects in their ability to mobilize F-actin at the immune synapse and have
decreased recruitment of the signaling proteins LFA-1, Lck, Itk, Filamin-A and
Rab27A (192). T cells from CLL patients exhibits signs of exhaustion demonstrated
by up-regulation of CD244, CD160 and PD1 and a subset of PD1* T cells have up-
regulated Blimp-1 which is implicated in the mechanism of exhaustion (193). It is also
demonstrated that autologous, activated CD4* T cells can induce proliferation of
malignant B-CLL through CD40L and IL-21 production (194).

In FL, T-cell responses have been demonstrated to affect clinical outcome, as
patients with impaired IL-7—induced phosphorylation of STATS in tumor-infiltrating T
cells had adverse OS (195). Furthermore, tumor-infiltrating T cells in FL have
impaired IL-4-, IL-10-, and IL-21-induced phosphorylation of STAT6 and STAT3, in
contrast to the corresponding autologous peripheral blood subset. This can be
explained by differential expression of the inhibitory receptor PD-1 in FL tumor-

infiltrating T cells and peripheral blood T cells (196).

1.2.6 Risk adapted therapy in B cell malignancies

Risk adapted treatment is used in many hematological malignancies, such as acute
lymphoblastic leukemia or acute myeloid leukemia (197). Although molecular profiling
have capabilities to both identifying new subgroups of lymphoma entities and patients
with adverse prognosis in CLL (99, 100) FL,(198), DLBCL (199), clinical prognostic
tools like International Prognostic Index (IP1) in DLBCL (200), Follicular Lymphoma
International Prognostic Index in FL (201), Mantel cell lymphoma international
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prognostic index in MCL (202), ISS in MM (162) and Rai or Binet staging in CLL (94,

95) still remains cornerstones in clinical practice.

Molecular markers in hematological malignancies may have the property to reflect
biology, measure tumor load or provide targets for new therapy. Combination of
clinical, pathological and molecular markers has potential to provide more precise
prognostic models for risk stratification aiming to improve clinical outcome (203).
TP53 mutations and/or 17p deletions has been shown to be strongly associated with
adverse clinical outcome in CLL (96, 204). In MM, translocations (4;14) or deletions
17p are associated with high risk stratification and adverse OS (159, 166, 167).
However, several established molecular prognostic markers such as IGHV mutational
status in CLL may not translate into clinical practice. Clinical decision making is still
mostly based on symptomatic disease and not the molecular profile (205). This is
demonstrated by the observation that even subgroups of CLL patients with adverse
prognostic markers as deletions 17p and mutated IGHV may have an indolent course
of disease (206).
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2. Aims of thesis

It is of interest to further expanding our knowledge of B cell malignancies risk factors
both to consult patients and to provide strategies for risk-adapted therapy and
disease follow-up. The overall aim of the present thesis was to investigate potential
biological prognostic markers for B-cell ymphoma and myeloma patients by use of
flow cytometry.

More specifically the aims were to:
e Characterize BCR and co-receptor signaling profiles of tumor B cells and
tumor-infiltrating T cells from patients with SLL/CLL and MZL and compare

with signaling profiles in normal B and T cells.

e Explore the importance of tumor cell heterogeneity in SLL/CLL and MZL on

the basis of the phosphorylation levels of signal transduction molecules.

¢ |dentify signaling signatures in SLL/CLL that correlate with patient’s clinical

outcome.

e Examine the presence of EPC with high ALDH expression in autologous
peripheral blood stem cell (PBSC) grafts from patients with DLBCL and MM.

e Compare the level of EPC in patients with DLBCL and MM and to examine if
the level of EPC in patients could be associated with markers of clinical

outcome.
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3. Main results

Paper |

Knowledge about signaling pathways in malignant cells may provide prognostic and
diagnostic information, in addition to identify potential molecular targets for therapy.
BCR and co-receptor CD40 signaling is essential for normal B cells, and there is
increasing evidence that signaling via BCR and CD40 plays an important role in the
pathogenesis of B-cell lymphoma. The aim of the study was to investigate basal- and
induced signaling in lymphoma B cells and in infiltrating T cells in single-cell

suspensions of biopsies from SLL/CLL and MZL patients.

Cells were then left unstimulated or activated with anti-BCR, anti-BCR+H202, IL-2, IL-
7, IL-15, soluble CD40L or with PMA and ionomycin for 4, 15 or 45 minutes. Samples
were stained for 30 minutes with a unique combination of two different dyes, Pacific
Blue and Pacific Orange-succinimidyl ester, each used in one of 3 different
concentrations. This fluorescent cell barcoding made it possible to identify 9 different
cell populations as previously described (195, 207). The barcoded cells were then
aliquoted into six tubes for staining with different antibody panels. Each panel
contained a backbone of the antibodies anti-BCL2, anti-CD20, and anti-CD5 in
addition to two different phospho-antibodies. The cells were collected on a FACSAria
flow cytometer and data were analyzed using Cytobank software. In summary, a
panel of 9 stimulation conditions targeting B and T cells, including crosslinking of the
BCR, CD40L and interleukins in combination with 12 matching phospho-protein

readouts was used to study signaling, creating a total of 108 signaling nodes.

Malignant B cells from SLL/CLL patients showed significant higher basal levels of p-
SFKs, p-PLCy, p-ERK, p-p38, p-p65 (NF-kB), p-STAT5 and p-STAT6 when
compared to healthy donor B cells, and the basal levels of these signaling proteins
varied considerably between different patients. In contrast, anti-BCR induced
signaling was highly impaired in SLL/CLL and MZL B cells as determined by low p-
SFK, p-SYK and p-PLCy levels. Impaired anti-BCR-induced p-PLCy was associated
with reduced surface expression of IgM and CD79b. Similarly, CD40L-induced
signaling was also impaired in SLL/CLL and MZL lymphoma B cells compared to
normal B cells with significant lower phosphorylation of p38, ERK and S6 in SLL/CLL
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and lower p38 and ERK in MZL, whereas p-p65 (NF-kB) was equal to that of normal
B cells. In contrast, IL-2, IL-7 and IL-15 induced p-STATS5 in tumor-infiltrating T cells
were not different from normal T cells. In conclusion, this work provided a better
overview of basal, BCR- and CD40L-induced signaling in malignant SLL/CLL and
MZL cells as well as cytokine-induced signaling responses in tumor-infiltrating T cells.
Although no unique signaling profiles that could distinguish SLL/CLL from MZL were
identified, we identified contrasting signaling abnormalities in the lymphoma B cells

when compared to normal B cells.

Paper Il

In FL, a new lymphoma subset with abnormal and impaired B-cell antigen receptor
signaling has been identified by phospho-flow cytometry (195). This new subset of
lymphoma cells has clinical significance as the prevalence of this subset at the time
of diagnosis was negatively associated with OS. The aim of the present study was to
investigate whether similar correlations could be found in SLL/CLL and MZL.

Therefore, we performed further analysis of data generated and presented in paper I.

We found that CD40 stimulation induced p-S6 and p-p65 signaling in both SLL/CLL
and MZL cells, but at highly variable frequencies, with median fluorescence intensity
(MFI) ranging 0.07 - 2.61. Survival analysis with log-rank test revealed that high
expression of p-S6 and p-p65 in lymphoma B cells after CD40 stimulation were
associated with improved OS (p=0.022). Similar to observation in FL, per-cell
analysis revealed a subpopulation of lymphoma B cells with no apparent signaling
after BCR-crosslinking in SLL/CLL and MZL patients. The frequency of this
subpopulation was highly variable with percentage of BCR-insensitive cells ranging
from 5% to 100%. Survival analysis showed that patients with more than 60% BCR-
insensitive tumor-cells had significant shorter OS as compared to patients with fewer
than 60% BCR-insensitive cells (p=0.032). Therefore, our results suggest that
alterations in signaling through CD40 and BCR can influence patient survival also for
SLL/CLL and MZL patients and represent interesting targets for therapy.

Paper Il
MM is considered an incurable B-cell malignancy, although many patients can benefit
from high-dose therapy with ASCT as first line treatment. In NHL, ASCT is usually
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performed after relapse, with curative intent. Disease progression in MM is often
associated with increased angiogenesis, in which EPC may have a central role. Here,
we investigated the clinical impact of EPC levels in PBSC autografts for MM and NHL
patients who received ASCT. Forty-one patients (MM; n = 24, NHL; n = 17) with
available cryopreserved PBSC autograft samples collected in the period between
1995 and 2006 were included in this study. Cryopreserved PBSC were thawed, and
incubated with Aldefluor, a fluorescent substrate which can be used to identify
subsets of cells with increased ALDH activity. Cells were then co-stained with anti-
VEGFR2, anti-CD34, and anti-CD133, and collected on a FACSCanto flow cytometer

and analysed with FlowJo software.

EPC were identified by flow cytometry as ALDHMNCD34*VEGFR2*CD133* cells in
both MM and NHL autografts, ranging from 0.02% - 7.56% of CD34" cells. In MM,
there was a positive correlation between percentage of EPC in PBSC grafts and s-
B2M levels (r> = 0.371, P =.002). Unlike for NHL patients, survival analysis with log-
rank test showed that MM patients with higher than cohort median percentage of
EPC in PBSC grafts had significant shorter time to next treatment (P = .023), but not
PFS or OS. The actual amount of EPC per kg infused cells during ASCT, termed
EPC (cells/kg), was calculated as a ratio of EPC (% of CD34* population), and
divided by number of stem cells infused during ASCT (CD34" cells x 10°/kg). MM
patients with high numbers of infused EPC (cells/kg) during ASCT had significant
shorter PFS (P = 0.035), OS (P = 0.044) and time to next treatment (P = 0.009). In
multivariate analysis, EPC (cells/kg) was a significant independent negative
prognostic indicator of PFS (P = 0.033). In conclusion, this study indicates that
presence of high numbers of EPC in PBSC grafts is associated with adverse

prognosis after ASCT in MM.
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4 General discussion

4.1 Methodological consideration

4.1.1 Patient population

The patient samples included in paper | and Il were from tumor biopsies from
previously untreated patients with SLL/CLL. Median follow-up of the study population
was 72 months/6.0 years (range 9 - 257 months). Tumor biopsies from previously
untreated patients with SLL/CLL were collected at the Norwegian Radium Hospital
after informed consent from the patients between 1988 and 2006 and the clinical
data were collected retrospectively. The study was approved by Regional Committee
for Medical Research Ethics (REK 2.2007.2949). All patient biopsies included were
subjected to review by a reference pathologist in 2010. A total of 27 SLL/CLL
samples were initially analyzed by phospho-flow cytometry. Only patients’ samples
where at least 50% of the tumor cells responded to any stimulation condition with a
phospho-protein readout were included and carried forward in the analysis. In this
regard, 10/27 samples were excluded from further analysis. One sample was
excluded because pathology review re-diagnosed SLL sample to mantle cell
lymphoma. Of the remaining 16 samples, five were re-diagnosed as MZL after review
by pathologist resulting in a sample cohort of SLL; n =11 and MZL; n = 5.

In the EPC study (paper lll), forty-one patients (MM; n=24, NHL; n=17) with
cryopreserved PBSC autograft samples collected before ASCT in the period 1995-
2006 at University Hospital of North Norway where included. The study was
approved by Regional Committee for Medical Research Ethics (REK-Nord 2011/724).
Follow-up in EPC study ended January 31, 2014. Median follow-up in NHL cohort
was 6.2 years (range 0.3 — 13.2 years). Biopsies from NHL patients included were
subjected to review by a reference pathologist in 2014. Median follow-up in MM
patient cohort was 10.2 years (range 0.5 - 17.2) according to the reverse Kaplan-
Meyer estimator (208). Clinical data were collected from University Hospital of North
Norway.
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4.1.2 Description of phospho-specific flow cytometry

Fluorescence-activated flow cytometry allows fast single-cell multi-parametric
analysis and sorting of highly purified populations of viable cells. The technique was
born in the Herzenberg laboratory at Stanford University in the late 1960s (209, 210).
In the beginning, cytometers only measured one fluorescent signal and two
scattered-light signals. However, in the mid-1980s four-colour machines that could
distinguish six parameters for each cell allowed to discriminate functionally distinct
subsets of leukocytes became available. Further technological advances in the
1990s with developments of hardware, software and chemistry made it possible to
create machines capable of measuring more than ten colors (Figure 4) (210). For
simplistic description regarding analyzing a few of the multiple subsets in the immune
system, as few as two physical parameters (forward and side scatter) and two
fluorescence parameters can be sufficient. Forward- and side-scatter characteristics
can distinguish monocytes and granulocytes (high side scatter and high forward
scatter) from platelets and erythrocytes (low side scatter and low forward scatter).
Lymphocytes and circulating dendritic cells show intermediate forward and side
scatter. Lymphocytes can be further segregated by lineage (B cells, T cells and NK
cells) using one or more fluorescent antibodies. For example, B cells can be
identified using fluorescent labeled antibodies specific for the CD19 or CD20 cell-

surface marker.
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Figure 4. A model of laser geometry and fluorescence-emission detection
system. The laser geometry and fluorescence-emission detection system of a flow
cytometer. (A) A schematic representation of four lasers; blue (488 nm), green (534
nm), violet (407 nm) and a red helium-neon (HeNe) laser (633 nm). (B-C)
Presentation of the octagon assembly for detection of laser-excited emissions,
composed of a series of photomultiplier tubes (PMTs 1-8) and optics in an octagonal
arrangement. Light enter this system and are systematically reflected to the next
detector by a dichroic mirror or transmitted through a band-pass filter and counted in
a PMT. As an example; for PMT 1, '740LP' (740 nm long-pass filter) indicates that all
wavelengths longer than 740 nm are transmitted and that all wavelengths shorter
than 740 nm are reflected (210). Reprinted by permission from Nature Publishing
Group.

Flow cytometry is an important tool in both clinical diagnostics and in basic
immunological research due to its capability to rapidly distinguish different subsets in
heterogeneous cell populations. Advances in the technique are made through
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improvement in flow cytometry instrumentation and applications, it is possible to
perform simultaneously analysis of 17 colors and 19 parameters (210). Recently, the
first 27-color fluorescence experiment was performed (unpublished data announced
by Chattopadhyay, Perfetto and Roederer by mail 03.05.14). Traditionally, flow
cytometry protocols have utilized staining of different surface antigens to characterize
and define subsets in the hematopoietic system. However, surface staining provides
limited functional information of the cell subset analyzed. Methods are available to
characterize different intracellular epitopes like DNA (211), cytokines (212), enzymes
(213), hormone receptors (214), cell cycle proteins (215) and phosphorylated
signaling proteins. Technical advances the last decade with the development of
phospho-specific antibodies and protocols for cell fixation and permeabilization have
expanded the ability to gain additional functional information with the study of kinase
cascades in single cells (207, 216-227).

Phospho-specific analyses as phospho-flow and Western blot are based on the
premise that there exist a correlation between the phosphorylation status of a given
protein and its biologic status (222, 228). In kinases, phosphorylation typically results
in enhanced activity and propagation of a signal downstream, as in the mitogen-
activated protein kinase cascade (229). However, phosphorylation can also lead to
inactivation of enzymatic activity, as in the case of phosphorylated Y505 in LCK and
Y508 in LYN downstream of the T and B cell receptor, respectively, due to

recruitment of phosphatases (230).

4.1.3 Advantages and limitations of phospho-specific flow cytometry

The main advantages of utilizing a phospho-specific flow cytometry technique in
signaling studies are abilities of performing single-cell analysis and to analyze cell
subsets within heterogeneous cell populations. Compared to traditional Western blot,
phospho-specific flow cytometry provides additional parameters like fold change of
the single-cell phospho-protein level and the percentage of cells responding to a
stimulus (224). Further, phospho-flow offers an ability to measure multiple
parameters simultaneously from the same cell, and to do analyses in cases where
there is only limited sample material available with small number of cells. The flow

cytometry technique provides statistical properties as means, medians, standard
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deviations and coefficients of variations. In addition, peak shapes as Gaussian
versus slanted or skewed peaks may be informative of small changes during analysis
(222).

However, several technical considerations must be done. Antibody titration is
important to obtain optimal staining concentrations; lower antibody concentration can
often reduce unwanted background which may not be present when staining intact
cells (224). One concern is if the potential phospho-antibody is cross-reactive with
another, but structurally similar phospho-epitope in another protein. For example, the
phospho-antibody p-SYK also cross-reacts with ZAP-70 (Y319) due to homology of
the phosphorylation site SYK (Y352).To verify that antibodies exhibiting specificity for
the phosphorylated state of the kinase, antibodies can be tested by treating cells with
appropriate kinase-inducing agents or selective inhibitors of kinase activity. In
addition it is possible to do Western blot analysis and kinase activity assays (218). In
addition, it is possible to test phospho-antibody specificity by phosphatase treatment

or eventually by blocking with a phospho-specific peptide (231).

Different phospho-specific monoclonal antibodies have been tested for
phosphospecificity and are demonstrated to correlate with kinase activity. Antibodies
against phospho (p)-p44/p42 (ERK1/2) and p-p38 amongst others were tested with
FACS, Western blot and kinase activity assays in protocols including specific
stimulus to kinase activation or inhibitors of the upstream kinase (218). Further, MFI
as measured by flow cytometry correlated well with densitometry values from
Western blots, validating the different probes of being able to measure small changes
in activated kinases, and also reflecting activated kinase levels as in Western blot
analysis (218). Other publications have compared flow cytometry and Western blot
with phospho-specific monoclonal antibodies directed against p-ERK, p-p38, p-JNK,
p-STATL, p-STAT5 and p-STAT6 (219), or p-S6 (232).

Intracellular signaling is transient in nature, and fixation must be rapid. Fixation of
cells with formaldehyde before methanol permeabilization is a simple and fast
technique and preserves the phospho-epitopes (219). The stability of phospho-
epitopes during the protocol is also fundamental as de-phosphorylation would affect

results. Experiments have shown that samples can be stored in cold methanol for up
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to one month with only minor loss of phospho-epitope staining (219). An important
aspect is that the antigen of interest may not be accessible for antibody binding after
cellular fixation as fixatives like formaldehyde potentially can lead to the epitope of
interest are buried into protein interfaces. However, experimental evidence shows
that with proper permeabilization with methanol, intracellular phospho-epitopes can
be measured (219). Surface antigens and light scatter properties potentially can be
altered by fixation and permeabilization of cells (219, 224). Therefore, during protocol
development and refinements, one must monitor potential effects off cell fixation and
permeabilization on maintaining surface epitope recognition and how light scatter
properties are affected. The signal-to-noise ratio when analyzing low-abundance
signaling proteins may be too small. Another important question is if different cellular
localization of antigens limits antibody binding. Experience with protocols using
formaldehyde and methanol shows that both nuclear antigens like the STAT
transcription factors and antigens in the cytosol like PLCy can be assessed with
phospho-specific flow (222). Of note, subcellular localization of a given antigen
cannot be assessed with flow cytometry and microscopy techniques or Western blot

after cellular fractionation must be considered.

Many antibodies that work well within Western blot protocols are not suitable for
phospo-specific flow cytometry. In addition, experiments show that different antibody
clones have heterogeneous staining levels and caution must be taken when
considering a negative result. Positive controls with well-established stimulation
conditions for instance PMA activation of p-ERK is requisite when new antibodies are
tested in protocols (219). Until now, there are limitations in the diversity of
commercially available phospho-flow antibodies. One recent study illustrates this
challenge. A total of 247 possible PEG2 regulated phospho-epitopes in lymphoid
cells were detected by a quantitative phosphoproteomic approach, but only five
commercially available specific phospho-antibodies were identified (233). Western
blotting has the potential of measuring small amounts of a given signaling protein due
to better antigen accessibility and no concern of auto-fluorescence (222). When
choosing a fluorochrome for flow cytometry it is important to consider that the
fluorophore's absorbance spectrum must match the laser line in the flow cytometer
and that emission fall within the available detection filter sets. Furthermore, the

fluorophore must not interfere with binding of antibody to antigen or hamper
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permeability through the fixed cell structure due to large size (PE or APC). Alexa
Fluor 488 and 647 ore often chosen for phospho-antibodies as they are small-
molecule fluorophores with spectral properties suitable for flow cytometry and have
the advantages of being extremely bright and photostable (219). Phospho-specific
flow cytometry protocols are relative fast and time saving when compared to
immunohistochemistry. However, one important limitation compared to microscopy is

lack of information concerning tissue morphology.

4.1.4 Rationale for choosing phospho-flow in exploring signaling in lymphoma

samples

Altogether, a “high-throughput” strategy of obtaining a comprehensive picture of the
signaling network in lymphoma cells upon stimulatory signals at the single cell level
will potentially provide new information in relation to lymphoma pathogenesis.
Detecting of the phosphorylation status of signaling proteins is essential for
examination of intracellular signaling pathways and has traditionally been performed
by “bulk” analysis like Western blot or ELISA techniques. However, these methods
will only measure the average expression of the proteins of interest in the sample,

and sample heterogeneity is masked.

Single cell phosphorylation studied by flow cytometry has provided us with new
insight in the study of different tumor cell characteristics. Data can be used to
generate signaling network maps and link specific signaling profiles with clinical data
as biomarkers of diagnosis. As an example, in a study with patients with juvenile
myelomonocytic leukemia (JMML) there were identified that the tumor cells had a
unique signature with strong phosphorylation of STATS after stimulation with GM-
CSF (234). Furthermore, single-cell phospho-flow has provided information about
response to therapy. Earlier work in acute myelogenous leukemia (AML) has
detected subsets of patients with impaired response to first line chemotherapy in
AML patients (221). Recently, a FL cell subset with impaired BCR and co-receptor
signaling together with aberrant signaling in tumor-infiltrating T cells with significant
impact on OS has been identified and thoroughly characterized (195). Based on
these prior studies, we decided to use phospho flow cytometry as the method of

choice to study cell signaling in SLL/CLL and MZL patient samples (paper | and II).
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4.1.5 Rare cell analysis by flow cytometry

EPC are rare events in normal peripheral blood, the frequency are somewhere
between 0.01% and 0.0001% of peripheral mononuclear cells (235). A consensus
immunophenotype have not been established, so different cell surface markers have
been used to detect EPC. Reliable enumeration of EPCs remains a technical
challenge. For accurate detection of rare events by flow cytometry the background
noise have to be substantially less than the frequency of the sought events. It is
recommended to consider several methodological aspects to reduce background
noise when rare events flow cytometry protocols are developed (235). Therefore, our
protocol included a viability stain (like propidium iodide (PI) 7-aminoactinomycin D (7-
AAD), or in our case Aldefluor), pre-incubation with a Fc-receptor blocking serum and
extensive washing procedure to remove carry-over of cells between different patient
samples on the cytometer instrument. Furthermore, in antibody and fluorochrome
selection it is important to select fluorochromes with high signal-to-noise ratio like PE
or tandem conjugates of PE (PE-Cy5 or PE-Cy7) or APC and its conjugates
(APCAlexafluor700 or APC-H7) (236). In the EPC study (paper Ill) we defined and
characterized EPC with three phenotypic surface markers together with a functional
marker for high ALDH activity. This method is quite specific, but since EPC are rare
cells in peripheral blood, measurement error according to Poisson distribution is high
(237). Of note, we characterized and identified EPC in stem cell grafts mobilized by
G-CSF which are enriched for stem and progenitor cells. In the ALDH" population,
we identified the frequency of EPC with a mean of 1.83%, and EPC in the whole
population analyzed was mean 0.03%. This results in CV in the range 1-5% for 5x10°
collected events (236). As both CD34 and VEGFR2 are found on mature
endothelium, we believe the addition of CD133 and ALDH are necessary to define

cells with progenitor or stem cell properties.

4.1.6 Limitations of patient cohort and outcome prediction

The association between clinical features and tumor cell signaling features were
hampered by the low number of patients included (paper Il). There were few patients
with SLL/CLL and MZL included due to few available tumor biopsies with long clinical
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follow-up and good enough quality of live tumor cells frozen in DMSO. Furthermore,
due to the limited number of patients, we decided to pool SLL/CLL and MZL patients
into one cohort of indolent B cell lymphoma. However, although SLL/CLL and MZL
share many clinical characteristics as indolent lymphoma, they constitute two distinct

different diseases with unique clinical and pathological characteristics.

The conclusion in the EPC study (paper lll) is weakened by the relative small number
of MM patients included. In addition, data regarding response after HMAS was
hampered by missing immunofixation data. Complete response in MM after HMAS is
defined as normal bone marrow examination and absence of monoclonal component
on immunofixation (238). Therefore, the category of complete response after HMAS
does not exist. Patients underwent two different induction regimen before the ASCT
and this may have an impact of the survival. However, MM patients had no difference
in OS, PFS or TNT according to the induction chemotherapy (VAD vs. Cy-Dex), and
there were no significant difference in percentage of EPC within the MM cohort
according to induction chemotherapy prior to ASCT (VAD vs. Cy-Dex). Last, there
were not available data on cytogenetic abnormalities as t(4:14), t(14:16) and deletion
17p13. These genomic aberrations preferentially should have been included in the

multivariate cox model.

4.2 Flow cytometry to study signaling pathways and predict

outcome in B cell malignancies

4.2.1 Basal BCR signaling in lymphoma cells

When examining cellular signaling, the unstimulated state is referred to as the basal,
tonic or constitutive state. Usually, in resting normal cells, the basal state is inactive.
However, in resting cancer cells, the basal state might be elevated and suggests
constitutive activation of signaling pathways (239). We therefore explored if there
were differences in the basal phospho-protein expression levels between malignant
B cells and healthy donor B cells (paper I). The fold change in MFI for phospho-
proteins in unstimulated malignant B cells from SLL/CLL or MZL patients were
normalized to the MFI in normal, peripheral blood CD20* B cells. We found

significantly elevated basal levels of p-SFKs, p-PLCy, p-ERK, p-p38, p-p65 (NF-kB),
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p-STATS and p-STATG6 (paper I). Of note, the basal levels of phospho-proteins were
heterogeneous and ranged from small elevations (i.e. fold change <0.5) in most

cases to higher basal levels in a minority of patients samples.

Previously, SYK was found to be constitutive phosphorylated in primary CLL samples
relative to cell lines (129, 240). Interestingly, we did not detect significant elevations
in basal p-SYK (paper I). A possible explanation for not identifying higher constitutive
levels of SYK in unstimulated lymphoma B cells compared to normal B cells could
possibly be dephosphorylation during handling of tissue samples. However, only
tumor samples where the majority of B cells induced signaling were included in the
study and all samples were rested in tissue culture incubator before staining with
phospho-specific antibodies. Of note, a small subset of SLL/CLL and MZL samples

showed basal p-SYK levels above normal B cells.

Recently, it has been demonstrated that BCR signaling in CLL is not dependent on
exogenous antigens. Instead, BCR activation involves the binding of one region of
the BCR to self-epitopes on variable regions of the same receptor. Malignant B-CLL
cells induce cell-autonomous Ca?*-signaling independent of extrinsic antigens which
is dependent on the heavy-chain complementary determining region 3 and an
internal epitope on the BCR (241). The clinical significance of these BCR interactions
in vivo, where cells are surrounded by high levels of serum Ig that potentially
compete with these Ig/lg interactions is unclear (242). Mutated CLL have higher
basal Ca?*-signaling as compared to unmutated-CLL (243), and the increased basal
signaling in mutated-CLL are potentially due to a more efficient route to anergy for
mutated than for unmutated-CLL (131).

It has been demonstrated that malignant B-CLL cells have elevated basal Lyn
tyrosine kinase activity (244), ERK (245) and p-p38 (246, 247). Activation of PLCy
and PI3K initiate downstream p-ERK and p-p38. The Ras-Raf-ERK signaling
pathway is important in B cells as decreased Ras activation in mice impairs B cell
proliferation (248, 249). The p38 pathway was initially identified as a mediator of
inflammation and stress responses, but it is demonstrated that it interacts with p53
and regulates cell cycle checkpoints (249-251). However, the exact role of p38 in the

physiology of normal and malignant B cells is largely unknown (252). The p-p38
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expression does not merely indicate proliferation status since GC B cells within
reactive lymphoid tissue show negligible expression of p-p38 (252). Differential
phosphorylation of ERK and p38 might direct B cells to diverse cellular outcomes, but
it is unknown whether a B cell activates these two pathways simultaneously or favors

one pathway depending on additional signaling context (57).

Furthermore, we also detected elevated basal p-p65 in SLL/CLL patient samples
(paper ). This is in line with previous studies which report constitutively activated NF-
kB in CLL patients (137, 253, 254). In CLL, there was heterogeneity in basal and
inducible NF-kB subunit Rel A (p65) activity, but all CLL samples had higher basal
NF-kB compared to normal B cells (254). The clinical importance of Rel A (p65) in
CLL has been demonstrated as Rel A (p65) activity was predictive of CLL patients
time to first treatment and survival in addition to the observation that Rel A (p65)
clearly increased in serial samples tested during treatment (255). These data indicate
that p65 is constitutively elevated in CLL patients with more aggressive disease and

that p-p65 can be induced by chemotherapy.

4.2.2 Activated BCR signaling in lymphoma cells

Normal, mature B cell survival depends on an intact BCR (14), and BCR signaling
most likely constitutes of both basal signaling as well as antigen-activated BCR
signaling (14, 15). We found impaired BCR signaling in both SLL/CLL and MZL
patient samples (paper I). Both proximal signaling molecules like p-SFK, p-SYK/p-
ZAP-70 and p-PLCy and the distal signaling molecule p-ERK had low expression in
both SLL/CLL and MZL lymphoma B cells, when compared to normal B cells.
Furthermore, we found reduced levels of surface IgM and CD79b in CLL/SLL
lymphoma cells, and both IgM and CD79b expression correlated with anti-BCR
activated p-PLCy signaling (paper I). Of note, measuring B-cell signaling capability
after BCR cross-linking in vitro will be influenced by the in vivo activation status at the
time the sample was acquired. Hence, if the BCR recently had been activated in vivo,
this might have induced internalization of the BCR, making the cells less responsive

to the following in vitro BCR-induced signaling.
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This is supported by our data, showing reduced surface IgM and CD79b expression
in SLL/CLL cells (paper I). Others have also found surface IgM expression to vary
considerably among primary CLL samples, and a subset of patients had markedly
decreased IgM expression on the malignant cells (126-128). It has been reported an
association between IgM expression and BCR signaling capacity in CLL (131). Low
expression of CD79b in CLL cells has also been reported previously (256). CLL
tumor cells which are unresponsive to anti-IlgM, can respond to anti-CD79a
treatment, indicating a deficit in signal transmission from the BCR to CD79a/b (129).
However, since a subgroup of CLL samples was unresponsive to activation with anti-
CD79a, a potential defect further downstream in the BCR signaling pathway is also
possible (129). Furthermore, the cell-autonomous Ca?*-signaling independent of
extrinsic antigens shown in CLL cells (241) further suggests that impaired BCR-
signaling response upon in vitro re-activation could be due to a recent in vivo

activation.

There are also other possible explanations for the impaired BCR signaling response
in SLL/CLL and MZL malignant B cells. Potential mechanisms of impaired BCR
signaling in malignant B cells might include high constitutive signaling, increased
negative regulation, or loss-of-function mutation of a proximal kinase, such as SYK or
SFKs. If an increase in negative regulation was responsible for impaired BCR
signaling in malignant B cells, this signaling defect might be reversed by inhibiting
tyrosine phosphatases that fine-tune BCR signaling, such as CD45, CD22-associated
SHP-1, or PTPROt (51, 57, 257-259). However, if BCR signaling were impaired
through loss of kinase function, signaling in malignant B cells would not be restored
by phosphatase inhibition. Of note, inhibition of BCR signaling in the malignant B cell
was significantly reversed when BCR was engaged in the presence of H202. Adding
H202 alone in FL triggered no significant signaling (257). In FL it has been
demonstrated that anti-BCR+H202 induced ERK and p38 signaling was blocked by
the SYK inhibitor R406, in contrast to no effect by SYK inhibitor on PMA induced p-
ERK signaling (195). Therefore, the framework for BCR-dependent signaling
remained intact in these cells. Taken together, these results indicate that BCR
signaling was not permanently lost and that the impaired BCR signaling was
reversible in the malignant B cells generally and especially in the BCR insensitive

population (195).
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The observation that BCR signaling in SLL/CLL and MZL was restored when H202
was added together with BCR cross-linking can partially be explained by high levels
of negatively regulating protein tyrosine phosphatases (PTPs) in lymphoma samples
(paper I). Normal BCR signaling is dependent on a balance between PTK and protein
tyrosine phosphatases that attenuate signaling. Stimulation of the BCR results in
generation of H202 that leads to an inhibition of PTPs (51). The addition of H202 as a
stimulus by itself does not induce signaling (57). Overexpression of the BCR
regulating phosphatase PTPROTt inhibited proliferation of lymphoma cell lines and
resulted in increased apoptosis (259). However, it has been demonstrated that
reduction of reactive oxygen species (ROS) like H202 in ataxia telangiectasia (ATM) -
"~ 'mice prevented lymphomagenesis (260). So far, there are few available data about
the magnitude and function of ROS in lymphoma B cells. We observed that malignant
B cells in SLL/CLL and MZL patient samples had sustained BCR induced signaling.
This has previously also been reported for FL (257), but the reason for this is

currently unknown.

We did not detect significant differences in BCR-induced signaling between
unmutated and mutated SLL/CLL, possibly due to small sample size (paper ). BCR
signaling in CLL are known to be heterogeneous among patients. CLL patients with
unmutated BCR have increased global tyrosine phosphorylation (129), increased
progression into G1 (130), and increased intracellular Ca?*-signaling after BCR
stimulation (261). In addition, B-CLL cells expressing ZAP-70 had increased BCR
signaling and also increased levels of phosphorylated CD79b following anti-BCR
treatment compared to CLL cells with no ZAP-70 expression (107). Unmutated CLL
cells have higher levels of p-ERK after BCR stimulation compared to mutated CLL
(262). As p-ERK signaling was more prominent in CLL with adverse prognostic

marker this points to a role for p-ERK in CLL pathophysiology (263).

The term anergy, defined as a state of reduced responsiveness to BCR activation, is
used to describe the tumor cell status in B-CLL cells. It is characterized by

reversibility and points to in vivo antigen-induced modulation of BCR. Different levels
of anergy in unmutated and mutated B-CLL cells may influence clinical course (131).

In a proportion of patients BCR signaling in malignant B-CLL cells is shown to be
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down-modulated (129, 131). There is a strong tendency for the anergic profile with
surface IgM downmodulation and impaired signaling to be in the CLL patients with a
good prognosis, especially in mutated CLL and/or ZAP-70 negative samples (102,
129-131, 261, 263-265).

Increased BCR signaling have been demonstrated to be associated with shorter time
to first treatment in a cohort of CLL patients (266). Recently, a study on malignant B
cells from CLL patients demonstrated highly heterogeneous BCR signaling after
combined anti-BCR and H202 stimulation. A model with phospho-response signature
stratified CLL patient’s cohort into clinically relevant subgroups where patients whose
malignant B cells responded to BCR activation with high responsiveness required

treatment after shorter periods of expectant monitoring (267).

The impaired BCR signaling in SLL/CLL discovered in paper | was based on MFI of
the total malignant B cell population. However, this analysis could not distinguish
between uniform low signaling response in all malignant cells, or high signaling in
only a subset of cells (heterogeneous signaling response). A recent publication in FL
using phospho-specific flow cytometry and per-cell analysis revealed that FL patients
having a large fraction of their tumor cells being non-responsive to BCR crosslinking,
had an inferior clinical outcome (195). Importantly, per-cell analysis in SLL/CLL and
MZL also revealed a subpopulation of lymphoma B cells with no apparent signaling
after BCR stimulation and the frequency of this specific BCR insensitive lymphoma B
cell subpopulation in SLL/CLL and MZL patients were associated with a shortened
OS (paper II). Of note, there is previously demonstrated evidence of intraclonal
heterogeneity in CLL (268). Heterogeneous BCR signaling within individual samples
from CLL patients have previously been reported. Ca?* flux as a marker for BCR
signaling were highly variable ranging from less than 5% responding cells to almost
100% across a population of CLL patients (131). Analysis of subgroups within B-CLL
cells from patients have demonstrated that a subgroup with low p-PLCy and p-ERK
signaling after BCR activation had low IgM expression and contained cells with
highest Ki-67 expression (269). High levels of Ki-67+ cells circulating in plasma are
shown to be correlated shorter survival in CLL patients, and interestingly this finding
was independent on IGHV mutation in multivariate analysis (270). CLL patients with

unusual clinical regression after more than 10 years of follow-up showed that BCR
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signaling pathway genes are overrepresented in the CLL clones with spontaneous
regression (271). In CLL patients, a defined side population of leukemia cells with
phenotypic and cytogenetic hallmarks of B-CLL has recently been demonstrated to
be chemo-resistant even before therapy (272). However, this B-CLL side population
is considerably smaller than the subpopulation of BCR insensitive lymphoma cells
demonstrated here. It therefore remains unknown whether there is a functional
relationship between these two subpopulations of lymphoma B cells. High BCR
signaling capacity has been associated with an unmutated IGHV status in CLL (129,
273, 274), in contrast to SLL and MZL where there are reported no significant
difference in OS between patients with unmutated and mutated IGHV (275, 276).
IGHV mutational status did not predict OS in our SLL/MZL patient cohort, nor was it

associated with the prevalence of the BCR insensitive lymphoma subset (paper II).

4.2.3 Activated CD40 signaling in lymphoma cells

Proliferation of B-CLL cells require more than antigen activation of BCR, and for
normal B cells the most important co-stimulus comes from CD40 stimulation and
additional cytokines, both from CD4* T helper cells in the lymph node
microenvironment (277). CD40 signaling has potential to contribute to drive leukemic
cell proliferation in the lymph node microenvironment, as autologous T cells can
induce proliferation of B-CLL cells with combined CD40L and IL-21 stimulation (194,
278). In normal B cells, CD40L stimulation resulted in increase in p-p65 (NF-kB), p-
S6, p-p38, and to a lesser extent p-ERK (paper I). Malignant B cells from SLL/CLL
showed significantly impaired p-ERK, p-p38 and p-S6 after CD40L stimulation,
whereas malignant B cells from MZL had significantly less p-ERK and p-p38 relative
to normal B cells (paper I). Altogether, CD40L signaling was partly impaired in
malignant B cells from SLL/CLL and MZL patients and was characterized by
diminished p38 phosphorylation. The reason for impaired p-p38 expression in
SLL/CLL and MZL lymphoma B cells is not known, but likely provides improved
survival for the malignant cells. Activation of p38 has a pro-apoptotic function in CLL
cells, and earlier work has shown that rituximab-induced apoptosis is dependent on
phosphorylation of p38 (279). Furthermore, recent work in primary CLL cells

illustrates that chemotherapy-induced up-regulation of the pro-apoptotic protein
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NOXA is at least partly dependent on p38 (280). Thus, loss of p38 function is likely to

give the tumor cells a survival advantage.

In contrast to the overall weak CD40L induced phosphorylation of p38 in malignant B
cells, p-p65 (NF-kB) expression was markedly heterogeneous in SLL/CLL and MZL,
but similar to the observed variation in healthy donor B cells. This finding is in
accordance with earlier work where lymphoma B cells from CLL patients were
heterogeneous in basal- as well as activation-induced NF-kB (254). This has
potentially clinical implications as a correlation between the NF-kB subunit Rel-A
(p65) DNA binding in CLL cells and lymphocyte doubling time was identified, and
Rel-A DNA binding was positively correlated with in vitro resistance to fludarabine
(254).

Recently, it was reported that high p-p65 in response to CD40L in FL patients
samples correlated to better prognosis (195). In contrast, CD40L stimulation of B-CLL
cells induced expression of micro-RNA 155, a critical regulator of post-transcriptional
gene expression demonstrated to be an independent adverse prognostic marker in
CLL (281). In this study CD40L stimulated malignant B-CLL cells had increased
microRNA-155 expression, reduced expression of the phosphatase SHIP1, and
enhanced BCR activated Ca?*-signaling (281). We therefore examined CD40L
induced signaling in lymphoma B cells, and correlated relative MFI to patient survival.
We found that SLL/CLL and MZL patients with malignant B cells with higher than
cohort median MFI of p-p65 (NF-kB) and p-S6 in response to CD40L had a better OS
(paper I). This interesting observation about CD40 signaling and its importance for
cell survival have previously been reported in CLL. Autologous B-CLL cells
transfected with human or murine CD154 (CD40L) to achieve CD40 cross-linking
showed enhanced susceptibility to death-receptor-mediated or drug-induced
apoptosis (282), and induced anti-leukemic immune responses (283). Of note, Irish et
al investigated CD40 signaling within the BCR-insensitive cell subset and found it to
be intact. These data provided evidence that altered CD40 signaling might support
tumor maintenance in patients wherein clinical outcome was not determined by levels

of BCR insensitive population alone (195).
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4.2.3 Bone marrow angiogenesis in multiple myeloma

Aberrant angiogenesis is one of the important hallmarks in the multistep
pathogenesis of MM disease progression (153). Recruitment of VEGFR2* EPC and
VEGFR1" hematopoietic precursor cells from bone marrow is central in complex
process of malignant angiogenesis (181). However, the importance of EPC in MM or
B cell ymphoma progression and clinical outcome is not clear. We found that high
number of CD34*VEGFR2*CD133*" EPC with high ALDH activity in PBSC grafts
predicted adverse outcome in MM, but not in NHL patients (paper lll). Interestingly,
we did not detect significant differences in the amount of EPC within PBSC grafts
from NHL and MM patients although PBSC grafts were mobilized with different
protocols in the two cohorts. This observation is in line with previous work showing
that there was no significant difference in EPC levels between MM and NHL after
mobilization to peripheral blood by cyclophosphamide and G-CSF (284). Unlike for
MM, we could not observe any trends towards worse outcome in NHL patients with
high levels of EPC, although this result could be due to the small cohort of NHL
Accordingly, the role of angiogenesis in DLBCL measured by microvessel density
has shown different results in regard to clinical outcome (170, 171). In contrast to
NHL, MM cells grow and expand almost exclusively in the bone marrow (172), and

both osteoblastic and vascular niches can support the proliferation of MM cells (173).

EPC level in stem cell grafts was associated with increased pre-treatment s-32M in
the MM cohort (paper Ill). Of importance, we found a correlation between EPC in
PBSC grafts and s-32M in the MM cohort. S-p2M is a marker of tumor cell burden
and an important prognostic factor in MM (285-288). The association between the
levels of EPC in PBSC grafts and s- B2M in peripheral blood at time of diagnosis are
concordant with previous studies in MM, which have reported a correlation between
s- B2M and circulating endothelial cells (289), or circulating EPC (290). It is an
unsolved question whether levels of EPC in stem cell grafts has a direct effect on
relapse or purely acts as a surrogate marker. The correlation s- f2M before treatment
and EPC in the graft could indicate that MM patients with high tumor load at baseline
mobilize more EPC together with PBSC.

We defined EPC as progenitor cells with high intracellular ALDH expression
combined with the phenotypic surface markers CD34, CD133 and VEGFR2 (paper
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[1). Although the properties of EPC to differentiate into mature endothelial cells in
vitro and to contribute to vessel formation after transplantation was described more
than a decade ago (180), no consensus has been reached regarding a uniform
definition of EPC. EPC characterized as CD34*CD133*VEGFR2* has previously
been identified in NHL and MM (284), non-small cell lung cancer (291, 292),
myelofibrosis with myeloid metaplasia (293), and glioma (294). However, there are
controversies if CD34*VEGFR2*CD133" cells have angiogenic or hematopoietic
capacities (295). These markers are also demonstrated to be expressed on
hematopoietic stem- and progenitor cells, making it difficult to distinguish between
endothelial and hematopoietic progenitors (296-298). Furthermore, ALDH"CD133*
cells have ability of multi-lineage reconstitution and possessed long-term
repopulating ability in secondary murine recipients (188). Therefore, high ALDH
activity is a functional marker of both hematopoietic and non-hematopoietic bone
marrow derived progenitor cells (186). Some recent studies characterized EPC solely
as ALDH" or as CD34*CD133" cells (189, 190). Of note, the process of angiogenesis
is still incompletely understood as both HSC and non-hematopoietic cells can be

transplanted to augment vascularization in mice (299-301).
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5. Conclusion

Papers | and Il provides comprehensive information about differences in BCR
signaling in samples from SLL/CLL and MZL patients compared to normal Band T
cells. Although we did not identify unique signaling profiles that could distinguish
SLL/CLL from MZL, we identified contrasting signaling abnormalities in the lymphoma
B cells when compared to normal B cells. Further studies using single-cell phospho-
specific flow cytometry to obtain patient specific signaling aberrations could provide
an opportunity to personalize inhibitor treatment in B cell ymphoma patients.
Although BCR signaling in CLL is well characterized and on-going studies are
expected to expand our knowledge about new targets for therapy, it is less
knowledge about BCR signaling in MZL. In addition, even if the field of BCR signaling
in both normal B cells and malignant B-CLL cells has evolved over a decade, it is
only limited knowledge regarding intraclonal heterogeneity of malignant B cells in
lymphoma and leukemia, and how they potentially can expand over time following
successive therapies and tumor cell progression. The work presented in paper Il
demonstrated that it can be especially valuable to combine phenotypic surface
markers with an input stimulus and measure induced phosphorylation in order to
dissect subset of malignant B cells from patient's samples rather than only measuring

homeostatic states of such pathways in the whole tumor cell population.

Paper lll is the first one to comprehensively study the impact of EPC in autografts
from NHL and MM and to demonstrate that EPC have impact on MM patient’s overall
survival after ASCT. However, the conclusion of the study is weakened by the limited
number of patients included. In addition, we did not have information of cytogenetic
abnormalities in MM cells and how this might could influence EPC. Finally, in order to
gain a better insight whether the increased numbers of EPCs in the autografts is a
surrogate marker of poor prognosis and survival or facilitate relapse by direct action,
future EPC protocols should consider to study the presence of contaminating MM
cells checking the number of CD138* cells, stromal cells and regulatory T cells in the
autograft together to the number of EPC, and to analyze whether the presence these

factors influence EPC or have impact on the PFS and OS.
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