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GENERAL INTRODUCTION

Immune system

Our immune system protects us against pathogens. The first line of defense consists
of mechanical barriers, like impenetrable epithelia, the acidic environment of the
stomach and antibacterial substances in body fluids. When a pathogen evades
these barriers, the immune system is activated. All leukocytes (white blood cells)
participate in the immune system, which mechanistically can be divided in two parts,
the innate and the adaptive immune system.

Evolutionary, the innate immune system is the oldest of the two parts. It
consists of cellular components (e.g. macrophages, granulocytes, natural Killer
cells and platelets) and liver-derived humoral components (e.g. complement,
kinin, and coagulation systems). Upon infection, these components orchestrate
the inflammatory reaction, resulting in access for immune cells and components to
the inflamed tissue, killing of the pathogens, prevention of pathogen dissemination,
clearance of pathogens and damaged cells, and repair of damaged tissues. Cells
of the innate immune system express receptors that recognize structural patterns
of damaged cells (damage-associated molecular pattern receptors) and pathogens
(pathogen-associated molecular pattern receptors). In addition, the complement
system targets damaged cells and pathogens in a nonspecific manner. During
evolution, many pathogens acquired means to evade these recognition mechanisms.
Higher organisms (vertebrates) therefore developed an adaptive immune system to
beat these pathogens.

The adaptive immune system is an extension of the innate immune system,
rather than a separate system. In most cases, it is activated by innate cells (antigen
presenting cells). The adaptive immune system consists of cellular components (T
cells) and humoral components (B cell-derived antibodies). When a T cell recognizes
an antigen, it can kill the (infected) cell directly (cluster of differentiation 8 positive
(CD8*) T cells) or activate other cells of the immune system (CD4* T cells). When
an antibody recognizes an antigen, it can use components of the innate immune
system (e.g. complement or phagocytes) to kill or clear its target. Furthermore, an
antibody can neutralize a virus or toxin directly by blocking its interaction with the
targeted cell. In contrast to the innate recognition receptors, T cell receptors and
antibodies recognize one specific epitope. They develop via random gene segment
recombination and mutation, and by negative (against self-antigens) and positive
(against pathogenic antigens) selection. In addition, a characteristic property of the
adaptive immune system is the development of memory, enabling quick clearance
upon re-exposure to known pathogens and rapid adaption to mutated pathogens.
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Normal B cells

B cells are lymphocytes that express and produce antibodies. Characteristic of B cells
is their B-cell antigen receptor (BCR), the membrane bound form of an antibody. At
the final differentiated, plasma cell stage, the intracellular part of the BCR is removed
by alternative splicing, enabling the BCR to be secreted as soluble antibody.

B cell development

B cell development is a complex and unique process, which includes rearrangements
and mutations in DNA, enabling production of antibodies against virtually every
existing (bio)molecule. In mammals, early B cell development occurs in the bone
marrow (Fig. 1). The hematopoietic stem cell is the ancestor of all blood cells,
including lymphocytes. Via induction of the transcription factor Ikaros, hematopoietic
stem cells differentiate into the lymphoid lineage," and via induction of E2A and
PAX5, the B cell lineage is determined.?

A key event in early B cell differentiation is the formation of the BCR, a
process called V(D)J-recombination.® The immunoglobulin gene of the heavy chain
consists of variable (V), diverse (D) and joining (J) gene segments, and the light chain
of multiple V and J gene segments. Recombination activating genes (RAG) 1 and
2 make double stranded breaks in recombination signal sequences (RSS) between
the gene segments. Subsequently, the gene segments are ligated via the error prone
non-homologous end joining mechanism. In addition, terminal deoxynucleotidyl
transferase can add additional nucleotides between the gene segments. Via these
mechanisms highly diverse antibodies can be generated.

At first, the pro-B cell starts to recombine their heavy chain locus. One D
and one J gene segment (pre-pro-B cells), and subsequently one V gene segment
are recombined (in pro-B cell).® The chance of a correct reading frame is one out of
three. When the reading frame is not correct, and therefore a full length heavy chain
molecule cannot be made, the recombination is edited. Alternatively, the other allele
is used. If this results in an expressible protein, the heavy chain will be expressed
together with the surrogate light chain.*

The surrogate light chain has the property to bind to a constant region of
the immunoglobulin M (IgM) heavy chain.® This results in (subtle) pre-B cell receptor
signaling, that suppresses further recombination and induces proliferation (large
pre-B cell). Subsequently the recombination of the light chain is initiated (small pre-B
cell).

For the light chains, there are 2 genes, k and A, and thus 4 loci. First the
K loci are rearranged, and if these two fail, the A locus is rearranged.® Since there
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GENERAL INTRODUCTION

is a 1/3 chance for a good reading frame, about 2/3 of B cells are k and 1/3 is
A.” Together, the light chain and the heavy chain form a unique BCR. The BCR
is expressed on the membrane and signals to stop the light chain rearrangement.
When BCR-mediated signaling is too strong, in case of (pre)BCR recognition of an

Bone marrow Thymus
i Q Q
CB2-ligands
Myeloid lineage T cell lineage
cML T-ALL Pre B cell receptor 1gM

HSC CLP Pre-pro B cell Pro B cell Large pre B cell
MDS B-ALL

19G IgM
IgA cxcLi2 S1P 19G
IgM € IgA

IgE

Plasma cell
¥ cxcLiz
Plasmablast
ABC-DLBCL

Memory cell Centrocyte Centroblast

FL Germinal center °-

GC-DLBCL

Lymph node

k

AT | Derived from T cell dependent
St | marginal zone B cell
‘memory cell

CXCL13
CcCL19/21
Oxysterols

Figure 1. B cell differentiation, homing, and related lymphomas/leukemias

B cells originate from hematopoietic stem cells in the bone marrow. First they develop their BCRs by
V(D)J recombination, and subsequently move to the spleen. In the spleen they differentiate into T-cell
dependent or independent B cells. Upon antigen encounter, both types will produce antibody secreting
plasma cells. T-cell dependent B cells form germinal centers. The result of a germinal center reaction is
the production of memory and plasma cells with high affinity BCRs/antibodies. The germinal center is
also the major place where class switch recombination takes place, however, T-cell independent B cells
can do it too. A fraction of the plasma cells move back to the bone marrow as long-lived plasma cells.
These journeys are regulated by different kind of chemokines (shown in blue). B cell stages which are
able to proliferate are indicated with an intracellular arrow. Every stage of differentiation has their own
characteristic malignant counterpart (shown in red). Some counterparts are a matter of debate. See text
for details. Lymphoma/leukemia abbreviations: MDS, myelodysplastic syndrome; CML, chronic myeloid
leukemia; AML, acute myeloid leukemia; ALL, acute lymphocytic leukemia (T: T cell-derived, B: B cell-
derived); CLL, chronic lymphocytic leukemia (UM: unmutated BCR, M: mutated BCR); MCL, mantle cell
lymphoma; BL, Burkitt lymphoma; HL, Hodgkin lymphoma; DLBCL diffuse large B cell lymphoma (GC:
germinal center-type, ABC: activated B cell-type); FL, follicular lymphoma; HCL, hairy cell lymphoma;
WM, Waldenstrom macroglobulinemia; MALTL, mucosa-associated lymphoid tissue lymphoma; NMZL,
nodal marginal zone lymphoma; SMZL, splenic marginal zone lymphoma; MM, multiple myeloma.
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auto-antigen, the receptor is either edited, or the B cell is eliminated, preventing
autoimmune disease.58

When the BCR is expressed successfully, immature B cells leave the bone
marrow as transitional B cells and migrate to the spleen. Here, these cells are again
negatively selected for autoreactivity before they become mature B cells.® Via B-cell
activating factor (BAFF) signaling the B cells are protected against FAS (CD95)-
mediated apoptosis.®'® Most transitional B cells become T cell-dependent follicular
B cells (in mice called B2 cells)." Mature naive B cells express BCRs of the IgM and
IgD isotype. These naive B cells recirculate between B cell follicles in secondary
lymphoid organs (lymph nodes, spleen, etc.). Another subset of B cells differentiate
into T cell independent B cells via Notch2 signaling.'> These are marginal zone B
cells, located in the marginal zone of the spleen. In humans, they can also recirculate
to mucosa-associated lymphoid tissues, while in mice, they only stay in the spleen.
The marginal zone B cells are responsible for the natural antibody repertoire.™
These B cells quickly become activated upon bacterial infections, due to massive
crosslinking of their BCRs and induction of Toll-like receptor (TLR) signaling.' They
differentiate into plasma cells, and produce low affinity IgM antibodies as a quick
response to the infection. These plasma cells are long-lived and are also located in
the spleen.’ Human marginal zone B cells can form germinal centers, and undergo
somatic hypermutation, and can also switch their immunoglobin isotype to IgA or
IgG, and are therefore unlikely to be T cell independent.'® In mice, also other T
cell independent B cells have been identified, the B1 cells." They are abundantly
present in the peritoneal and pleural cavities, but their presence in humans remains
controversial.

B cell lymphopoiesis takes place throughout life, however, the incidence of
B-cell derived acute lymphocytic lymphoma (B-ALL) in childhood suggests that most
B cell development takes place early in life. In adults, 0.46% of the naive B cells are
newly synthesized every day," suggesting that B-cells have an average lifespan of
200 days. This indicates that the B cell repertoire is continuously refreshed.

Germinal center reaction
When conventional naive B cells recognize an encountered antigen, they become
activated, eventually leading to maturation into specific antibody secreting plasma
cells and non-secreting memory cells (Fig. 1). The germinal center, where the BCRs
are mutated and selected, plays a crucial role in the development of high affinity
antibodies against antigens.

Antigens enter lymph nodes via the lymph fluid, which drains from the
tissues via afferent lymph vessels into the subcapsular sinus.’®'® In the lymph
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GENERAL INTRODUCTION

node, the lymph fluid drains from the subcapsular sinus via the B cell follicles to the
lymph node medulla, and subsequently via efferent lymph vessels to the blood.'®
Small antigens opsonized by complement factors are trapped by follicular dendritic
cells in the B cell follicles. Large antigens are presented to B cells by subcapsular
sinus macrophages, which are lining the border of the subcapsular sinus and B cell
follicles.?’ Antigens that are not trapped, are cleared by macrophages in the medulla,
ensuring that the lymph fluid flowing back into blood is clean. In the B cell follicles,
the B cells recognize the antigens via their BCRs. The complement receptor CD21
together with CD19 and CD81 on the B cells act as a co-receptor for the BCR.
Hereby, opsonization of antigens by complement facilitates BCR signaling.2'22

When the B cell binds a specific antigen, the BCR-antigen complex is
internalized by endocytosis and transported to lysosomes. The antigen is degraded,
and the components of the pathogen are presented to TLRs. Human B cells have
high expression of intracellular TLR7 and -9, which recognizes ssRNA and CpG
(DNA), respectively.z B cells also express TLR10, but the ligand remains elusive.
In this way, the B cell identifies the nature of the antigen. TLR signaling induces
nuclear factor kappa B (NFkB) activation, which facilitates BCR signaling. From the
lysosomes, peptides of the degraded antigen are presented to T cells at the plasma
membrane on major histocompatibility complex (MHC) class Il molecules.?® This can
be a totally different epitope or molecule than recognized by the BCR. Subsequently,
cognate T cells, which are already activated by dendritic cells, stimulate the B cells
via co-stimulatory molecules, CD40L (CD154), which is also a strong inducer of
NFkB activation, and interleukin 4 (IL4) and IL21, which induce B cell proliferation
and survival, respectively. Without co-stimulation, activated B cells die or become
anergic to prevent auto immune disease. Inactivating mutations of CD40 or CD40L
cause hyper IgM syndrome due to impaired costimulation resulting in absence of
germinal centers and class switch recombination.?6:27

When B cells are activated, they start proliferating. Initially, part of the
progeny differentiates into plasma cells, which move to the medullary cords of the
lymph node? and provide the lymph fluid IgM antibodies, that quickly flow into the
blood stream and are recruited to the sites of inflammation.

Other progeny of the activated B cells form a germinal center. This is a
specialized niche within the B cell follicles where plasma and memory cells with high
affinity antibodies/BCRs are developed. Germinal centers are specific for the T cell-
dependent B cells. Germinal centers starts with tens to hundreds of different B cell
clones.? The differentiation of activated B cell into germinal center B cells is induced
by the master regulator B-cell lymphoma 6 (BCL6).2° BCL6 promotes proliferation
and inhibits plasma cell differentiation. In addition, it inhibits apoptosis, in order to
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allow the occurrence of DNA mutations (somatic hypermutation).

Histological, the germinal center is divided in a dark and a light zone.*
The dark zone has a much higher density of B cells than the light zone. The dark
zone consists of dividing B cells, called centroblasts. Here, the B cells mutate
their immunoglobulin genes in a process called somatic hypermutation, which is
dependent on activation-induced (cytidine) deaminase (AID).3? AID deaminates a
cytidine to an uracil. Via error prone base excision repair, this leads to mutation
in G:C base pairs (~40%), and via error prone mismatch repair, in A:T base pairs
(~60%).% AID-mediated mutations are localized in hotspots. Somatic hypermutation
appears at high frequencies at the V(D)J region,*® the domains of the BCR which
recognizes its antigen. AID is active in the G, phase and is quickly degraded upon
G,-S transition.** After some rounds of cell division and somatic hypermutation,
the cells move to the light zone and stay there for several hours.® The B cells in
the light zone are smaller and are called centrocytes.®' Centrocytes stop dividing
and upregulate proteins involved in antigen presentation. Inhibition of forkhead box
O transcription factors (FOXOs) by phosphoinositide-3-kinase (PI3K) activity is
associated with centrocytic differentiation.®® A recent study shows that centroblast-
centrocyte transition is regulated by B cell intrinsic mechanisms, rather than by
extracellular cues.®”

In the light zone, apart from B cells, follicular dendritic cells, T cells, and
macrophages are abundantly present. Via complement- and Fc-receptors, follicular
dendritic cells present the antigen on their surface to the centrocytes. The cells with
improved affinity BCRs are better antigen presenting cells that centrocytes with low
affinity BCRs. Follicular T helper cells recognize loaded MHC class Il molecules
and prevent these centrocytes from apoptosis via costimulatory molecules, like
CD40L and 1L21.% Centrocytes with poorly loaded MHC class Il get FAS-mediated
apoptosis signals.3®“° A histological study showed that FASL (CD95L) is expressed
by follicular dendritic cells, rather than by T cells.*’ Most mutations in the BCR
will result in low affinity BCRs, therefore most centrocytes are intended to die.
Interestingly, patients and mice with hyper IgM syndrome due to AID mutations have
giant germinal centers.*? This is explained by the lack of somatic hypermutation and,
as a consequence, lack of incorrectly mutated BCRs. The apoptotic B cells in the
light zone are cleared by tingible body macrophages.*®

The surviving centrocytes have the opportunity to change the isotype of
the BCR, a process called class switch recombination,®? which is also mediated by
AID. AID makes nicks in Switch (S) regions, resulting in double stranded breaks.
The free ends of the DNA are ligated by non-homologous end joining, by which the
intervening DNA between the S regions is cut out of the chromosome. This makes

16



GENERAL INTRODUCTION

class switch recombination irreversible. The two ends of the remaining small DNA
fragment are religated, thereby forming circular DNA, which is not replicated and is
therefore diluted during each cell division. A comparable mechanism also occurs
during RAG-mediated V(D)J-recombination. Quantification of these circular DNA
fragments in B cell populations reveals the number of cell divisions.* After light
chain recombination (small pre-B cell stage), the post-germinal center memory and
plasma cells of children have passed on average 8 cell divisions, and memory cells
of adults on average 11 cell divisions, while naive B cells have passed only 2 division
in both children and adults.*® This suggests that most B cell proliferation takes place
during a germinal center reaction.

Class switch recombination is regulated cytokines produced by follicular T
helper cells.*547 The type of T helper cell, and therefore the cytokines they produce,
is previously determined by dendritic cells.*® Human IgM cells can switch to IgG1,
-2a, -2b, -3 or -4, IgA or IgE.*® The different isotypes have different half-lives, ranging
from 2 days (IgE) to 20 days (IgG).%° They vary in multimerization, ranging from
monomeric (IgG) to pentameric (IgM). They also have different immunological
properties: some are better in recruiting the complement system (complement-
dependent cytotoxicity; CDC), whereas others are recognized by isotype specific Fc-
receptors on phagocytes and natural killer cells (antibody-dependent cell-mediated
cytotoxicity; ADCC). Certain isotypes have a specialized function. IgA is suitable for
secretion in mucosa and body fluids, like in intestinal fluids or tear fluids, and thereby
preventing infections. IgG can pass the placental barrier, to protect the fetus against
pathogens. IgE is involved in mast cell activation which leads to defense against
parasites, but also to allergic reactions. The most common switched isotype is IgG1
(70%), which is involved in the defense against bacteria, viruses and yeasts. It can
neutralize antigens and is involved in CDC and ADCC.°

After class switch recombination, centrocytes differentiate into plasma
cells or memory cells. Cells with the highest affinity BCRs differentiate into plasma
blasts/plasma cells, and cells with lower affinity BCRs differentiate into memory
cells.5"® Plasma blasts move via the outer T zone to the medullary cords of the
lymph node.%® Here, after some cell divisions, they become antibody-secreting
terminally differentiated plasma cells. In the medullary cord, they are supported by
macrophages which produces the survival factors IL6 and a proliferation-inducing
ligand (APRIL).®® Some of these plasma cells migrate to the bone marrow and reside
there as long-lived plasma cells.5* These plasma cells can survive for more than 10
years, and constantly produce antibodies, whereby a second exposure to the same
antigen is quickly restrained. To keep the antibody repertoire up to date throughout
life, old plasma cells in the bone marrow niche are out competed by new plasma cells.*®
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Memory cells recirculate, and upon second exposure of the same antigen, quickly
differentiate into plasma cells under the control of memory helper T cells.® Memory
cells (especially IgM memory cells)?” can also form new germinal centers to optimize
the BCR affinity, enabling them to adapt to evolving pathogens. For this reason,
memory cells add value to the memory facilitated by long-lived plasma cells. In
secondary lymphoid tissues, memory cells are localized at strategic locations, such
as the mucosal epithelium of the tonsils.%®® Hereby, the antigens first passage the
memory cells and then drain trough the primary follicles containing naive B cells.

To improve BCR affinity, centrocytes can also dedifferentiate into
centroblasts and regain somatic hypermutation.>® This process is called affinity
maturation. Centrocytes with high affinity BCRs can transiently express c-MYC,
which reprograms the centrocytes to become centroblasts.®%" Abrogation of c-MYC
expression induces germinal centers collapse, so the reentry of a germinal center
cycle (from centrocytes to centroblasts) maintains the germinal center. On average,
a germinal center reaction takes about one month, but the duration varies strongly,
dependent on the type of antigen. Once the antigen is defeated, antigen presentation
in the germinal center stops, therefore T cells cease their survival signals and the
germinal center reaction ends.5?

B cell traffic

As described in the previous paragraph, B cells develop in the bone marrow, then
migrate to the blood and recirculate between secondary lymphoid tissues. After
antigen encounter, long-lived plasma cells return to the bone marrow. The trafficking
and relocalization of B cells throughout the various developmental and differentiation
stages is mainly regulated by chemokines (Fig. 1).

Chemokines are divided in chemo-attractants and chemo-repellents. In B
cell traffic, only chemo-attractive chemokines are known. The chemokine family
involved in regulation of migration of B cells and other hematopoietic cells consists
of small secreted proteins with a characteristic cysteine motif. They are divided in
four subfamilies, the CXC-, CC-, C- and CX,C-chemokines.®® In most cases, the
CXC-chemokine members are homeostatic chemokines, which are responsible
for normal leukocyte recirculation. CC-chemokine members are inflammatory
chemokines, which attract leukocytes to inflammatory sites.® In tissues, chemokines
can be either soluble or bound to heparan sulphate proteoglycans (HSPG) or other
proteoglycans located in the extracellular matrix or on cell membranes.®® The
interaction of chemokines with HSPGs is important for retaining the chemokines
in tissues with flowing fluids, such as in the interstitial fluid flow or in the blood and
lymph flow. Chemokines can also bind to HSPGs expressed on the targeted cells,
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GENERAL INTRODUCTION

and are thereby presented to their cognate receptors on the membranes of these
cells.

The chemokine receptors are seven transmembrane G protein-coupled
receptors. They are also divided in CXC-, CC-, C- and CX,C-receptors, dependent
on the chemokines they bind. Most chemokines and chemokine receptors are
promiscuous, meaning that they can interact with different partners.% Most chemokine
pathways act in chemokine networks,® which are used for proper guiding of the
target cells in three dimensions.

The main chemokine in bone marrow is CXCL12, also known as stroma-
derived factor 1 (SDF1). It is produced by bone marrow stromal cells.”% The
main receptor for CXCL12 is CXCR4, which is expressed by all B cell subsets. An
alternative receptor is CXCRY7, but the significance of this receptor on hematopoietic
cells is unknown.® In B cells, CXCL12 induces activation of integrin a,,, which is
a receptor for fibronectin and vascular cell adhesion molecule 1 (VCAM1).7° Bone
marrow stromal cells have high VCAM1 expression, which keeps the developing B
cell in close contact with the stromal cell. Remarkably, in chimeric CXCR4 knockout
mice, in which CXCR4 is knocked out early during B cell development, the B cells
still differentiate and are not outcompeted by wild type cells.®’ It is possible that
blocking a chemokine receptor does not necessarily cause immobilization, but only
halts migration. Other chemokines involved in bone marrow organization are the
cannabinoid receptor 2 (CB2) agonists. A recent study showed that immature B
cells require CB2 for localization to the sinusoidal niche of the bone marrow.” In
this model, CXCR4 was dispensable for localization to the sinusoidal niche, but it
was required for localization to the bone marrow parenchyma. Once the B cell is
ready to leave the bone marrow, the sphingosine-1-phosphate receptor 1 (S1P1) is
expressed, which induces bone marrow egress.”

During B cell maturation, CXCR5 and CCR7 are expressed,” which are
the receptors for CXCL13 and CCL19/21 respectively. When B cells egress from
the bone marrow as transitional B cells, they first move to the spleen. They home
to the spleen through open arterioles, controlled by CXCRS5, which is an integrin
independent process.” After maturation in the spleen, the mature B cells upregulate
L-selectin.”™ Selectins are low affinity adhesion molecules, that bind sugar moieties
in a calcium dependent manner. Ligands of L-selectin are highly expressed in high
endothelial venules. These are blood vessels of specialized cuboidal endothelial
cells, present in all secondary lymphoid tissues, except the spleen. In lymph nodes,
high endothelial venules are localized in the paracortex. At these sites, B and T
lymphocytes migrate from blood into the lymph node.” During their rolling on the
endothelium, which is mediated by L-selectin, the B cells are slowed down. CXCL13
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and CCL19/21, presented by heparan sulfates on the surface of the high endothelial
cells,””"® stimulate passing B cells. This leads to activation of integrin a 8, (aka
lymphocyte function-associated antigen 1; LFA1) and a,3, (aka very late antigen
4; VVLA4), which bind to intercellular cell adhesion molecule 1 (ICAM1) and VCAM1
respectively, resulting in firm adhesion. Integrins are adhesion molecules, which
bind to extracellular matrix (ECM) components or cell surface proteins in a calcium
and magnesium dependent manner. Via these strong interactions, the lymphocyte
undergoes trans- or paracellular migration from the luminal side to the basal side of
the endothelial cell.

The role of CXCR4 in the circulation mature B cells is somewhat controversial.
Some studies show that CXCR4 is involved in homing to lymph nodes and Peyer
patches, 7 and even in egress from Peyer patches,® whereas other studies show
that CXCR4 signaling is inactivated in mature B cells via an unknown intrinsic
mechanism.®"82 The latter could explain why circulating mature B cells (with the
exception of plasma cells) do not home to the bone marrow, and why they are not
affected by CXCL12 expression in blood vessels, when it is executing its role in
blood vessel formation.83:84

Upon extravasation, B cells must migrate through tissue structures. First
they have to pass the basal lamina of the endothelium. For this purpose, B cells
remodel the basal lamina and other ECM components using the proteolytic enzyme
matrix metalloproteinase MMP9.% For trafficking through the tissues, lymphocytes
follow chemokine gradients. B cells home to the B cell follicles via CXCL13 and
oxysterols (EBI2 ligands) gradients and by using follicular dendritic cell networks.8:87
T cells home to T zones via CCL19/CCL21 gradients and by using the conduit system
(reticular fiber network).%

Upon chemokine binding, the chemokine receptoris internalized, whereby the
lymphocytes become insensitive to lymph node resident chemokines. Subsequently,
the B and T cells move, via the efferent lymph vessel, to the blood. This process
is independent of integrins,®%° and is controlled by the chemokine sphingosine-1-
phosphate (S1P), which is present In blood and lymph fluid.®® During this process,
the S1P1 receptor is internalized, and CXCR4, CXCR5 and CCRY7 are re-expressed,
enabling the lymphocytes to recirculate to other lymph nodes.

When a B or T cell recognize an antigen in the lymph node, they keep the
integrins in an activated state via the BCR/TCR controlled signaling. Additionally,
they express CD69, which inhibits S1P1,°' preventing egress from the lymph node.
Furthermore, activated T cells upregulate CXCRS5, enabling them to move to the
border of the B cell follicle, and activated B cells upregulate Epstein-Barr virus-
induced G protein-coupled receptor 2 (EBI2) and CCR7 allowing them to move to
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GENERAL INTRODUCTION

the border with the T cell zone.

During germinal center formation, CCR7 and EBI2 expression on B cells is
downregulated,®> whereas S1P2 expression is upregulated,® resulting in movement
ofthe B cells into the center of the follicle, initiating the germinal center reaction. Due to
increased membrane expression of CXCR4, the germinal center cells (centroblasts)
will retain in the dark zone.** In addition, hepatocyte growth factor (HGF) plays a
role in dark zone organization.® Via down regulation of CXCR4 and upregulation
of CXCRS5, the germinal center cells (centrocytes) move to the light zone.** In the
dark zone of the germinal center, CXCL12 is produced by reticular cells and, in the
light zone, CXCL13 by follicular dendritic cells.®”*® Both are highly branched cell
types contacting all B cells. The two cell types probably have a common origin,
since only chemokines and some receptors (like complement and Fc receptors) are
differentially expressed. These cells are already present in primary follicles as a
germinal center primordium.

At the end of the germinal center reaction, the produced plasma cells
gain CXCR4 expression and lose expression of CXCR5 and CCR?7,% resulting in
migration to the medulla of the lymph node and to the bone marrow. Some plasma
cell may home to other functional localizations, such as IgA-producing plasma cells
that home to mucosal sites. These plasma cells express integrin a,f,,% that binds to
MadCAM1, which is expressed on the endothelium of mucosal sites. The memory
cells, also derived from the germinal center reaction, retain CXCR4, CXCR5 and
CCRY expression, allowing recirculation between the lymphoid organs.®”

Other chemokine receptors involved in B cell and plasma cell homing are:
CCRO9 (intestines), CCR10 (salivary glands, trachea, mammary glands, intestines)
CCRG6 (Peyer patches), CXCR3 (inflamed tissues), and CB2 (marginal zone of the
spleen).®”

The malignant counterparts of B cells, B cell leukemias and lymphomas
imitate the homing and migration behavior of their non-malignant cells of origin, which
is orchestrated by their differential expression of chemokine receptors and integrins.
Most malignant B cells are very motile, making dissemination of the malignancy the
rule rather than the exception.

B cell malignancies

85% of hematopoietic malignancies are from of lymphoid origin. Of these lymphoid
malignancies, 95% is of B cell origin and only 5% of T cell origin.*® The explanation
for this overrepresentation of B-cell malignancies is that B cells undergo additional
somatic hypermutation and class switch recombination of the immunoglobulin genes,
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which can lead to DNA damage. Although T cells also undergo V(D)J recombination,
most T-cell development takes place during childhood, while B cell development
takes place throughout the entire lifespan.

Apart from the fact that leukemia is characterized by high lymphocyte
counts in the blood, there is no clear difference between the biology of leukemia
and lymphoma. Lymphomas can be divided into Hodgkin and non-Hodgkin
lymphoma (NHL). Hodgkin lymphoma is characterized by the presence of the large
multinucleated Reed-Sternberg cells. There are 4 subtypes of Hodgkin lymphoma
and more than 60 of NHL." As mentioned, B cell differentiation involves multiple
different stages. Each stage can give rise to specific malignancies (Fig. 1).%°

In most of these malignancies, the B cells do not lose their BCR expression,
because BCR signaling is an important survival pathway for B cells. Most BCRs of
lymphomas are IgM isotype, even post germinal center lymphomas. However, MM
cells, which do not express a BCR, produce mainly IgG or IgA antibodies. It has been
suggested that IgM BCRs strongly induce proliferation, whereas IgG BCRs mainly
promote plasma cell differentiation.’

Many lymphomas have characteristic translocations, especially involving
the immunoglobulin loci, resulting from aberrant V(D)J-recombination or class switch
recombination.®®* For example, BCL2 translocation is characteristic for follicular
lymphoma (FL) (BCL2 prevents FAS-mediated apoptosis in the germinal center),
MYC for Burkitt lymphoma (BL) (c-MYC induces reentry of the germinal center
reaction) and BCL6 for diffuse large B cell lymphoma (DLBCL) (BCL6 prevents
differentiation of germinal center B cells). The differentiation stage of the B cells at
which the translocation occurs decides which malignancy will develop: when CCND1
(cyclin D1) is translocated during V(D)J-recombination, it will result in mantle cell
lymphoma (MCL), but when translocated during class switch recombination, it will
result in multiple myeloma (MM), keeping the resting naive B cells or plasma cells in
cell cycle.

Another B cell specific process involved in lymphomagenesis is aberrant
somatic hypermutation, which is executed by the enzyme AID. Besides the
immunoglobulin genes, AID can also target other genes, such as BCL6, FAS, MB1
(CD79a), and B29 (CD798)."°2 Furthermore, mutations enhancing activity of the
NFkB pathway are especially oncogenic, including mutations in B29, CARD11 and
A20 mutations in DLBCL, and myeloid differentiation primary response gene 88
(MYD88)-mutations in DLBCL, Waldenstrdm macroglobulinemia (WM) and chronic
lymphocytic leukemia (CLL). This aberrant NFkB activity keeps the B cells in an
activated state.’®% The B cell malignancies studied in this thesis will be described
in more detail below.
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Chronic lymphocytic leukemia
CLL is characterized by an accumulation of malignant, small, mature B cells. CLL
cells are CD19*CD5*CD23*, which is used for diagnosing the disease.’® The
percentage of CD38* CLL cells is a marker for progression.' CLL cells express an
unmutated (UM) or a mutated (M) BCR, reflecting a pre- and post-germinal center B
cell origin, respectively.'”1% Expression of zeta-chain-associated protein kinase 70
(ZAPT70) is used as a biomarker for the unmutated form of CLL."® The exact B cell
counterpart is still unknown, but gene expression profiling and B cell differentiation
markers points towards memory cells or B1 cells."%'"" However, CLL cells do require
T cell help for proliferation, suggesting that CLL cells are not derived from the T cell
independent B1 cells. The expression of IgD on CLL cells also suggests that they
may be derived from naive B cells or marginal zone B cells."'? The tumors are located
in lymph nodes, bone marrow, spleen and blood. Symptoms are pancytopenia
(causing anemia, recurrent infections, and hemorrhage), enlarged lymph nodes and
abdominal pain due to spleen involvement. CLL can transform to an aggressive
DLBCL (Richter transformation), which worsens prognosis. The incidence of CLL in
the Netherlands is 700 cases per year (Nederlandse Vereniging voor Hematologie),
and the median age is >60 years. The current treatment of CLL consists of rituximab,
cyclophosphamide, chlorambucil, fludarabine, or lenalidomide, and/or allogeneic
stem cell transplantation, but the disease is still incurable. The survival rate depends
on the BCR mutation status. The patients with an unmutated BCR (ZAP70*) have
a worse prognosis (median survival is now 8 years) than those with mutated BCR
(ZAP70°) (median survival is now 25 years). The indolent subgroup does not always
require treatment.

CLL develops from a premalignant phase: monoclonal B cell lymphocytosis
(MBL), which is frequently observed in elderly people.'® MBL is usually asymptomatic
and does not easily transform to CLL. This premalignant condition is therefore
not treated. Translocations involving immunoglobulin loci are not present in CLL.
Common mutations are 17q deletions and 11q deletions involving TP53 and ATM,
respectively. Other recurrent mutations are found in NOTCH1, MYD88, BIRC3, and
SF3B1."'4"5 Some of these mutations are driver mutations, which are present in all
the malignant cells (such as MYD88), whereas others mediate treatment resistance
and will grow out upon treatment with chemotherapy (such as TP53)."% In a mouse
study employing xenotransplanted hematopoietic stem cells from CLL patients, the
mice developed MBL and CLL with different V(D)J-recombined BCR, suggesting that
these genetic predispositions were already present in the stem cell compartment.'®

CLL cells proliferate in proliferation centers,"” located in lymph nodes,
bone marrow and spleen, migrate to blood where they become quiescent, and
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subsequently die by apoptosis. Heavy water studies have shown that CLL cells
have a high turnover rate,'® and telomere length analysis demonstrated that blood-
derived CLL cells have undergone multiple cell division; UM-CLL more than M-CLL."*°
However, the clinical course is relatively indolent. Many drugs rather efficiently kill
blood derived CLL cells, but hardly affect the lymphoid tissue resident cells. This can
be explained by the fact that the lymphoid tissues form protective niches, where the
CLL cells are provided various survival and proliferation signals (Fig. 2).

Homing and retention in these microenvironments is mainly regulated by
chemokines, integrins and the BCR.'?%"2" CLL cells home from blood into lymph
nodes via the chemokines CCL19/21 and CXCL12/13 and the integrins a,, and o .

Fibronectin (ECM)

BAFF/
APRIL N urse-
like cell

IL4/IL21 CXCL12/

CXCL13
®

VCAM1/ ICAM1

Mesenchymal stromal cell

Figure 2. Lymphoma microenvironment in lymphoid tissues

CLL, MCL, and WM cells interact via integrins a,8, and a, 8, to VCAM1 and ICAM1, respectively, which are
expressed on mesenchymal stromal cells, nurse-like cells (tumor-associated macrophages) and T cells,
and via integrin a,8,/a,B, to ECM components, for example, fibronectin. The activation of these integrins
is controlled by chemokines (CXCL12/13 and CCL19/21 (not shown)) and BCR signaling. Antigen (Ag)-
stimulated BCR signaling is an important microenvironmental signal for CLL, MCL, and WM, as it provides
strong retention signals. Internalized antigens might activate intracellular TLR, and might be presented to
the T cells via MHC class Il molecules. Subsequently, the malignant cells are stimulated by CD40L and
IL4/21 provided by T cells. Furthermore, the malignant cells are stimulated by BAFF and APRIL, which
are provided by nurse-like cells. Combined, these microenvironmental interactions have critical roles in
the regulation of proliferation and survival of the malignant cells in specialized niches within the lymphoid
tissues. See text for details. This figure was adapted from chapter 4.
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CCL19/21 and CXCR13 are expressed on high endothelial venules, and CXCL12
is produced by mesenchymal stromal cells and nurse-like cells (tumor-associated
macrophages). Expression of CCR7 and integrin o B, is strongly correlated with
lymphadenopathy.”” Upon chemokine binding, the chemokine receptor will be
internalized to prevent overstimulation. Due to this mechanism, CXCR4 membrane
expression can be used to discriminate between blood and lymph node/bone marrow
derived CLL cells.'22123

Important signals from the microenvironment for the CLL cells are antigens.
Half of CLL patients have a biased immunoglobulin gene segment usage and a
stereotypic BCR repertoire,'”” strongly indicating that antigens, and thus BCR
signaling, play a role in CLL development. In many cases, the UM-BCRs are auto- or
polyreactive, thus recognizing self-antigens.'?* Interestingly, some CLL BCRs can
even recognize an intrinsic epitope of the BCR itself.'?® The epitopes of M-BCRs were
yet unknown, but recently a mutated stereotypic subgroup was found to recognize
yeast cell wall components.'?® Probably other mutated subgroups recognize other
pathogens. In a microarray study, CLL cells located in lymphoid tissues (lymph nodes
and bone marrow) were found to have a more active BCR signaling as compared
to blood derived cells.'? This was irrespective of mutational status or stereotypic B
cell repertoire, indicating that BCR signaling plays a role in all CLL patients. In vitro,
blood derived CLL cells with mutated BCRs are generally anergic to BCR activation,
meaning that the lymph node resident CLL cells differ from blood derived cells with
respect to BCR signaling. Many CLL cells express also T cell receptor signaling
molecules, such as ZAP70 and LCK, which enhances BCR signaling.'0%12"

BCR signaling is of critical importance for the CLL cells because it induces
strong retention signals via integrin activation,' it attracts T cells and nurse-like
cells via CCL3 and CCL4 production,?® and it promotes proliferation and survival via
NFkB, protein kinase B/RAC-alpha serine/threonine-protein kinase (PKB/AKT) and
mitogen-activated protein kinase (MAPK) activation.’ Among these pathways, the
NFkB presumably is the most important pathway, since many recurrent mutations
(in MYD88 and BIRC3), and signals from the microenvironment (CD40L, TLR, tumor
necrosis factor alpha (TNFa), BAFF, and APRIL) are involved in NFkB activation.03104

Upon BCR ligation by antigen, antigens are internalized for presentation to
follicular helper T cells. For growth of primary human CLL cells in mice autologous
T cells are required,' suggesting that antigen presentation to T cells takes place by
MHC class Il on CLL cells.™? Internalization of BCR-antigen complexes also feeds into
TLR signaling via activation of the endosomal receptors TLR7/9. This possibly plays
a role in CLL, because CLL cells express functional TLR7/9,"3'** and 10% of CLL
patients have a mutation in MYD88 (L265P), a key adapter protein in TLR signaling."*
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The recruited T cells and nurse-like cells provide the CLL cells with various
survival and proliferation stimuli, most of which are also required for normal B cell
activation.” The T cells support the CLL cells with CD40L and cytokines (TNFa,
IL4, and IL21), which induce survival and proliferation pathways in CLL cells, such
as NFkB-, JAK/STAT-, MAPK- and PI3K-signaling. Nurse-like cells provide the CLL
cells with BAFF and APRIL,'® TNF family members which activate B-cell maturation
antigen (BCMA), transmembrane activatorand CAML interactor (TACI), and the BAFF
receptor (BAFFR), and strongly induce survival signals via NFkB activation. The
presence of all these survival and proliferation factors within the microenvironment
provides the CLL cells strong protection, hampering the treatment of these tissue
resident CLL cells by conventional drugs.

Mantle cell lymphoma

MCL is characterized by an accumulation of malignant small naive B cells. MCL
cells are CD19*CD5"* and cyclin D1*.% Most MCL patients have an unmutated BCR.
However, there is also a subgroup of MCLs with a mutated BCR, which are likely
derived from post-germinal center B cells. The mutated subgroup has an indolent
phenotype and can be distinguished from the unmutated aggressive form by the
lack of SOX11 expression.'®” The tumors are located in the mantle zones of reactive
follicles of lymph nodes, but during progression also in bone marrow, spleen,
gastrointestinal tract, and in blood. Symptoms are pancytopenia, fever, unexplained
weight loss, lymphadenopathy, splenomegaly, and gastrointestinal, pulmonary, or
central nervous system complications. The incidence of MCL in the Netherlands is
150 cases per year (Nederlandse Vereniging voor Hematologie), and the median
age is >60 years. MCL will be treated with rituximab, cyclophosphamide, doxorubicin,
vincristine, prednisolone, bortezomib, and/or autologous stem cell transplantation,
but is still incurable (median survival is now 6 years).

MCL develops from a premalignant phase: in situ MCL."%% |n situ MCL
was accidentally found by examination of reactive lymph nodes, and the prevalence
in healthy individuals was 7%.'3%'3° The initiating mutation is a translocation of the
CCND1 gene with the immunoglobulin heavy chain locus t(11;14), which is present
in >95% of all MCL tumors, including in situ MCL. This translocation occurs during
V(D)J-recombination at the pre-B cell stage. Cyclin D1 is an import regulator of
G,-S transition of the cell cycle, the most important switch between cell division or
no cell division. Normal naive B cells are in cell cycle arrest due to expression of
the Krippel family genes. Upon BCR triggering, these factors are downregulated
and the cell cycle inducer cyclin D1 is expressed,' resulting in escape from cell
cycle arrest. Progression of MCL involves aberrations in genes controlling the DNA
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damage response, cell cycle control, apoptosis, deregulating the PI3K-, JAK/STAT-,
NOTCH-, WNT-, and NFkB-signaling pathways."' Apart from genomic alterations,
the microenvironment plays a central role in the regulation of proliferation and
survival of MCL cells (Fig. 2)."*? Similar to CLL, half of MCL patients have a biased
immunoglobulin gene segment usage and a stereotypic BCR repertoire, ' and lymph
node-derived MCL cells show active BCR signaling,’ thus antigen-induced BCR
signaling may play a role in MCL development. In MCL, T cells, tumor-associated
macrophages and mesenchymal stromal cells are present. Although not studied to
the same extend as in CLL, they are believed to be equally important for the survival
and proliferation of MCL cells.#?

Waldenstrom macroglobulinemia

WM is characterized by an accumulation of malignant CD19*CD5- mature B cells
and CD138*CD38*CD45* plasma cells in the bone marrow.'® Frequently, the BCR
contains somatic hypermutation, suggesting that they are derived from post-germinal
center B cells. In almost all patients, the BCR is of the IgM isotype. Typically, high
levels of monoclonal pentameric IgM are produced (M protein), which can result in a
hyperviscosity syndrome. Symptoms of hyperviscosity are loss of vision, heart and
kidney problems, polyneuropathy and cryoglubulinemia. Other symptoms of WM are
pancytopenia, unexplained weight loss, lymphadenopathy, and splenomegaly. The
incidence of WM in the Netherlands is 75 cases per year (Nederlandse Vereniging
voor Hematologie), and the median age is >60 years. The disease is quite indolent,
and the first policy is watchful waiting. When the disease progresses, it is treated with
chlorambucil, fludarabine, rituximab, cyclophosphamide, doxorubicin, vincristine,
and/or prednisolone. The disease is still incurable (median survival is now 6.5 year).

WM develops from the premalignant stadium termed IgM monoclonal
gammapathy of undetermined significance (IgM-MGUS)."¢ Only about 5% of IgM-
MGUS actually develops into WM. Gene expression analysis indicates that WM is
closer to CLL than to MM."” Unlike MM, WM tumors do not only consists of malignant
plasma cells, but also of clonal post-germinal center B cells.' Another difference
between WM and MM is that osteolytic bone disease is frequently observed in MM,
but not in WM.

WM cells express a biased, but not stereotypic BCR."8 This suggests that
antigens play a role in the pathogenesis, but that there is no stringent selection.
The occurrence of WM is correlated to conditions with chronic immune stimulation
(autoimmune disease or chronic infections),’*® again suggesting that antigens play a
role in WM pathogenesis.

In WM, translocations with the immunoglobulin loci are rare.' In contrast,
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almost all (95%) WM patients have a hotspot mutation in MYD88 (95%), resulting
in constitutive activation of NFkB. In addition, 30-40% of WMs have a mutation in
CXCRA4,° which is involved in homing of the tumor cells. The CXCR4 mutations
found in WM patients are WHIM-like mutations (explained below, under “CXCL12/
CXCR4 signaling”), and prevent desensitization of the receptor. Apart from of homing,
the mutant receptor acts as a retention factor. CXCR4 is important for bone marrow
homing and retention.

As described for the former B-cell malignancies, the microenvironment also
plays an important role in WM (Fig. 2). However, it has been less extensively studied
as in CLL. Characteristic for WM tumors is the invasion of mast cells, which provide
the WM cells with CD40L, APRIL, and BAFF.""'%2 T cells provides the WM cells with
IL21,%3 and macrophages together with mast cells induce angiogenesis.'*

Signal transduction in (malignant) B cells

BCR and chemokine signaling play crucial roles in cell growth, homing, and retention
of (malignant) B cells. The molecular details of these pathways will be described
here, together with promising drugable targets of these pathways, which can be
used in the clinic to treat B cell malignancies. For chemokine signaling, CXCL12/
CXCR4 is used as a model chemokine.

B-cell antigen receptor signaling
The BCR is exclusively expressed on B cells. The BCR can signal in three flavors:
tonic, chronic, and antigen-driven.'®%'%¢ |n the absence of antigen, the BCR activates
the PI3K pathway in an autonomous manner (tonic signaling), which is of critical
importance for B cell survival."™ The BCR is linked to the co-receptors CD79a and
-B, which are involved in cytoplasmic membrane localization, turnover, and signal
transduction. Some mutations in CD79, observed in DLBCL, prevent internalization
of the BCR, which enhances tonic signaling, resulting in chronic signaling.'®® Whereas
tonic signaling does not activate NFkB, chronic signaling does.'" % Thus, the
strength of BCR-signaling sets the threshold for activating downstream pathways.
Upon antigen binding, the BCR-antigen complex is internalized, which
is required for antigen processing, TLR activation, and antigen presentation to T
cells. Internalization of BCR-antigen complexes enhances BCR signaling.'® At a
molecular level, the activated BCR activates different pathways involved in B cell
activation, adhesion, survival, proliferation, and differentiation, including the MAPK-,
PI3K-, NFkB-, and nuclear factor of activated T-cells (NFAT)-pathways.'*
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In the currently accepted model, BCRs are crosslinked upon antigen binding.
However, a recent study showed that resting BCRs are present as oligomers and
that antigen binding actually results in dissociation of the BCR,'® offering a novel
dissociation activation model. In any case, upon antigen binding, LCK/YES novel
tyrosine kinase (LYN) phosphorylates the immunoreceptor tyrosine-based activation
motif (ITAM)-containing BCR-subunit CD79, which then recruits spleen tyrosine
kinase (SYK). LYN (and/or SYK) phosphorylates CD19, resulting in the binding
and activation of PI3K class IA (a, B, and 8, in which the & isoform is the major
class | PI3K isoform involved in antigen-controlled BCR-signaling),'®" which in turn
generates phosphatidylinositol-3,4,5-trisphosphate (PIP,). PIP, production results in
the recruitment of pleckstrin homology (PH)-domain containing proteins, including
Bruton tyrosine kinase (BTK) and phospholipase-y2 (PLCy2), to the membrane (Fig.
3A)."%2 In parallel, SYK phosphorylates B-cell linker protein (BLNK), a scaffold protein
which upon phosphorylation binds both BTK and PLCy2. Subsequently, LYN and/or
SYK phosphorylate BTK on Y551, and hereby activate this molecule.'®*'% BTK also
autophosphorylates on Y223, however the exact function of this autophosphorylation
is not known; an Y223F mutation which cannot be phosphorylated, does not prevent
(pre)BCR-controlled BTK activity,'® but rather enhances BTK-activity,'®® suggesting
phosphorylation of Y223 is an autoinhibitory signal. Another important regulatory
phosphorylation site on BTK is S180, which is phosphorylated by protein kinase
C (PKC), and acts as a negative feedback loop.'® PKC seems to be an important
negatively regulator for many pathways, since almost all PKC mutations in cancer
are loss of function mutations. ¢

Direct substrates of BTK include PLCy2 and general transcription factor Il-I
(TFII-1). Upon SYK-mediated phosphorylation of the docking protein BLNK, both
BTK and PLCy2 are recruited to BLNK. BTK subsequently activates PLCy2 by
phosphorylation on Y753/Y759."8%170 Activated PLCy2 produces diacylglycerol (DAG)
and inositol-1,4,5-trisphosphate (IP,). DAG then activates RAS-GRP/RAS/MAPK-
signaling (involved in proliferation), PKC/NFkB-signaling (involved in proliferation
and differentiation), and CalDAG-GEF1/RAS-related protein 1 (RAP1)-signaling
(involved in integrin activation). In addition, IP,-mediated calcium release from the
ER induces NFAT and NFkB signaling (involved in proliferation and differentiation),
and cytoskeleton rearrangements (involved in cell-cell interactions such as synapse
formation with T cells, motility and morphology).""'7® Furthermore, upon BCR
crosslinking, BTK recruits PIPSK, which is involved in the production of PIP,, the
substrate for BTK’s upstream regulator PI3K, as well as its downstream effector
PLCy2.77® A second pathway induced by BTK is the TFIl-I pathway.'® Upon BCR
crosslinking, TFIl-I is phosphorylated by BTK and subsequently translocates to the

29



A BCF/ Antigen
\ ® Phosphorylation @ PIP,
I:I ITAM o DAG
CD79 0 1P
333333 33 3333333333335305333552333335838555333335553%)
sesss | (R LG HR HH

LW OO C/Kj loo \l \_/®l

RAS mTOR
Ca?* MAPK FOXO
NFAT NFkB RAP1 GSK3‘

proliferation, survival,
adhesion, differentiation

C © DAG Fibronectin
. CXCL12 © PIP,
CXCR4 Integrin
33333 33333333333 33333333333333333 3333 3338
§£¢¢ §£8888888858 £4¢ %é §i5388885% g8  88%¢
all
1 \ / E PKCB \ Talin ILK
N \ PLC
Gap —B Y B-arrestin \_, RAP1
T~ (Riav )
PI3Ky PLCR2/3 SRC [Paxillin »
AKT ca | PKCB | GEF9 FAK
mTOR Actin RAS -
FOXO remodeling MAPK PI3K Outside-in
GSK3 RAP1
\ J L J
adhesion, migration, adhesion, migration, survival

proliferation, survival

Figure 3. BCR, CXCR4, and integrin signaling
BCR- (A) and chemokine signaling (B) induce via PLC integrin activation (C). See text for details. Ca*,
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nucleus where it acts as a transcription factor.”®" In B cells, TFll-I is, together with
ARID3A, involved in regulation of immunoglobulin heavy chain expression, 8218 and
in BCR-controlled cell cycle arrest.®®

Another important BCR-controlled pathway is the PI3K/AKT-pathway. This
pathway is activated independent of BTK activity.’?® The PH-domain containing
serine/threonine kinases phosphoinositide-dependent kinase 1 (PDK1) and AKT
are recruited to PIP,, by which PDK1 phosphorylates and activates AKT. AKT
controls mammalian target of rapamycin (mTOR)- (involved in regulations of protein
synthesis), FOXO- (involved in regulation of apoptosis), and glycogen synthase
kinase 3 beta (GSK3p)-signaling (involved in cell metabolism, NFkB, NFAT, and
WNT signaling).'8¢-188

BCR signaling is strictly regulated by different phosphatases. Phosphorylated
ITAM motifs are dephosphorylated by SRC homology region 2 domain-containing
phosphatase 1 and 2 (SHP1/2). Also, other SYK and BTK mediated phosphorylations
can bereversed by these phosphatases. In addition, phosphatase and tensin homolog
(PTEN) reverses PI3K activity (dephosphorylates PIP, to PIP,), which results in
inhibition of BTK/PLCy2 and AKT activity. Another inositol phosphatase, SRC
homology region 2 containing inositol phosphatase 1 (SHIP1), dephosphorylates
PIP, to another isoform of PIP, which is still capable to activate AKT but not BTK/
PLCy2.

The phosphatases SHIP1 and SHP1/2 are recruited to immunoreceptor
tyrosine-based inhibitory motifs (ITIM). Animportant ITIM containing protein is CD22.
The ITIM motifs of CD22 is phosphorylated by LYN, which then recruits and activates
SHIP1 and SHP1/2."% Interestingly, inhibition of LYN prevents BCR internalization, '
and loss of LYN causes Lupus-like autoimmune disease due to overactivation of
BCR signaling.'®%'%° Furthermore, the low affinity IgG Fc-receptor (FcyRIIB1, CD32)
contains ITIM motifs, which inhibit B cell and plasma cell activity in order to regulate
antibody titers. Finally, another tyrosine phosphatase involved in BCR signaling is the
common leukocyte marker CD45. In contrast to the other phosphatases, its activity is
associated with positive regulation of BCR signaling, probably by dephosphorylation
of inhibitory phosphorylation sites on LYN (as described, LYN is initially involved in
BCR activation, and subsequently in inhibition) and other SRC family kinases.'*!

BCR signalosome inhibitors

The BCR and CD79 are exclusively expressed in B cells.'®> Proximal signaling
molecules (SYK, PI3K®, and BTK) are (almost) exclusively expressed in hematopoietic
cells. More distal signaling molecules are ubiquitously expressed. This makes the
proximal kinases promising therapeutic targets in B cell malignancies and other B
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cell related diseases (e.g. autoimmune disease). Here, inhibitors against SYK, BTK,
and PI3K®d, will be discussed. Since the proximal kinase LYN also controls inhibitory
signals, this might not be a good clinical target.

Spleen tyrosine kinase

SYK is a non-receptor tyrosine kinase of the ZAP70 family."®® By means of its two
SRC homology region 2 (SH2) domains, it is recruited to phosphorylated ITAM
motifs of CD79. These SH2 domains are linked to a kinase domain. SYK has at least
37 direct targets,'®* of which BTK and PLCy2 are the most important in B cells. It
plays a role in immune cell activation, cell morphology, proliferation and survival, and
regulation of gene expression.

Apart from B cells, SYK is also expressed in platelets, mast cells, and
macrophages, and outside the hematopoietic system in fibroblasts, endothelial
cells, some epithelial cells and neurons.' SYK deficient mice are not viable due
to aberrant blood and lymph vessel formation.'® Irradiated mice reconstituted with
SYK-deficient liver-derived hematopoietic stem cells show a B cell development
arrest at the pro- to pre-B cell transition.'®”

The pharmaceutical company Rigel Therapeutics Inc. developed the
selective SYK inhibitor fostamatinib (R788). Fostamatinib is a prodrug, which has to
be metabolized to the active drug R406. R406 is an ATP-competitive SYK inhibitor
and has a 50% inhibitory concentration (IC,)) of 41nM.'¥ The first clinical trial in
CLL was very promising, with an overall response rate (ORR; >50% reduction in
tumor size) of 55%.'®° Fostamatinib was also active in other NHL subtypes, like
DLBCL (22%), MCL (11%), and FL (10%)."®® This was the first study applying a BCR
signalosome inhibitor in B cell ymphoma patients. A remarkable clinical observation
in CLL was the occurrence of transient lymphocytosis upon fostamatinib treatment.

Because BTK and PI3K inhibitors have better clinical activities, the clinical
trials with NHL patients were ended, and subsequently fostamatinib was studied in
autoimmune disease. The clinical trials in rheumatoid arthritis failed, and currently
it is studied in immune thrombocytopenic purpura, autoimmune hemolytic anemia
and IgA nephropathy. Fostamatinib is well tolerated, but it is still not approved by
the US Food and Drug Administration (FDA). Apart from SYK, fostamatinib also has
affinity for FLT3, KIT, LCK, JAK1, and JAK3 kinases.?®® Novel specific SYK-inhibitors
are under development, including entospletinib (GS-9973)*' and P505-15 (PRT-
062607).202

Bruton tyrosine kinase
BTK is named after Dr. Ogden Bruton, the pediatrician who described X-linked
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agammaglobulinemia (XLA) in 1952.2% This is a hereditary disease in which B cells
and immunoglobulins are absent, resulting in recurrent infections early in childhood.
In 1993 the genetic defect was mapped in the BTK locus.?%42% Meanwhile more
than 1250 mutations in the BTK gene have been found, which are either missense,
nonsense, frame shift, or splice site mutations.2% Most of these mutations alter the
structure of the protein.

BTK is a non-receptor tyrosine kinase of the TEC family. The protein uses
a zinc ion as cofactor, which is bound to its TH (TEC homology)-domain. With its
PH-domain, it interacts with phospholipids (e.g. PIP,), and with its SH2-domain to
phosphorylated tyrosines on BLNK. The known substrates of BTK are PLCy2 and
TFII-1, which are phosphorylated by the tyrosine kinase (TK) domain.?°” Furthermore,
BTK contains a SH3-domain. This domain is not essential for its function, since no
mutations are found in this domain resulting in XLA (with the exception of nonsense
or frame shift mutations which alter the rest of the protein).20¢

BTK plays a crucial role in B cell development and function. When BTK is
nonfunctional, B cells are completely absent in humans (XLA). In mice, the numbers
of B cells are only decreased (X-linked immunodeficiency; Xid), and the present B
cells can still form germinal centers,?® so BTK is not as essential in mice B cells as it
is in human B cells. Most likely this is due to the prominent expression of the related
tyrosine kinase Tec in mouse B cells.?® Apart from B cells, no other cells are absent
or non-functional in XLA and Xid. This makes BTK a promising drug target in B cell
malignancies and autoimmune diseases.

The pharmaceutical company Celera Genomics and later Pharmacyclics Inc.
developed ibrutinib (formerly known as PCI-32765), a selective inhibitor against BTK
which is orally available.?'® |brutinib binds covalently and irreversibly to cysteine-481
in the active site of BTK, and has an IC,; of 0.5nM.?"" Only 8 other kinases in the
human kinome have a homologous cysteine in their active site, but most of them
have much lower affinity for ibrutinib, with the exception of BLK and BMX.?"

The first clinical trials with ibrutinib in NHL were very promising, with high
ORRs in CLL (71%), MCL (72%), WM (100%), and activated B cell-type DLBCL
(40%).21225 Note that the tumor regression in WM was measured indirectly by
analyzing IgM antibody levels, while the other diseases by tumor mass (PET scan).
In CLL and MCL, the mechanism of action was different from DLBCL. Ibrutinib kills
the malignant cells directly in a subset of DLBCL patients with chronic active BCR
signaling caused by mutations in CD79."%® However, in DLBCL patients with CARD11
mutations, which act downstream from BTK, the malignant cells are insensitive to
ibrutinib. In CLL and MCL, ibrutinib causes a decrease in lymphadenopathy, which
was accompanied by a transient lymphocytosis, similar to fostamatinib.2'® Apparently,
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ibrutinib mobilizes the malignant cells and does not direct kill them. Lymphocytosis is a
marker for progression;2'” however this lymphocytosis turned out to be asymptomatic
and resolved after a few months to a year.?'® It was concluded that the malignant CLL
and MCL cells are not directly killed by ibrutinib, but are mobilized from the lymphoid
microenvironment into the circulation, resulting in indirect cell death. Meanwhile,
ibrutinib is FDA and European Medicines Agency (EMA) approved for CLL, MCL,
and WM. Other BTK inhibitors are in development, in which spebrutinib (CC-292)"°
and acalabrutinib (ACP-196)?%° are interesting competitors.

Phosphatidylinositon-3-kinase p1106 (PI3Kd)

PI3Kd is a class IA type in the family of PI3K. PI3Kd consists of two subunits, a
p85a regulatory subunit and a catalytic p110d subunit. The p85a subunit contains
SH2 domains which interact with phosphorylated tyrosines. PI3Kd is expressed by
B and T cells and acts downstream of the B and T cell receptor.??' It is also active in
other leukocytes, such as in neutrophils, macrophages, natural killer cells and mast
cells.???2 p110d mutant mice still develop B and T cells, however the B and T cells
cannot be activated. p110a mediates pre-B cell signaling and tonic BCR signaling,
but cannot mediate antigen-dependent BCR signaling.'®"??®* As a result, germinal
centers are absent. Furthermore, these mice lack B1 and marginal zone B cells.
Mice that are double deficient for p110a and -0,'¢" as well as p85a deficient mice and
patients show a complete absence of B cells.?24225

The pharmaceutical company Gilead Sciences Inc. developed a PI3K
inhibitor selective for the p1108 isoform, called idelalisib (formerly known as GS-1101
and CAL-101). Idelalisib is an ATP-competitive inhibitor and is highly selective for
p1108 with an IC,, of 2.5nM.?? Idelalisib has much lower affinity for other members
of the PI3K family, in which the p110y is the closest with an IC, of 89nM.

The first clinical trial in CLL was very promising, with an ORR of 72%.2%
Idelalisib is also active in small lymphocytic lymphoma (61%), MCL (40%), WM
(55-80%), FL (54%), and marginal zone B cell lymphoma (47%).?2%20 Again like
fostamatinib and ibrutinib, idelalisib induced a lymphocytosis in CLL and MCL. By
now, idelalisib has been FDA and EMA approved for FL, and in combination with
rituximab, for CLL. Other PI3K inhibitors (sometimes dual inhibitors for other p110
isoforms or mTOR) are in development, in which duvelisib (IPI-145)?%" and buparlisib
(BKM-120)%2 are interesting competitors.

CXCL12/CXCR4 signaling
The best studied chemokine receptor in immunology is CXCR4, because of its role

in HIV entry in T cells. CXCL12 is the ligand of CXCR4. There are 6 different splice
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variants of CXCL12 with different affinities for CXCR4.2® The different CXCL12
isoforms also have different affinities for HSPGs. Most likely this is important to make
the perfect gradient for efficient guiding of the target cells. The CXCL12-CXCR4
axis is involved in the traffic of many leukocytes and hematopoietic stem cells,
angiogenesis, and organ development. CXCR4 or CXCL12 knockout mice are not
viable, due to impaired development of several organs.?342%

CXCR4 and other chemokine receptors are G protein-coupled receptors,
which are coupled to Gai,. B cells lacking Gai, poorly enter lymph nodes.?*¢ Gai
pathways can be targeted by pertussis toxin. Gai proteins inhibit adenylyl cyclase,
but this does not seem to be involved in chemotaxis.?*"**® Gai, is associated to Gy,
en thereby inhibits it. Upon binding of CXCL12 to CXCR4, Gai, dissociates from
GBy, in which GBy activates PLCB2/3 and PI3Ky (Fig. 3B).%2° PLCB produces DAG
and IP,, that activate RAP1 and calcium pathways respectively.>*® Consequently,
integrins are activated and the cytoskeleton is rearranged, resulting in adhesion and
migration, respectively. Cell migration requires a chemokine gradient. The difference
in chemokine concentration on different cell sides causes a polarized intracellular
calcium flux. This results in polarized cytoskeletal rearrangements, by which an
uropod and a leading edge are formed, resulting in cell movement towards the
gradient.?*! Furthermore, DAG also activates PKC and RAS-MAPK pathways, and
PI3Ky activates AKT, which can induce proliferation and survival signals.24%243

Chemokine signaling is tightly regulated by negative feedback loops.?*
CXCR4 is phosphorylated on its C-terminal by G protein-coupled receptor kinases
(GRKs) and PKC. B-arrestin is recruited to the phosphorylated C-terminus, thereby
inhibiting CXCR4’s activity, and inducing clathrin-mediated internalization. Truncating
mutations of the C-terminal part of CXCR4 results in warts, hypogammaglobulinemia,
recurrent bacterial infections, and myelokathexis (WHIM) syndrome.?45246 These
CXCR4 molecules cannot be desensitized, therefore the mutant CXCR4 act as a
retention factor, and the leukocytes do not move out the bone marrow. This results
in low numbers of circulating leukocytes and increased incidence of infections.?*” As
discussed earlier, these mutations are also frequently found in WM.

CXCR4 can be pharmacologically targeted. A highly specific inhibitor of
CXCR4 is plerixafor (AMD3100),%® which inhibits CXCL12 mediated adhesion and
migration of MM cells.?*® Plerixafor is used in the clinic to enhance granulocyte
colony-stimulating factor (G-CSF) mediated hematopoietic stem cell mobilization
(for transplantation).?®® Probably, G-CSF causes hematopoietic stem cell egress,
and plerixafor prevents back homing. Thus far, clinical trials with plerixafor in CLL
and MM did not yield any breakthrough publications. Likely, this could be due to
redundancy to other chemokines and unknown retention mechanisms.
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Integrin activation

Integrins are transmembrane molecules which connect the actin cytoskeleton
to the extracellular matrix. The integrin family consists of 18 a- and 8 -chains.?’
Each integrin consist of a combination of one of the a- and one of the 3-chains.
24 unique integrins have been discovered in humans. As discussed previously,
a,B,, a,8,, and a B, are the most important integrins on B cells. Integrins form
calcium and magnesium dependent adhesion interactions, mainly with arginine-
glycine-aspartate (RGD)-motifs on many extracellular matrix components such as
fibronectin, collagens and laminins, but can also bind to cell surface proteins of the
immunoglobulin superfamily such as VCAM1 and ICAM1.2%2 Integrins are expressed
in an inactive state and can rapidly be activated (within a second upon chemokine
signaling) and inactivated (within minutes).2%

A common event in BCR and chemokine signaling is RAP1 activation (Fig.
3C).2%42%5 RAP1 is a small G protein, and is a molecular switch involved in integrin
activation. RAP1-GTP binds to RAP1-GTP-interacting adapter molecule (RIAM)
and subsequently, RIAM activates talin.?*® Talin is normally inactive via an auto-
inhibitory mechanism.?” The talin head domain interacts with the rod domain, and
therefore the head domain cannot bind to integrins. Upon engagement with RIAM,
talin associates to the phospholipid PIP, via positively charged amino acids.?® Then,
the talin head domain is able to bind to the B-chain of integrins.?%®® This results in a
conformational change of the integrin molecule, enabling it to bind its extracellular
ligands. In addition, talin also bind to the actin cytoskeleton. Due to adhesion
forces, the talin molecule is stretched out which exposes the cryptic vinculin binding
sites.?®® Vinculin subsequently binds to talin and to the actin cytoskeleton, and
thereby strengthens the adhesion complex. Furthermore, multiple activated integrin
molecules are cross linked by kindlins, resulting in enhanced avidity.?' In this way,
a strong adhesion complex can be formed, in which the cytoskeleton is strongly
connected to the extracellular substrate via the integrin adhesion complex, the focal
adhesion complex. Mutations in kindlin-3, the main leukocyte and platelet kindlin,
is associated with leukocyte adhesion deficiency type lll, a disease characterized
by recurrent infection and bleeding disorders.?? Remarkably, the B and T cells are
only mildly affected in these patients.?®® The activation of integrins by these signaling
pathways is called inside-out signaling.

Upon adhesion, the integrin adhesion complex can also exert signals into
the cell; outside-in signaling. Paxillin is recruited to the focal adhesion complex,
which interacts with vinculin, and is an adaptor protein for different kinases, such
as focal adhesion kinase (FAK) and SRC.%42%° |n addition, integrin-linked kinase
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(ILK), which binds to the integrins 3-chain, is recruited.?® These kinases induce actin
remodeling which is involved in cell spreading, contraction, motility, and migration.
They also induce cell survival mainly via PI3K activation.?":26¢ Especially in adherent
cells (like fibroblasts and epithelial cells), apoptosis will be induced when adhesion
is lost, due to the absence of these survival signals.?°® This type of cell death is
called anoikis. However, lymphocytes do not immediately die upon loss of integrin
signaling, because they have to recirculate between the lymph nodes via blood
and lymph. They are more dependent on tonic BCR signaling (especially via the
PI3K-pathway).’™ Nevertheless, germinal center B cells obtain survival signals by
follicular dendritic cells via integrin a,8.,/VCAM1- and a 3,/ICAM1-mediated outside-
in signaling.?”® This facilitates the selection of centrocytes with high affinity BCRs,
which are capable to activate their integrins via BCR-controlled inside-out signaling.
In addition, integrin-mediated adhesion can also protect lymphoma cells against
drug-induced apoptosis. This is called cell adhesion-mediated drug resistance
(CAM-DR).7"

Pharmacologically, integrins can be targeted by blocking antibodies.
Natalizumab, an a,-integrin blocking antibody, is approved for Crohn disease and
multiple sclerosis. In these diseases, it blocks migration of leukocytes to inflamed
intestinal and neural tissues.?”2 Amajor drawback of this treatment is the development
of progressive multifocal leukoencephalopathy, a viral infection, which is often seen
in immunocompromised patients. In preclinical studies of B cell malignancies,
natalizumab prevents stromal protection and CAM-DR of B-ALL cells and several
NHL cells.?”*2* Future studies must establish if natalizumab or other integrin blocking
antibodies are also effective in CLL and other NHL subtypes.

Aim and outline of this thesis

During the first clinical trials of ibrutinib in CLL patients, a rapid and sustained
reduction of lymphadenopathy was observed, which was accompanied by transient
lymphocytosis.?'® The treatment regimen of 4 weeks ibrutinib, followed by a drug
holiday of 1 week, resulted in a saw-tooth pattern of the absolute peripheral blood
lymphocyte count (ALC) (Fig. 4A). In subsequent clinical trials, a continuous
treatment regimen resulted in a transient) lymphocytosis that could last for several
months (Fig. 4B). Together, these clinical observations suggested that ibrutinib may
mobilize CLL cells in a reversible manner (Fig. 4C).

In chapter 2 we studied the underlying mechanism of action of ibrutinib at
the molecular and cellular level in CLL. Since BTK is involved in BCR- as well as in
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Figure 4. Ibrutinib reversibly mobilizes CLL cells from lymphoid tissues into the circulation

CLL patients were treated with ibrutinib in cycles of 4 weeks treatment and 1 week holiday (A), or
continuously (B). A decrease in lymphadenopathy accompanied by a transient lymphocytosis was
observed. The ibrutinib-induced lymphocytosis was reversible upon drug deprivation. We hypothesized
that ibrutinib mobilizes CLL cells from lymphoid tissues into the circulation (C). The molecular mechanism
of this mobilization is studied in this thesis. ALC, absolute lymphocyte count (in peripheral blood); SPD,
sum of product diameter (lymph node size); LN, lymph node; PB, peripheral blood. Figure A was adapted
from ref 2'6, figure B from ref 27%, and figure C from chapter 2.

chemokine-controlled pathways,’%'?® we studied the effect of ibrutinib on adhesion
and migration of CLL cells. We show that ibrutinib partially inhibits chemokine-
controlled signaling, adhesion and migration, whereas it strongly inhibits BCR-
controlled signaling and adhesion. In chapter 3 we studied the mechanism of action
of ibrutinib in mantle cell ymphoma, including a more detailed analysis of the clinical
effects. Next, in chapter 4, we present a review on BTK inhibitors in CLL, focusing
on the biology and clinical applications of ibrutinib and other BTK inhibitors in CLL.
Apart from ibrutinib, the PI3K®d inhibitor idelalisib also resulted in very good
response rates in CLL and MCL patients, including mobilization of the malignant cells
into the circulation of these patients. In chapter 5 we show that idelalisib also inhibits
BCR-controlled integrin-mediated adhesion. In combination, ibrutinib and idelalisib
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inhibit BCR-controlled adhesion in a strong synergistic manner. We propose that
combined treatment of CLL and MCL patients with both ibrutinib and idelalisib could
mobilize the malignant cells from their protective niche more efficiently, which may
reduce the chance of therapy-resistance. Lastly, in chapter 6, we studied the effects
of ibrutinib and idelalisib on growth, signaling, adhesion and migration in WM. We
show that the major effect of ibrutinib and idelalisib is the inhibition of BCR-controlled
adhesion of WM cells.

Taken together, our studies indicate that inhibition of the BCR signalosome
targets BCR-controlled integrin-mediated adhesion; the abrogation of this retention
signal causes mobilization of CLL, MCL and WM cells from their protective lymphoid
organ niche, resulting in tumor regression.
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Abstract

Small-molecule drugs that target the B-cell antigen receptor (BCR) signalosome show
clinical efficacy in the treatment of B-cell non-Hodgkin lymphoma. These agents,
including the Bruton tyrosine kinase (BTK) inhibitor PCI-32765, display an unexpected
response in patients with chronic lymphocytic leukemia (CLL): a rapid and sustained
reduction of lymphadenopathy accompanied by transient lymphocytosis, which
is reversible upon temporary drug deprivation. We hypothesized that this clinical
response reflects impaired integrin-mediated adhesion and/or migration. Here, we
show that PCI-32765 strongly inhibits BCR-controlled signaling and integrin a,B,-
mediated adhesion to fibronectin and VCAM-1 of lymphoma cell lines and primary
CLL cells. Furthermore, PCI-32765 also inhibits CXCL12-, CXCL13-, and CCL19-
induced signaling, adhesion, and migration of primary CLL cells. Our data indicate
that inhibition of BTK by PCI-32765 overcomes BCR- and chemokine-controlled
integrin-mediated retention and homing of malignant B cells in their growth- and
survival-supporting lymph node and bone marrow microenvironment, which results
in clinically evident CLL regression.
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Introduction

Chronic lymphocytic leukemia (CLL), the most common adult leukemia, is an
incurable malignancy of mature B lymphocytes characterized by the accumulation
of resting malignant B cells in peripheral blood and the presence of proliferating
malignant B cells in the lymph nodes (LN), spleen, and bone marrow (BM).™2 It is well
established that the tumor microenvironment plays a major role in the pathogenesis
of CLL: various cytokines, chemokines, and adhesion molecules provided within the
LN, spleen, and BM microenvironment, as well as signaling by the B-cell antigen
receptor (BCR), play a critical role in the localization, growth, survival, and drug
resistance of CLL cells.?®

Because either tonic, chronic, or antigen-driven BCR signaling is involved
in the pathogenesis of most types of B-cell malignancies, the BCR signalosome
provides a rational therapeutic target, including for CLL.® Regarding selectivity and
clinical safety, Bruton tyrosine kinase (BTK) is a particularly promising target: it is
a key component of the BCR signaling pathway, is only critical for B cells, and loss
of BTK function is not lethal (e.g., X-linked agammaglobulinemia patients and Btk-
deficient mice)." Indeed, the selective, potent, orally administered, and irreversible
small-molecule BTK-inhibitor PCI-32765" shows promising clinical activity in phase
1 and 2 studies in B-cell non-Hodgkin lymphoma, including complete or partial
remission in a significant proportion of enrolled patients with diffuse large B-cell
lymphoma, mantle cell lymphoma, and CLL.">"

Interestingly, the CLL patients display an unexpected clinical response
on treatment with PCI-32765: a rapid (within days) and sustained reduction of
lymphadenopathy is accompanied by transient lymphocytosis, which is reversible
upon temporary deprivation ofthe drug'® (R. Advani, J.J.B., and N. Fowler, unpublished
observations, 2010). Notably, some of the other efficacious small-molecule drugs
that target the BCR signaling pathway, that is, inhibitors of SYK (R788/R406) and
PI3K (CAL-101), show a similar response in clinical trials with CLL.">'® On the basis
of our previous studies on B-cell adhesion and migration,'-'®* we hypothesized that
this clinical response reflects attenuated microenvironment retention and homing of
the CLL cells because of impaired BCR- or chemokine-controlled integrin-mediated
adhesion or migration.
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Materials and methods

Namalwa, Daudi, L363, or primary patient CLL cells, pretreated for 1 hour with 1uM
PCI-32765, were allowed to adhere to either fibronectin- or VCAM-1—coated 96-
well plates in the presence of anti-IgM, phorbol-12-myristate-13-acetate (PMA), or
chemokines (CXCL12, CXCL13, or CCL19), or were allowed to migrate toward these
chemokines in VCAM-1—coated transwells, essentially as described previously.'®20
For further details and other methods, see supplemental Methods.

This study was conducted and approved by the Academic Medical Center
Medical Committee on Human Experimentation. Informed consent was obtained in
accordance with the Declaration of Helsinki.

Results and discussion

In line with the reported BTK specificity of PCI-32765":2! in the Burkitt lymphoma
cell line Namalwa, we observed concentration-dependent inhibition by PCI-32765
of anti-lgM—induced phosphorylation of protein kinase B (PKB/AKT), ERK, and the
BTK substrate site Y759 of phospholipase C-y2 (PLCy2), whereas phosphorylation
of the activating LYN/SYK substrate site Y551 of BTK itself was actually augmented,
which suggests inhibition of BTK-mediated negative feedback (Figs. 1A-B and
S1A). Moreover, anti-lgM—-induced adhesion to the extracellular matrix component
fibronectin and the cellular adhesion molecule VCAM-1, which is mediated by
integrin a,B,,"® was almost completely abolished by PCI-32765 treatment (Figs. 1C
and S1B). In contrast, integrin-mediated adhesion induced by PMA, which activates
protein kinase C downstream of BTK, was not affected (Fig. 1C). This demonstrates
that the observed inhibitory effect of PCI-32765 on BCR-controlled integrin activation
was specific and not caused by general cellular insensitivity or toxicity. Targeting of
PI3K (wortmannin) or SYK (R406), but not MEK (PD-98059), also abolished BCR-
controlled integrin-mediated adhesion (Fig. 1D).

Screening a panel of CLL patients revealed that CLL cells obtained from the
majority (ie, 77%) of patients with a germline unmutated BCR, which have a worse
prognosis,?*° could be further stimulated to adhere to either VCAM-1 or fibronectin
by anti-lgM treatment, in contrast to the mutated BCR subgroup (Table S1). This
most likely reflects the relatively anergic state of the mutated CLL cells with regard
to BCR signaling,?? as supported by their prominent adhesion in response to PMA
and chemokines (Table S1). Importantly, in all unmutated CLL anti-IgM responders,
apart from inhibition of BCR signaling (Fig. 1E), PCI-32765 strongly inhibited the
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Figure 1. PCI-32765 abrogates BCR-controlled signaling and adhesion.

(A) Namalwa cells pretreated with 1uM PCI-32765 were stimulated with algM and immunoblotted for
phosphorylated (p) AKT, ERK, and BTK (pY551). Total ERK2 and BTK were used as loading controls.
The blots are representative of 4 independent experiments. (B) Namalwa cells pretreated with PCI-32765
were stimulated with algM, and phosphorylated phospholipase C-y2 (PLCy2-pY759) was measured by
flow cytometry (n = 6). (C) Namalwa cells pretreated with PCI-32765 were stimulated with algM or PMA
and allowed to adhere to fibronectin-coated (n = 13) or VCAM-1—coated (n = 8) surfaces. (D) Namalwa
cells pretreated with PCI-32765 (BTK inhibitor), R406 (SYK inhibitor), wortmannin (PI3K inhibitor), or PD-
98059 (MEK inhibitor) were stimulated with algM and allowed to adhere to fibronectin-coated surfaces (n
= 7). (E) Primary CLL cells (patient 898) pretreated with 1yM PCI-32765 were stimulated with algM and
immunoblotted for pERK. Total ERK2 was used as loading control. Phosphorylated PLCy2 (pY759) was
measured by flow cytometry from the same patient sample. (F) CLL cells pretreated with PCI-32765 were
stimulated with algM or PMA and allowed to adhere to fibronectin-coated (n = 5 patients) or VCAM-1—
coated (n = 6 patients) surfaces. Graphs are presented as normalized mean + SEM (100% = stimulated
cells without inhibitors). C indicates control (unstimulated); and MFI, mean fluorescence intensity. *P <
.05; *P < .01; ***P < .001.

anti-lgM-stimulated integrin-mediated adhesion to fibronectin (mean inhibition
~75%) and VCAM-1 (mean inhibition ~100%; Fig. 1F). PMA-stimulated adhesion
was unaffected (Fig. 1F), which again excluded cellular toxicity and demonstrated
the specificity of PCI-32765, also in CLL cells.
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Next, we addressed the possible effect of PCI-32765 on chemokine
responses. The chemokine CXCL12 also induced phosphorylation of the activating
LYN/SYK substrate site Y551 of BTK (Fig. 2A). Apart from concentration-dependent
inhibition of CXCL12-induced phosphorylation of AKT and ERK, but not BTK
(Figs. 2A and S1A), CXCL12-induced adhesion to VCAM-1 was inhibited in part
by treatment of the Namalwa cells with PCI-32765 (Fig. 2B). A similar reduction
was observed with the SYK inhibitor R406 and the PI3K inhibitor wortmannin (Fig.
2C). CXCL12-induced signaling and adhesion of BTK-negative L363 myeloma cells
was not affected, which demonstrates the BTK specificity of the PCI-32765 effect
(Figs. S1A and S2A). Furthermore, migration of Namalwa cells toward CXCL12 was
consistently but not significantly inhibited by PCI-32765 (Fig. 2D), whereas prominent
inhibition was observed in Daudi B cells (Figs. S2B-C).

Finally, we studied the effect of PCI-32765 on the response of primary CLL
cells to CXCL12, CXCL13, and CCL19, the major chemokines involved in homing
and retention of CLL cells in the LN and BM microenvironment.® As far as determined,
the CLL cells of all patients expressed the corresponding receptors, that is, CXCR4,
CXCRS5, and CCRY (Fig. S3A), and the CLL cells of most patients showed enhanced
adhesion or migration in response to these chemokines, irrespective of the IgH,
mutation status (Table S1). PCI-32765 inhibited chemokine-induced signaling (Fig.
S3B), and without exception, strongly inhibited CXCL12-, CXCL13-, and CCL19-
induced adhesion of CLL cells (Fig. 2E). Furthermore, without compromising cell
viability (Fig. S4), PCI-32765 partially inhibited (30%-40%) migration of the CLL cells
toward these chemokines (Fig. 2F).

Taken together, the present data demonstrate that inhibition of BTK by PCI-
32765 impairs BCR-controlled adhesion and chemokine-controlled adhesion and
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Figure 2. PCI-32765 inhibits chemokine-induced signaling, adhesion and migration.

(A) Namalwa cells pretreated with 1uM PCI-32765 were stimulated with algM or CXCL12, and total BTK
was immunoprecipitated and subsequently immunoblotted for phosphorylated (p) BTK. Total BTK was
used as loading control. Cell lysates were immunoblotted for pAKT and pERK. Total ERK2 was used as
loading control. The blots are representative of 4 independent experiments. (B) Namalwa cells pretreated
with PCI-32765 were allowed to adhere to surfaces coated with both VCAM-1 and CXCL12 (n = 10). (C)
Namalwa cells pretreated with PCI-32765 (BTK inhibitor), R406 (SYK inhibitor), or wortmannin (PI3K
inhibitor) were allowed to adhere to surfaces coated with both VCAM-1 and CXCL12 (n =5). (D) Namalwa
cells pretreated with PCI-32765 were allowed to migrate toward CXCL12 on VCAM-1-coated transwells
(n =7). (E) CLL cells pretreated with 1uM PCI-32765 were allowed to adhere to surfaces coated with
both VCAM-1 and either CXCL12 (n = 7 patients), CXCL13 (n = 5 patients), or CCL19 (n = 3 patients).
(F) CLL cells pretreated with 1uM PCI-32765 were allowed to migrate toward CXCL12 (n = 6 patients),
CXCL13 (n = 4 patients), or CCL19 (n = 3 patients) on VCAM-1-coated transwells. (G) Inhibition of BTK
by PCI-32765 impairs BCR-controlled integrin-mediated adhesion and chemokine (CXCL12, CXCL13,
and CCL19)-induced adhesion and migration of CLL cells. Consequently, PCI-32765 overcomes
BCR- and chemokine-controlled integrin-mediated retention of CLL cells in their growth- and survival-
supporting LN and BM microenvironment, which results in their egress from these protective niches into
the circulation (peripheral blood), and will prevent chemokine-driven homing into these niches, resulting
in CLL regression. Graphs are presented as normalized mean + SEM (100% = stimulated cells without
inhibitors). IP indicates immunoprecipitation; C, control (absence of chemokines); and PB, peripheral
blood. *P < .05; **P < .01; ***P < .001.
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migration of CLL cells. These findings in human primary CLL cells are corroborated
by previous studies in which we observed impaired BCR-controlled adhesion and
reduced CXCL12-/CXCL13-controlled adhesion, migration, and LN homing of
Btk-deficient chicken or murine B cells.'®' The present results nicely explain the
observed clinical response of CLL patients treated with PCI-32765:'>'% impaired
BCR- and chemokine-controlled retention of malignant cells in the BM and LN will
cause the observed reduced lymphadenopathy and (transient) lymphocytosis, which
deprives the cells of critical microenvironmental growth and survival signals, resulting
in tumor regression, whereas temporary drug deprivation restores chemokine-driven
LN homing and retention of CLL cells (Fig. 2G). In accordance, shortly after PCI-
32765 treatment of the patients, most circulating CLL cells displayed low CXCR4
expression (Fig. S5), characteristic of LN- and BM-derived CLL cells.5® Likewise,
because targeting SYK and PI3K also inhibits BCR- and CXCL12-controlled adhesion
(Figs. 1D and 2C), as well as CXCL12-induced migration,5224 this may also explain
the observed lymphocytosis in clinical trials of CLL patients with the SYK inhibitor
R788/fostamatinib (the R406 prodrug) and the PI3K®d inhibitor CAL-101.1%16

These novel insights regarding drugs that target the BCR (and chemokine
receptor) signalosome may not only provide support for their further use as
monotherapy, exploiting the microenvironment dependence as the Achilles’ heel of
CLL, but also for their exploration as rational combination therapy. Once the malignant
B cells egress from their protective niches into circulation, they may become more
accessible and vulnerable to chemotherapy and antibody therapy (e.g. rituximab).
This would make a promising and highly efficacious combination therapy, possibly
resulting in greater benefit for CLL patients.
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Supplemental appendix
Supplementary materials and methods

Materials

The following reagents were used in this study: the phosphorylation state-specific
antibodies phospho-p44/42 MAP kinase [T202/Y204] against ERK1 and -2,
phospho-AKT [Ser473] against PKB/AKT (Cell Signaling Technology), phospho-
BTK [Y551] against BTK (BD Biosciences) and phospho-PLCy2 [Y759] against
PLCy2; anti-ERK2 (C-14; Santa Cruz Biotechnology), anti-BTK (Clone 53; BD
Bioscience), goat F(ab)'2 anti-human IgM (LE/AF; Southern Biotech), horseradish
peroxidase (HRP)-conjungated rabbit anti-mouse and HRP-conjungated goat anti-
rabbit (DAKO), phycoerythrin-conjungated anti-CXCR4 (clone 12G5), fluorescein-
conjungated anti-CXCR5 and fluorescein-conjungated anti-CCR7 (R&D Systems);
protein A-Sepharose beads (Pharmacia); the pharmacological inhibitors PCI-32765
(Pharmacyclics, Sunnyvale, CA 94085-4521), R406 (Axon Medchem), PD-98059,
wortmannin and phorbol-12-myristate-13-acetate (Sigma-Aldrich); recombinant
human sVCAM-1 (R&D Systems), human plasma fibronectin, BSA (fraction V),
recombinant human CXCL12 and recombinant human CXCL13 (R&D Systems),
recombinant human CCL19 (MT-diagnostics), poly-I-Lysine (PLL) (Sigma-Aldrich),
FITC-conjungated annexin V (IQ products) and TO-PRO-3-‘iodide (Invitrogen).

Cell lines and primary material

The Burkitt's lymphoma cell lines Namalwa clone V3M' and Daudi,? and multiple
myeloma cell line L363% were cultured as described. Peripheral blood derived
CLL cells were obtained after routine diagnostic or follow-up procedures at the
departments of Hematology or Pathology of the Academic Medical Center (AMC)
Amsterdam, and were isolated and subsequently frozen and stored as previously
described.* CLL samples included in this study contained 81-99% CD5*/CD19" cells.
This study was conducted and approved by the AMC Medical Committee on Human
Experimentation. Informed consent was obtained in accordance with the Declaration
of Helsinki.

Adhesion assay

The cell adhesion assays were performed essentially as described.® In detail,
adhesion assays were done in triplicate on EIA/RIA 96-well plates (Costar) coated
overnight at 4°C with PBS containing, 10pg/ml fibronectin or 500ng/ml VCAM-1, 4%
BSA, or for 15 min at 37°C with 1mg/ml poly-I-lysine (PLL), and blocked for 2h at
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37°C with 4% BSA in RPMI 1640. Cells were pretreated with 1uM PCI-32765, 200nM
wortmannin, 1uM R406 or 50uM PD-98059 at 37°C for 1h in RPMI with 1% BSA.
Subsequently, cells were stimulated with either 200ng/ml goat F(ab’), anti-human
IgM, or 50ng/ml PMA, and 1.5.10%° Namalwa or 3.10%5 CLL-cells were immediately
plated in 100ul/well and incubated at 37°C for 30 min. After extensive washing of the
plate with RPMI containing 1% BSA to remove non-adhered cells, the adherent cells
were fixed for 10 min with 10% glutaraldehyde in PBS and subsequently stained
for 45 min with 0.5% crystal violet in 20% methanol. After extensive washing with
water, the dye was eluted in methanol and absorbance was measured after 40
min at 570nm on a spectrophotometer (Multiskan RC spectrophotometer, Thermo
labsystems). Background absorbance (no cells added) was subtracted. Absorbance
due to nonspecific adhesion, as determined in wells coated with 4% BSA, was
always less than 10% of the absorbance of anti-lgM-stimulated cells. Maximal
adhesion (100%) was determined by applying the cells to wells coated with PLL,
without washing the wells before fixation. Adhesion of the nonpretreated anti-IgM-
stimulated cells was normalized to 100% and the bars represent the means + SEM
of at least five independent experiments (Namalwa) or primary CLL cells obtained
from at least three different patients, each assayed in triplicate.
Chemokine-mediated adhesion was assayed as described above, except
that the chemokines 100ng/ml CXCL12, 500ng/ml CXCL13 or 100ng/ml CCL19
were coimmobilized with 500ng/ml VCAM-1. The plates were spun directly after
applying the cells to the plate, and the cells were allowed to adhere for 2 min.

Migration assay

The cell migration assays were performed essentially as described.® In detail,
migration assays were performed in triplicate with transwells (pore size 5um (CLL)
or 8um (Namalwa and Daudi), Costar) coated with 500ng/ml VCAM-1 or uncoated.
The lower compartment contained 100 ng/ml CXCL12, 500ng/ml CXCL13, or 100ng/
ml CCL19. The cells, pretreated with 1uM PCI-32765 at 37°C for 1h in RPMI with
0.5% BSA, were applied to the upper compartment and allowed to migrate for 5h
(Namalwa) or 2h (CLL cells) at 37°C. The amount of viable migrated cells was
determined by FACS and expressed as a percentage of the input. The migration
of nonpretreated cells on VCAM-1—coated transwells in the presence of CXCL12,
CXCL13 or CCL19 was normalized to 100%, and the bars represent the means +
SEM of seven independent experiments (Namalwa) or primary CLL cells from at
least three different patients, each assayed in triplicate.
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Immunoblotting

Immunoblotting was performed essentially as described.® In detail, 107 cells/ml RPMI
were pretreated with 1uM PCI-32765 at 37°C for 1h. After stimulation with 200ng/
ml goat anti-human IgM, F(ab’), or 100ng/ml CXCL12, 100ng/ml CXCL13 or 100ng/
ml CCL19 for 2 min (or as indicated), cells were directly lysed in SDS-PAGE sample
buffer. 2.10° cells (Namalwa) or 3.10° cells (CLL cells) were applied on a 10%
SDS-PAGE gel and blotted with rabbit anti-phospho-ERK1/2 (Cell signaling), rabbit
anti-phospho-AKT, mouse anti-phospho-BTK or mouse anti-B-actin followed by
HRP-conjugated goat anti-rabbit or rabbit anti-mouse and developed by enhanced
chemiluminescence (Amersham Pharmacia). To confirm equal expression and
loading, the blots were stripped or occasionally blots were generated in a parallel
fashion, and incubated with the antibodies rabbit anti-ERK2 and mouse anti-BTK.

Immunoprecipitation

Immunoprecipitation was performed essentially as described.” In detail, 107
Namalwa cells/ml RPMI were pretreated with 1uM PCI-32765 at 37°C for 1h. After
stimulation with 200ng/ml goat anti-human IgM, F(ab’), or 100ng/ml CXCL12 for 2
min, the cells were directly lysed by addition of an equal volume ice-cold 2x lysis
buffer (20mM Tris-HCI pH 8.0, 300mM NaCl, Nonidet P-40, 20% glycerol, 10mM
EDTA, 4mM Na,VO,, 10mM NaF and 2 EDTA-free protease inhibitor cocktail tablets
(Roche) per 50ml). After preclearance with protein A-Sepharose beads, the lysates
were incubated with 1ug mouse anti-BTK at 4°C o/n, and immunoprecipitation was
carried out by adding protein A-Sepharose beads for 1h. After extensive washing of
the beads with 1x lysis buffer, immunoprecipitates were analyzed by immunoblotting,
using mouse anti-phospho-BTK and reprobed with mouse anti-BTK.

PLCy2 phosflow analysis

10° cells/ml RPMI (Namalwa or CLL cells) were pretreated with 1uM PCI-32765 at
37°C for 1h. The cells were incubated in suspension for 5 min with 200ng/ml goat
F(ab’), anti-hnuman IgM. Then, cells were fixed, washed, permeabilized (Perm buffer
[lI) and incubated with phycoerythrin conjungated mouse anti-PLCy2-pY759 (BD
Biosciences Technology) for 30 min on ice and washed. Stainings were measured
on a FACScanto Il flow cytometer system (BD Biosciences, San Jose, CA, USA)
interfaced to FACS Diva software (v6.0), and analyzed with Flow Jo (v7.2.1).
Geometric means of the nonpretreated anti-IgM-stimulated cells was normalized
to 100% and the bars represent the means + SEM of at least three independent
experiments.
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Flow cytometry

10% Namalwa or CLL cells were stained with phycoerythrin-conjungated anti-CXCR4,
fluorescein-conjungated anti-CXCR5, fluorescein-conjungated anti-CCR?7 or isotype
control for 30 min on ice and washed. Stainings were measured on a FACScanto
Il flow cytometer system (BD Biosciences, San Jose, CA, USA) interfaced to FACS
Diva software (v6.0), and analyzed with Flow Jo (v7.2.1).

Apoptosis analysis

10¢ cells/ml RPMI (Namalwa, L363 or CLL cells) were pretreated with 1uM PCI-
32765 at 37°C for 3h. The cells were stained with FITC-conjungated annexin V for
30 min on ice and washed. Immediately before measuring, TO-PRO-3-‘iodide was
added. Stainings were measured on a FACScantoll flow cytometer system (BD
Biosciences, San Jose, CA, USA) interfaced to FACS Diva software (v6.0), and
analyzed with Flow Jo (v7.2.1).

Statistical analysis

The unpaired two-tailed Student’s f-test was used to determine the significance of
differences between two means. The one sample t-test was used to determine the
significance of differences between means and normalized values (100%). *P < .05;
P <.01; P <.001.
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Supplementary tables and figures

CLL IgVy algM PMA CXCL12 | CXCL13 | CCL19 |WBC count| CD3* | CD19*| CD5'CD19*
patient no.| gene status | FN/VCAM1 | FN/VCAM1 | Adh./Mig. | Adh./Mig. | Adh./Mig. 10% (%) (%) (%)

U: unmutated (<2%) +: positive -: negative o: not determined T-cells B-cells CLL-cells
M: mutated (>2%)

Table S1. Patient characteristics.
The characteristics of individual CLL-patients are summarized in this table. FN, adhesion to fibronectin;
VCAM1, adhesion to VCAM-1; Adh., adhesion; Mig., migration; WBC, white blood cell count.
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Figure S1. Dose responsiveness of PCI-32765.

(A) Namalwa and L363 pretreated for 1h with different concentrations of PCI-32765 were stimulated with
algM or CXCL12, and immunoblotted for p-ERK. Total ERK2 was used as loading control. Notice that
L363 (a BTK negative multiple myeloma cell line) does not express membrane bound BCR. (B) Namalwa
cells pretreated with different concentrations of PCI-32765 were stimulated with algM and allowed to
adhere to fibronectin-coated surfaces. Graph is presented as normalized mean + SD from triplicates
(100% = stimulated cells without inhibitor), C = control (unstimulated). *P < .05; **P < .01; ***P < .001.
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Figure S2. CXCL12-induced adhesion and migration of Daudi is inhibited by PCI-32765.

(A) L363 (BTK negative cell line, see inset) pretreated for 1h with 1uM PCI-32765 were allowed to adhere
to VCAM-1- and CXCL12-cocoated surfaces (n = 4 independent experiments. (B) Daudi cells pretreated
with PCI-32765 were allowed to adhere to VCAM-1- and CXCL12-cocoated surfaces (n = 4 independent
experiments). (C) Daudi cells pretreated with PCI-32765 were allowed to migrate towards CXCL12 (n
= 3 independent experiments). Graphs are presented as the normalized mean + SEM of independent
experiments (100% = stimulated cells without inhibitor). C = control (absence of CXCL12). *P < .05; **P
<.01; ***P <.001.
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Figure S3. Chemokine receptor expression and signaling in CLL cells.

(A) Namalwa and CLL cells (representative for 5 patients) were stained for CXCR4, CXCR5 or CCR7
(red) or unstained (blue) and analyzed by flow cytometry. All patients analyzed (# 479, 560, 745, 898, and
2103) were positive for all three chemokine receptors. (B) Primary CLL cells (patient 898) pretreated with
PCI-32765 were stimulated with CXCL12, CXCL13 or CCL19, and immunoblotted for p-ERK and p-AKT.
Total ERK2 was used as loading control.
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Figure S4. Cell viability is not affected by (short term) PCI-32765 treatment.

Namalwa, L363, and CLL cells treated with PCI-32765 for 3 hours were stained for annexin V and TO-
PRO-3"-iodide and analyzed by flow cytometry. Presented as percentage of live (annexin V and TOPRO
double negative), early apoptotic: (annexin V positive and TOPRO negative), late apoptotic (annexin V
and TOPRO double positive), or dead cells (annexin V negative and TOPRO positive). Representative
FACS plots are shown and the graphs are presented as mean + SD (duplo measurement). *P < .05; **P
<.01; **P < .001.
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Figure S5. Reduced CXCR4 expression in circulating CLL cells in PCI-32765-treated patients.
Peripheral blood (PB) derived CLL cells obtained either pre-administration (pre) or 4h post-administration
(4h post) of PCI-32765 (n = 3 patients) and CLL cells (in vitro) treated with PCI-32765 (for 4 hours) (n = 2

patients) were stained for CXCR4 and analyzed by flow cytometry. Graphs are presented as normalized
mean + SEM. *P < .05; **P < .01; ***P < .001.

77






Egress of CD19"CD5" cells into peripheral blood
following treatment with the Bruton tyrosine kinase
inhibitor ibrutinib in mantle cell ymphoma patients

Betty Y. Chang', Michelle Francesco", Martin F.M. de Rooij?’, Padmaja Magadala’,
Susanne M. Steggerda®, Min Mei Huang', Annemieke Kuil?, Sarah E. M. Herman?,
Stella Chang’, Steven T. Pals?, Wyndham Wilson?, Adrian Wiestner?, Marcel
Spaargaren?, Joseph J. Buggy', and Laurence Elias'

'Research Department, Pharmacyclics, Inc., Sunnyvale, CA; 2Department of
Pathology, Academic Medical Center, University of Amsterdam, Amsterdam, The
Netherlands; and *Hematology Branch, National Heart, Lung, and Blood Institute,

National Institutes of Health, Bethesda, MD. ‘M.F. and M.F.M.d.R contributed

equally to the manuscript.

Blood (2013) 122:2412-24



BLOOD (2013) 122:2412-24

Abstract

Ibrutinib (PCI-32765) is a highly potent oral Bruton tyrosine kinase (BTK) inhibitor
in clinical development for treating B-cell lymphoproliferative diseases. Patients
with chronic lymphocytic leukemia (CLL) often show marked, transient increases of
circulating CLL cells following ibrutinib treatments, as seen with other inhibitors of
the B-cell receptor (BCR) pathway. In a phase 1 study of ibrutinib, we noted similar
effects in patients with mantle cell lymphoma (MCL). Here, we characterize the
patterns and phenotypes of cells mobilized among patients with MCL and further
investigate the mechanism of this effect. Peripheral blood CD19*CD5* cells from MCL
patients were found to have significant reduction in the expression of CXCR4, CD38,
and Ki67 after 7 days of treatment. In addition, plasma chemokines such as CCL22,
CCL4, and CXCL13 were reduced 40% to 60% after treatment. Mechanistically,
ibrutinib inhibited BCR- and chemokine-mediated adhesion and chemotaxis of MCL
cell lines and dose-dependently inhibited BCR, stromal cell, and CXCL12/CXCL13
stimulations of pBTK, pPLCy2, pERK, or pAKT. Importantly, ibrutinib inhibited
migration of MCL cells beneath stromal cells in coculture. We propose that BTK is
essential for the homing of MCL cells into lymphoid tissues, and its inhibition results
in an egress of malignant cells into peripheral blood. This trial was registered at
www.clinicaltrials.gov as #NCT00114738.
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Introduction

Mantle cell ymphoma (MCL) is an aggressive type of B-cell malignancy, constituting
8% of non-Hodgkin lymphomas.'™ MCL is typically characterized by the t(11;14)
(913;932) translocation, which drives cyclin D1 overexpression. Constitutive
activation of the phosphatidylinositol-3-kinase/protein kinase B (PI3K/AKT) and
nuclear factor kB pathways contribute to the pathogenesis of MCL.> The majority
of MCL patients present with advanced disease at diagnosis, and more than 90%
of patients have extranodal manifestations with circulating MCL cells, bone marrow,
and gastrointestinal involvement. In general, MCL patients have a poor prognosis,
with a median overall survival time of 30 to 43 months and fewer than 15% of them
are long-term survivors."? This demonstrates a clear need for new therapeutics for
the treatment of this disease.

The interaction of neoplastic B cells with stromal cells in the lymph
node (LN) or bone marrow microenvironment plays a critical role in the survival,
progression, and drug resistance of various B-cell malignancies,*” including
MCL.%®° Importantly, the homing and trafficking of B cells into the microenvironment
is tightly controlled and regulated by the interaction of chemokine receptors and
adhesion molecules.'®' The contact between MCL cells and mesenchymal stromal
cells (MSCs) is established and maintained by chemokine receptors and adhesion
molecules. Stromal cells in lymphoid tissues constitutively express chemokines such
as CXCL12 and CXCL13, forming gradients that allow the homing of B lymphocytes
from the periphery into tissue compartments. MCL cells express G protein-coupled
chemokine receptors such as CXCR4 and CXCR5 that bind CXCL12 and CXCL13,
respectively. Adhesion is facilitated by binding of integrins such as a,8, on B
cells to VCAM-1 on stromal cells and fibronectin in the extracellular matrix."® In
addition to the chemokine receptor and integrin engagement, it has been shown
that B-cell receptor (BCR) activation is involved in integrin (such as a,f,)-mediated
adhesion®1216-18 gnd is thought to contribute to the growth and survival of most types
of B-cell malignancies.'®2' BCR signaling pathway phosphoproteins are represented
abundantly in MCL cell lines,*?22% and genomic lesions or constitutive activation of
signaling proteins downstream of the BCR pathways such as SYK and PI3Ka have
been reported in MCL.2%2°

Since BCR signaling is important for integrin-mediated adhesion, growth,
and survival of B lymphocytes, Bruton tyrosine kinase (BTK), a key component of the
BCR pathway, is thus significant in B lymphocyte adhesion and survival.®'%'%1” More
recently, it has been shown that BTK plays a role in chemokine (such as CXCL12)
-controlled B-cell chemotaxis and homing.'? The BTK inhibitor ibrutinib (PCI-32765)
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is an irreversible covalent inhibitor with a 50% inhibitory concentration of 0.5nM
against BTK in biochemical assays, has been found to have broad antitumor activity
in B-cell malignancies including MCL,2%?” and is currently being evaluated in phase
3 clinical studies. In the initial phase 1 study, we noted that many MCL patients
had rapid increases of CD5* B lymphocytes in the peripheral blood (PB) following
ibrutinib treatment. This often occurred concomitantly with rapid reductions of
lymphadenopathy, suggesting an egress of malignant cells from tissues into PB. The
schedule of drug administration for most patients in the phase 1 study was in cycles
of daily administration for 28 days, followed by 7 days without drug administration.
We observed that the lymphoid flux was rapidly reversed during the 7-days-off
portion of the treatment, with prompt reappearance at the beginning of the next cycle,
resulting in a sawtooth pattern in PB. These patterns, along with immunophenotypic
characterization of the cells involved, are presented here. We further investigated
the mechanism of this effect by using MCL cell lines and primary cells and also
in an MCL-stromal coculture system. We demonstrated that ibrutinib suppressed
BCR- and CXCL12-/CXCL13-mediated adhesion and chemotaxis, suppressed
migration of cells beneath the stromal cells (pseudo-emperipoiesis), and inhibited
the phosphorylation of BTK, PLCy2, and ERK in MCL cells. These observations
effectively highlight the importance of BTK catalytic activity in the homing of MCL
cells into lymphoid tissues and provide insight into the relevant mechanisms.

Materials and methods

Primary human MCL specimens from drug-treated patients

Blood was drawn from MCL patients (Table S1) enrolled in PCYC-04753% or
PCYC-1104?" (before April 1, 2012) in accordance with International Conference on
Harmonisation Good Clinical Practice guidelines and principles of the Declaration
of Helsinki, with informed consent from each patient and in compliance with the
protocols approved by the relevant institutional review board. The blood samples
were drawn into sodium heparin cell preparation tubes (BD) and shipped overnight
to Pharmacyclics, Inc., within 24 hours. In a laminar flow hood, the peripheral blood
mononuclear cells (PBMCs) were collected, washed with phosphate-buffered saline
(PBS), and frozen in 90% fetal bovine serum and 10% dimethylsulfoxide in liquid
nitrogen until use.

Cell lines and primary material for ex vivo studies
Adhesion studies were performed with PBMCs from MCL patients of the Academic
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Medical Center (Amsterdam, The Netherlands). For ex vivo CXCR4 and CD38
staining studies, PB and LN biopsies were collected from treatment-naive MCL
patients enrolled in National Cancer Institute Study 05-C-0170 (www.clinicaltrials.
gov #NCT00114738) with approval from the National Institutes of Health Institutional
Review Board and informed consent. Matched PB and LN samples were obtained
on the same day and were processed and analyzed in parallel.

MCL phenotyping

PBMCs were washed, pelleted, and resuspended in PBS and 2% fetal bovine
serum containing phenotyping surface antibodies. All staining cocktails were run in
duplicate tubes. Cells were stained for 30 minutes, washed, pelleted, and fixed in
PBS and 1.6% paraformaldehyde. Cells to be analyzed for proliferation with Ki67
were permeabilized with 70% ethanol at —20°C overnight, rehydrated with PBS, and
stained with Ki67 antibody.

Flow cytometry

BD FACS (fluorescence-activated cell sorter) Canto Il was used for all flow cytometry
collections. Phosphoflow assays were stained and performed as described.?® At
least 10,000 CD19* cells were collected from each staining sample. The data were
analyzed and quantified by using Flow Jo (v7.6), and the geometric mean was
derived and presented for the mean fluorescence intensities (MFIs) of histograms
for the specifically stained cell populations.

Coculture assays

Cocultures of M2-10B4 stromal cells and the MCL cell line Mino were established
according to Burger et al.’® Mino cells were treated with vehicle, pertussis toxin, or
ibrutinib for 1 hour at 37°C and then added to confluent monolayers of stromal cells.
The cocultures were incubated at 37°C for 5 hours to overnight to allow migration of
Mino cells beneath the stromal cell layer, after which they were washed extensively
to remove unmigrated cells. For cocultures using live-cell tracer dyes, M2-10B4
and Mino cells were first loaded with CellTracker Green 5-chloromethylfluorescein-
diacetate (CMFDA) and CellTracker Orange 5-(and-6)-(((4-chloromethyl)benzoyl)
amino)tetramethyl-rhodamine (CMTMR), respectively. For microscopy, cells
were fixed with paraformaldehyde and mounted on slides with 4,6-diamidino-2-
phenylindole mounting medium (Vectashield). For quantification of migration of Mino
cells in cocultures by flow cytometry, cells were trypsinized and stained with APC-
Cy7-labeled anti-CD19 antibody. Cells were counted by using CountBright absolute
counting beads (Life Technologies).
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Actin polymerization in Mino cells

Mino cells were adhered to coverslips in serum-free media for 30 minutes at 37°C
and treated with dimethylsulfoxide, pertussis toxin, or ibrutinib for 1 hour. Cells were
fixed with paraformaldehyde, permeabilized with Triton X-100, and stained with
Alexa Fluor 594—labeled phalloidin (Molecular Probes). Coverslips were mounted
on glass slides by using Vectashield mounting medium containing 4,6-diamidino-2-
phenylindole. Microscopy was performed on a Zeiss Axioplan 2 microscope using
a 63%/1.40 oil immersion Plan-Apochromat objective, and images were acquired
with a Zeiss AxioCam MRm charge coupled device camera and AxioVision (v4.8)
software. For densitometry, at least 30 cells were imaged for each condition.

Adhesion and migration assays
Cell adhesion®'2 and migration'?? assays were performed as described.

Immunoblotting
Western blots were performed as previously described.52°

Statistical analysis

Analyses were performed by using GraphPad Prism (v4.0). Statistically significant
differences were determined by using either analysis of variance with Bonferroni’s
post hoc comparison, or unpaired two-tailed Student {-test was used to determine
the significance of differences between two means.

Results

Transient increase in absolute lymphocyte count following ibrutinib
administration to MCL patients

In a phase 1 study that enrolled patients with various non-Hodgkin lymphomas,
MCL patients were treated with ibrutinib in 35-day cycles during which the drug was
administered once a day for 28 days with a 7-day drug holiday between cycles.?
Under these conditions, a cyclical pattern of increasing and decreasing absolute
lymphocyte count (ALC) was observed. This was demonstrated by an increase
in ALC following the first few weeks of treatment followed by a return to baseline
after the 7-day drug holiday (Fig. 1A). This cyclic ALC pattern continued for the
duration of the treatment (data not shown). During the course of ibrutinib treatments,
tumor volumes (quantified by sum of perpendicular diameters measurements from
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Figure 1. Transient mobilization of lymphocytes in MCL patients treated with ibrutinib.

The mean percentage change of ALC (over baseline) is graphed against treatment time. (A) Ibrutinib
treatment was in 35-day cycles of 28 days on and 7 days off. Mean percentage ALC change and
percentage of the sum of perpendicular diameters (SPD) change are plotted to treatment cycles (n
=9). (B) Ibrutinib treatment was continuous with no gap in treatment. Mean percentage ALC change
compared with baseline (plotted as mean + standard error [SE]; n = 17) is plotted against treatment
time. Time points plotted are DO (day zero), D1, D8, D15, D22, and end of cycles 1, 2, 3, 4, and 5.
(C) The absolute count (ABS) and percentage of CD19*CD5* vs CD19*CD5- cells following 1 week of
ibrutinib treatment. Note the statistically significant change in the absolute count of CD19*CD5" cells
of MCL patients following treatment. *P < .05 (paired t-test; n = 16). (D) Flow plot of gated lymphocytes
of PBMC samples from a representative MCL patient before and after ibrutinib treatment (560mg per
day) for 7 days. PBMCs were stained with CD3, CD19, and CD5. Note increase of CD19*CD3- and
CD19*CD5" population after 7 days of drug treatment. (E) Fluorescent probe occupancy assay of BTK
in PBMCs isolated from a representative MCL patient before treatment (predose), and after 4 hours,
24 hours after first dose, before treatment on the eighth day (Day 8, predose), and 4 hours after the
eighth day dose (Day 8, 4HR). The arrows point to the 75kDa BTK band on a scanned fluorescent
gel (top) and a western blot (bottom). (F) An average of >90% occupancy of BTK by drug is achieved
in MCL patients who were administered ibrutinib in the first week, determined by fluorescent probe
assays (n = 6).
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scans) decreased by 75% on average (Fig. 1A) during 2 to 6 treatment cycles.
Thus, during the first 6 cycles of treatment, the cyclic changes of PB ALC occurred
concomitantly with nodal responses in these patients. The increase in ALC was
observed in a subsequent (phase 2) study in which MCL patients were treated with
a fixed continuous daily dose of 560mg without interruption. In this trial, the ALC
increased by 100% to 200% following the first 2 to 4 weeks of treatment, followed by
notable gradual reductions in ALC commencing by the eighth week of treatment and
continuing over the following months (Fig. 1B).

Elevated ALC is due to an increase of light chain-restricted CD19*CD5* cells
In order to define the population of lymphocytes increased by ibrutinib, the PBMCs of
patients isolated before (day 1 [D1]) and after 1 week of treatment (day 8 [D8]) were
stained with CD19, CD3, and CD5 and analyzed by flow cytometry. The increased
lymphocytes were characterized as CD19*CD3-CD5"; both the absolute count and
the percentage of CD19*CD5* cells in the lymphocyte population were significantly
increased after 1 week of ibrutinib treatment (P < .05), whereas the absolute count
and the percentage of CD19*CD5- cells was not (Fig. 1C). An illustrative patient
is shown in Fig. 1D, in whom the CD19*CD3- and CD19*CD5" populations before
drug treatments were 9.29% and 84.4%, respectively, and they increased to 63%
and 98.8% after 1 week of treatment. The CD19*CD3-CD5* cells were light chain-
restricted (data not shown), likely reflecting increased circulating MCL cells in the
periphery following 1 week of drug treatment. In some cases, the mobilized cells
made up a distinct subset of CD45%™ small cells, which is also consistent with MCL
(data not shown).

To confirm that full inhibition of the target BTK was achieved in these patients,
occupancy of the BTK active site by ibrutinib was assessed in PBMCs from MCL
patients by using a competitive binding fluorescent probe assay.*® On average, more
than 90% target occupancy was observed in patients following 1 week of treatment
(Figs. 1E-F).

The peripheral CD19*CD5* population has decreased Ki67, pERK, and surface
CD38 and CXCR4 expression following drug treatment

Peripheral CD19*CD5* cells were analyzed for markers commonly associated with
cell proliferation/activation states such as CD38,3"%2 Ki67,3 and pERK. CD38 surface
expression was higher in the CD19*CDS* cells than in the normal CD19*CD5- cells
prior to drug treatment and became even higher in some patients immediately after
treatment (Fig. 2A), likely because of the higher CD38 expression in tissues (Fig.
2D), but it decreased significantly following 1 week of treatment (P < .05) (Fig. 2B)
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Figure 2. CD19*CD5* cells have decreased CXCR4, CD38, and Ki67 expression following ibrutinib
treatment.

(A) Reduction of CD38 expression (mean fluorescence intensity ratio [MFIR]) in CD19*CD5" cells but
not CD19*CD5- cells during 4 weeks of treatment in 4 patients treated with ibrutinib. (B) Surface CD38
expression (left panel; *P < .05) and intracellular Ki67 (right panel; **P < .01) is significantly reduced
following 1 week of treatment. MFIR of intracellular phospho-ERK (pT202/Y204/ERK1/2) of CD20*CD5*
cells from healthy participants or MCL patients treated with ibrutinib before treatment (day 1 [D1]) and after
1 week of treatment (D8) (lower panel; *P < .05). (C) Significant reduction of surface CXCR4 expression
(MFIR) in CD19"CD5" cells following 1 week of ibrutinib treatment (n = 14; *P < .05). The line between
the dot plots shows the mean. (D) CXCR4 and CD38 expression from LN biopsies and PBMCs (PB) of
three MCL patients (patients A, B, and C) not treated with drug. (E) Plasma chemokine and cytokine
concentrations on day 8 (D8; left) or day 29 (D29; right) of ibrutinib-treated MCL patients compared with
pretreatment times 100% (n = 9).
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and decreased even further with longer treatment, while the CD38 expression in
the normal B cells did not change (Fig. 2A). In vitro ibrutinib treatment did not affect
CD38 expression in MCL cells (Fig. S1). Furthermore, Ki67 expression, commonly
used as a marker of proliferation, was significantly reduced after treatment (P < .01)
(Figs. 2B and S7). pERK expression was generally higher in the CD20*CD5* cells
of MCL patients compared with healthy volunteers and was significantly reduced by
ibrutinib treatment (Fig. 2B, lower panel; P < .05).

Since the chemokine receptor CXCR4 is important for B-cell homing to
lymphoid tissues,*** we determined the surface CXCR4 expression in the MCL
cells and found that CXCR4 was significantly reduced (P < .05) in the CD19*CD5*
population following 1 week of treatment (Fig. 2C). We then analyzed CXCR4
expression on patient-matched LN- and PB-resident MCL cells from 3 untreated
patients and found that CXCR4 expression was lower in MCL cells isolated from LNs
compared with PB in all 3 patients examined (Fig. 2D), similar in trend to those noted
in chronic lymphocytic leukemia (CLL) patients in whom CXCR4 surface expression
is lower in LN compared with PB,%*?” because of receptor endocytosis from high
tissue concentrations of CXCL12.41:3738 Therefore, the newly circulating CXCR4"
MCL cell population is consistent with the mobilized cells originating from tissues
such as LNs. This interpretation is further supported by the notable reduction in
lymphadenopathy observed during the same period (Fig. 1A). Importantly, ibrutinib
treatment in vitro did not have a direct effect on CXCR4 surface expression in primary
MCL cells at concentrations of 1 to 1000nM (Fig. S1).

We also examined changes to plasma chemokines in the treated patients
and found that chemokines important in B-cell trafficking/homing (CXCL13) and
T-cell/accessory-cell attractions (CCL22, CCL4, CCL17)83%40 were reduced on
average by more than 50% following 1 week of treatment. By the end of the first cycle
of treatment, in addition to the decrease of CCL4 and CCL22; cytokines important
for MCL proliferation interleukin-10 (IL-10) and tumor necrosis factor a (TNF-a);*':42
were also reduced by 50% (Fig. 2E).

Ibrutinib inhibits pseudo-emperipoiesis in MCL-stromal coculture

The transient increase of ALC in MCL patients treated with ibrutinib may be due to
a disruption in cellular adhesion and migration within the LN or tissue compartment.
To investigate this, we established the in vitro effect of ibrutinib on the pseudo-
emperipoiesis of MCL in stromal cell cocultures. Primary MCL cells or the Mino cell line
were grown in coculture with M2-10B4 murine bone marrow stromal cells. We found
that primary MCL cells or Mino cells both adhered to and migrated beneath the M2-
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10B4 cells. Significant inhibition of pseudo-emperipoiesis by ibrutinib was observed,
as demonstrated by light microscopy (Figs. 3A-B), and the number of Mino cells or
primary MCL cells remaining in the coculture were quantified by flow cytometry of
hCD19* cells harvested by gentle washing following 4 hours of coculture (Figs. 3D-E,
left panels). Ibrutinib dose-dependently inhibited migration of Mino cells beneath the
stromal cells, and the inhibition was significant at 100nM (P < .01) and 1000nM (P <
.001). Pertussin toxin, a well-studied G protein-coupled receptor inhibitor used as a
positive control for inhibition of Mino cell migration significantly inhibited migration at
200ng/ml (P < .001). In addition, CXCL12, an important chemokine for B-cell homing
produced by stromal cells, increased cortical actin of Mino cells, as assessed by
phalloidin fluorescence microscopy, and this response was also dose-dependently
and significantly inhibited by ibrutinib treatments at 10 and 100nM (P < .001) (Figs.
3C-D, right panel). Ibrutinib also suppressed actin polymerization of primary MCL in
coculture at 100nM (P < .001) (Fig. 3E, right panel).

Ibrutinib inhibits BTK activity in MCL/stromal cell coculture and suppresses
stromal cell-induced chemokine and cytokine secretion

To further understand the drug effect on MCL cells in coculture with stromal cells,
Mino cells were treated with drug and cocultured with M2-10B4 or stimulated with
anti-immunoglobulin M (anti-IgM). Ibrutinib dose-dependently inhibited pBTK,
pPLCy2, pAKT, and pERK in Mino cells in coculture with M2-10B4 cells and in
Mino cells with BCR stimulation (Fig. 4A). Chemokine and cytokine concentrations
of conditioned media were determined from ibrutinib-treated Mino cells alone or
stimulated with anti-lgM or in coculture (Fig. 4B). Mino cells increased chemokine
and cytokine secretions following BCR stimulation or coculture with M2 cells. Similar
results were observed with the JeKo1 cell line (Fig. S2). Ibrutinib dose-dependently
and potently suppressed production of human IL-10, CCL22, CCL3, CCL4, TNF-q,
and CCL17 following BCR activation or in coculture, whereas the murine stromal
cells alone did not produce human chemokines or cytokines (Fig. 4B). Similarly,
ibrutinib suppressed the production of IL-10, CCL22, CCL3, CCL4, and TNF-a of
JeKo1 cells in coculture with M2-10B4 (Fig. S2) or human stromal cell line HS-5
(data not shown). Interestingly, these chemokines/cytokines were also reduced in
ibrutinib-treated patients, but the degree of reduction in plasma CCL3 was far less
than that in vitro (Fig. 2E).
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Figure 3. Ibrutinib inhibits migration of MCL cells beneath stromal cells (pseudo-emperipoiesis)
and the formation of CXCL12-stimulated cortical actin.

(A) Phase contrast (left panel) and 4,6-diamidino-2-phenylindole (DAPI) staining (right panel) of Mino and
BM stromal cell M2-10B4 coculture 24 hours after Mino cells were pretreated with vehicle (dimethylsulfoxide
[DMSO]) (panels a and b) or ibrutinib (1000nM) (panels ¢ and d). Highlighted yellow outlines show typical
cobblestone appearance of migrated Mino cells beneath stromal cells. Black arrow points to a cell that is
adhered on top of stromal cells but not migrated underneath. Yellow arrow points between two migrated
Mino cells. (B) Mino cell and stromal cell coculture of Mino cells loaded with 5-(and-6)-(((4-chloromethyl)
benzoyl)amino)-tetramethylrhodamine (red), and M2 cells loaded with 5-chloromethylfluorescein
diacetate (green). (a) Stromal cells alone and (b) in coculture with Mino cells. (¢) Mino cells pretreated
with G protein-coupled receptor inhibitor pertussis toxin at 200ng/ml or (d) ibrutinib at 1000nM. (C) Mino
cells were stimulated with CXCL12 at 100ng/ml and stained with rhodamine-phalloidin to determine actin
polymerization and were counterstained with DAPI to identify nuclei of cells. Phalloidin staining of Mino
cells (a) before and (b) after CXCL12 stimulation and after treatment with (c) pertussis toxin at 200ng/
ml or (d) ibrutinib at 100nM. Magnification, x200. (D) Mino cells were pretreated with ibrutinib, pertussis
toxin, or vehicle for 30 minutes and then placed on a stromal cell-populated plate. After 4 hours, coculture
was washed several times and migrated, and adhered Mino cells were counted in a flow cytometer with
calibrated beads after staining with hCD19. Both pertussis toxin and ibrutinib dose-dependently inhibited
migration and adhesion of Mino cells (left panel). Mino cells stimulated with CXCL12 and treated with
vehicle or drug were stained with phalloidin, and its intensity was determined by using flow cytometry
(right panel). (E) Ibrutinib (100nM) inhibited pseudo-emperipoiesis of primary MCL (hCD19* cells) in
coculture with M2-10B4 stromal cells (left panel). Actin polymerization as assessed by phalloidin staining
was significantly reduced by ibrutinib treatment in primary MCL cells. **P < .01; ***P < .001. One-way
analysis of variance (ANOVA) compared with vehicle control.
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Figure 4. lbrutinib suppresses BCR- and coculture-stimulated signaling and cytokine and
chemokine production of MCL cells.

(A) Mino cells pretreated with vehicle or ibrutinib (10, 100, or 1000nM) were cultured alone (with anti-IlgM
stimulation) or in coculture with murine M2-10B4 stromal cells. M2-10B4 cells alone were pretreated with
either vehicle or 100nM ibrutinib (M2 only). Mino cells in coculture, Mino cells alone, or M2-10B4 cells
alone were collected after 48 hours, lysed, and subjected to sodium dodecyl sulfate polyacrylamide gel
electrophoresis and western blot analysis of pY223 BTK, pY1217 PLCy2, pT202/Y204 ERK, pS473 AKT,
and pT183/Y185 JNK. The phosphoblot was scanned, and signals were quantified (right panel); pBTK,
pPLCy2, pERK, pAKT, and pJNK signals were normalized to BTK, PLCy2, ERK, AKT, and JNK total
protein, respectively. Signals from each treatment were compared with vehicle-treated Mino cells. (B)
Conditioned media from Mino cells only without stimulation, Mino cells stimulated with anti-IgM, or Mino
cells in coculture with M2-10B4 or M2-10B4 alone were collected after 48 hours and analyzed for human
cytokines and chemokines (IL-10, CCL22, CCL3, CCL4, TNF-a, CCL17, and CCL21). Note media from
murine M2 cells alone do not react with human cytokines or chemokines.
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Figure 5. Ibrutinib inhibits BCR-activated adhesion of MCL cells.

(A-B) JeKo1 or HBL2 cells pretreated with vehicle or 100nM ibrutinib were stimulated with anti-IlgM for 0,
0.5, 1, 2, 5, or 10 minutes and then immunoblotted for pBTK (Y223), pERK, and pAKT. Total BTK, ERK2,
and AKT were used as loading controls. (C) JeKo1 (n = 8) or HBL2 (n = 8) cells pretreated with vehicle
or 100nM ibrutinib were stimulated with anti-IlgM or PMA and allowed to adhere to fibronectin-coated
surfaces. (D) JeKo1 (n =6) or HBL2 (n = 5) cells pretreated with vehicle or 100nM ibrutinib were stimulated
with anti-lgM or PMA and allowed to adhere to VCAM-1-coated surfaces. PMA stimulations were used
as a positive control for the assay and to show specificity of drug response. Graphs are presented as
normalized means + SEM (100% = stimulated cells without inhibitors), C = control (unstimulated), PMA =
phorbol-12-myristate-13-acetate. **P < .01; ***P < .001. One-way ANOVA compared with vehicle control.
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Figure 6. Ibrutinib inhibits CXCL12-/CXCL13-activated adhesion and migration of MCL cells.

(A) Mino (left panel) or JeKo1 (right panel) cells pretreated with vehicle or ibrutinib 10, 100, or 1000nM
were either stimulated with anti-lIgM, CXCL12, or CXCL13 or treated with medium (Med) for 15 minutes
and then immunoblotted for pBTK, pPLCy2, pAKT, pERK, and pJNK. (B) Mino (n = 6) or JeKo1 (n =
4) cells pretreated with vehicle or 100nM ibrutinib were allowed to adhere to VCAM-1— and CXCL12-
cocoated surfaces. (C) Mino (n = 5) or JeKo1 (n = 5) cells pretreated with vehicle or 100nM ibrutinib were
allowed to adhere to VCAM-1- and CXCL13-cocoated surfaces. Graphs are presented as normalized
means + SEM (100% = stimulated cells without inhibitors), C = control (unstimulated). (D) Cells from MCL
cell lines Mino, JeKo1, and JVM-1 were treated with increasing concentration of ibrutinib and subjected
to a chemotaxis migration assay in transwell plates with filters coated with VCAM-1, and CXCL12 or
CXCL13 was added into the lower chamber as a chemoattractant. Ibrutinib dose-dependently inhibited
CXCL12- and CXCL13-mediated migration of Mino cells, and CXCL12-mediated migration of JeKo1 and
JVM-1 cells. *P < .05; **P < .01; ***P < .001. One-way ANOVA compared with vehicle control.
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Ibrutinib inhibits BCR- and chemokine-mediated adhesion and

migration in vitro

We measured the direct effect of ibrutinib on adhesion and migration of the MCL cell
lines JeKo1, HBL2, Mino, and JVM-1. First, the effect of ibrutinib on BTK signaling
was determined. As expected, ibrutinib inhibited phosphorylation of BTK and
downstream signaling proteins PLCy2, MAP kinases ERK, JNK, and AKT following
stimulation by anti-IgM and chemokines CXCL12 and CXCL13 (Figs. 5A-B, 6A, S5,
and S6). Cell surface expression of CXCR4, CXCR5, CCR?7, surface IgM, and a8,
integrin was confirmed by flow cytometry (Fig. S3), and subsequent in vitro adhesion
and chemotaxis assays were performed with the drug. Ibrutinib significantly inhibited
anti-lgM-stimulated adhesion of JeKo1 and HBL2 cells onto fibronectin or VCAM-1
at 100nM (a clinically relevant concentration of ibrutinib) with more than 50% to 70%
inhibition. The inhibition of adhesion by ibrutinib was also dose-dependent (Fig. S4).
Similarly, the adhesion of both Mino and JeKo1 cells to VCAM-1 was inhibited by
ibrutinib at 100nM following CXCL12- or CXCL13-activation. The extent of inhibition
was greater in Mino cells (50% to 70%) than in JeKo1 cells (20% to 30%) (Figs. 6B-
C). We found that, in addition to changes in adhesion, ibrutinib dose-dependently
inhibited CXCL12-induced migration of Mino, JeKo1, and JVM-1 cells, with Mino and
JeKo1 cells being more sensitive to drug than JVM-1 cells (Fig. 6D). Ibrutinib also
significantly inhibited CXCL13-stimulated migration of Mino cells dose-dependently
from 1nM to 1uM (Fig. 6D).

Next, we examined the effect of ibrutinib on signaling and adhesion in
primary MCL cells. In primary MCL, pY223/BTK was increased compared with that
in normal B lymphocytes, consistent with elevated BCR signaling in malignant B
cells. Ibrutinib inhibited pBTK in both primary MCL and normal B cells on Y223, the
autophosphorylation site of BTK, and Y551 (phosphorylated by SRC family kinases)
and reduced pPLCy2 on Y759 and Y1217 (Fig. 7A) at concentrations of 10nM and
above. These results demonstrate that ibrutinib directly inhibits BTK activity in MCL
primary cells. Importantly, ibrutinib also inhibited CXCL12- or CXCL13-activated
adhesion to VCAM-1 as well as BCR-stimulated adhesion to fibronectin at 100nM
in primary MCL cells. The degree of inhibition in these primary cells was about 10%
to 20%, and the magnitude was less impressive compared with that in the MCL cell
lines but the inhibition was statistically significant (Fig. 7B).

These studies collectively demonstrate that ibrutinib inhibits BCR-, CXCL12-
and CXCL13-activated adhesion and migration in MCL cell lines as well as in primary
MCL cells, which is associated with the BTK inhibition in these cells.

94



EGRESS OF MCL CELLS AFTER IBRUTINIB TREATMENT

A Normal B cells  Primary MCL
s 8 s 8
Ibrutinib (nM): o 2 S ¢ o 2 2 2
pY223/BTK | s e
PY551/BTK [&ss = —
23 | QI 1 ———
PY759/PLCY2 | o e

PYI217TIPLOYZ | o i o e s s

PLCY2 | s ok o e Gl s
B Primary MCL Primary MCL Primary MCL

150 150 150
= [ DMSO = [ DMSO = [ DMSO
= E Ibrutinib =]  Ibrutinib £  Ibrutinib
c s [
2 100 2 100 2 100
@ 41 * @ 2
£ £ £
K] = K] s
S 50 2 50 2 %0
K 5 5
o o o
4 4 4

L1 L[ L0
c algM PMA c CXCL12 c CXCL13
c Ligand
"
v —
\\\ / // excliz
510% o CXCRA TN
BeR| || &

aial\ |

» BTK™ 2 ibrutinib
i RacGEF
PLC
2 !
N\ RAC
DAG IP3 l
PKCB INK

) /N |
Actin remodeling Integrin l?ct-ivatiun
% ch s

Figure 7. Ibrutinib inhibits BCR- and chemokine-induced adhesion of primary MCL cells.

(A) CD19* cells isolated from PBMCs of healthy volunteers or MCL patients were treated with ibrutinib at
100nM for 10 minutes prior to cell harvest, lysate generation, and western blotting. Primary MCL cells have
increased BTK activity compared with B lymphocytes from healthy volunteers, which is further inhibited
by ibrutinib in a dose-dependent manner. Tyrosine phosphorylation sites of PLCy2 are also inhibited
dose-dependently by drug. (B) Ibrutinib inhibited anti-lgM-controlled adhesion of primary MCL cells to
fibronectin (n = 5 patients), or CXCL12- and CXCL13-controlled adhesion to VCAM-1 (n = 3 patients).
Graphs are presented as normalized means + SEM (100% = stimulated cells without inhibitors), C =
control (unstimulated). *P < .05; **P < .01. One-way ANOVA compared with vehicle control. (C) Schematic
of mechanism of action of ibrutinib. Since BTK is downstream to both BCR and CXCR4 signaling, ibrutinib
inhibits chemokine and BCR-mediated cell adhesion/migration of malignant cells thereby disrupting
the microenvironment in the tissues, LNs, and BM, which results in the malignant cells egressing and
eventually entering the peripheral circulation where they are presumably cleared.
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Discussion

Dramatic early increases of PB lymphocytes occur consistently among CLL patients
treated with small-molecule antagonists of the BCR signaling pathway (SYK, PI3K3,
and BTK inhibitors).254%4 Here we report and characterize similar early transient
elevations of lymphocytes among MCL patients treated with the irreversible BTK
inhibitor ibrutinib. The increase in ALC commenced as early as the first week, was
maximal after 2 to 3 weeks of treatment, and then gradually subsided over several
cycles of treatment. As with CLL patients,?® MCL patients dosed on a 28-days-on and
7-days-off schedule exhibited decreases of ALC following the 7-day-off period at the
end of each cycle, and subsequent increases of ALC were observed periodically at
the beginning of each subsequent cycle. Despite these increases in circulating cells,
lymphatic masses were noted to decrease concomitantly, consistent with cellular
mobilization from tissues as opposed to disease progression.

We found that the newly appearing cells were light chain-restricted
CD19*CD5* cells, consistent with their identification as MCL cells. The identity
of these cells as lymphomatous is not surprising since circulating PB tumor cells
are often detectable among patients with MCL. Increase of circulating MCL cells
following treatment has not been previously reported and, moreover, it was highly
specific, not involving CD19*CD3-CD5- cells. Importantly, the CD19*CD5* cells
exhibited significantly lower CD38, Ki67, and pERK (downstream to BTK)* markers
of cell activity. In addition, surface expression of CXCR4 was decreased. Consistent
with studies on CLL cells, we found that MCL cells have lower expression of CXCR4
in LNs compared with PB. The shift in CXCR4 expression may thus largely reflect
release from LNs or other tissues rather than a direct reduction of CXCR4 expression
on circulating MCL cells because in vitro studies showed no effect of drug on surface
CXCR4 on primary MCL cells (Fig. S1). CXCR4" CLL cells have been shown to
be able to reenter tissues and LNs, whereas CXCR4" CLL cells likely have just
exited tissues and can no longer reenter lymphoid organs.'®3%37 Thus, the increase
in MCL cells is likely to be derived from newly egressed MCLs from tissues and LNs.
However, if these egressed MCLs just exited from tissues, why are they CD38" since
LN cells are CD38". A closer look at CD38 expression in the first few days following
drug treatment showed an initial increase of CD38 followed by a gradual decrease
of expression over time (Fig. 2A). In CLL, CD38 expression serves as a real-time
indicator for cell proliferation and activity,>' and we speculate this may be true for
MCL. The newly circulating MCL cells, having been exposed to target-saturating
concentrations of ibrutinib, are likely to be less proliferative, as indicated by reduced
Ki67, a prognostic marker for outcome of advanced MCL survival?>* and pERK.
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Malignant CLL cells have been shown to be in a resting stage in the circulation but
may be activated in proliferation centers of tissues and LNs.***” MCL cells®® may
also exhibit properties similar to CLL cells which, after exiting the LNs, are poised
for apoptosis and/or systemic clearance. In CLL, CD38-CD31 interactions are part
of a network of accessory signals that modify the microenvironment leading to the
proliferation and migration of CLL cells.*¥-*° CD38 expression in MCL, unlike in CLL,
has not been associated with disease prognosis; however, CD38 is associated with
BCR signaling and lymphocyte activation and proliferation since B lymphocytes from
Xid mice do not respond to anti-IgM or anti-CD38 while cells from wild-type mice
do.%" Recent reports indicate that positive CD38 expression in CD20*CD23-cells with
platelet counts predict the presence of t(11;14) translocation of MCL.%? In addition,
bortezomib-resistant MCL cells have higher CD38 expression.> To understand
the precise fate of MCL cells after their exit from the tissues and LNs will require
radiolabeling of patient cells such as that performed by heavy-water labeling of CLL
cells and the subsequent calculation of the birth and death rate of CLL cells.*

We further probed the mechanisms of the increase in MCL cells by
measuring cellular trafficking and PB immunophenotyping in a series of studies of
cells treated with ibrutinib in vitro. We demonstrated the inhibition of BTK activity
following BCR and chemokine stimulation on MCL cells alone and in coculture.
Under these conditions, the drug inhibited BTK and PLCy2 activities and reduced
pPERK, pJNK, and pAKT similar to the results with primary CLL cells.® In addition, the
secretion of CCL3, CCL4, CCL22, and IL-10 was substantially reduced in Mino cell
cultures and the plasma of patients treated with ibrutinib. These results substantiate
our finding on the mechanism of action of ibrutinib in MCL. Presumably, ibrutinib
inhibits chemokine and BCR signaling in MCL cells in tissues and lymphoid organs,
which leads to loss of adhesion and migratory ability in the microenvironment where
the MCL cells are well protected and nurtured by the stromal and accessory cells.
As the cells lose their adhesion to the accessory cells in the microenvironment, they
exit the tissues and LNs and eventually reenter peripheral circulation. Without the
microenvironment and its supply of chemokines, cytokines, and growth factors, the
MCL cells cannot proliferate, and they either die within a few days and/or eventually
are cleared from the circulation (Fig. 7C).53

Approximately 70% of MCL patients in phase 1/2 and phase 2 clinical trials
of ibrutinib have had objective clinical responses.262” Our results provide important
insight into the mechanism of this anti-tumor effect; inhibition of adhesion and
chemokine and BCR signaling downstream of BTK; resulting in egress of malignant
cells from tissues and lymphoid organs. Such effects may be inferred from the
clinical observation of transiently increasing MCL cells in the PB, with concurrently
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decreasing lymphatic masses; here, these effects are clearly substantiated by in
vitro inhibition of chemotaxis, adhesion, and migration of cells beneath stromal
cells (pseudo-emperipoiesis). Moreover, we demonstrated that ibrutinib directly
inhibits downstream signaling from receptors for stromal adhesion (CXCL12 and
CXCL13) as well as through BCR ligation. Once MCL cells are displaced from
their microenvironment, local contact and soluble factor exposure are likely to be
suboptimal for supporting cellular proliferation and survival. The cells with decreased
CXCRA4 expression are impaired in chemotaxis and thus fail to reenter and home into
tissues. In addition, production of crucial chemokines important for homing to tissues
was also apparently inhibited in vitro and in vivo. To the best of our knowledge, this
is the first report that shows BTK activity to be essential for the homing of MCL cells
into secondary lymphoid organs, and its inhibition results in an egress of malignant
cells into PB.
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EGRESS OF MCL CELLS AFTER IBRUTINIB TREATMENT

Supplemental appendix

# Prior | Baseline | Baseline | Baseline

Tt | ALC | LDH | Ecog |BTKDose

PTID Age| Sex CHMOLEC

PCYC-2-00F-004 76 Male t (11;14) by cytogenetics/FISH 4 4.88 268 2 560mg

Both t (11;14) by cytogenetics/FISH and

PCYC-2-0CH-001 82 Male 2 1.338 238 0 560mg

Cyclin D1 expression by IHC

Both t (11;14) by cytogenetics/FISH and

RO O S0 LBl Cyclin D1 expression by IHC

1 0.876 176 0 560mg

PCYC-2-B00-007

81 Female Cyclin D1 expression by IHC 1.606 174 2 560mg

PCYC-2-BA0-001 67 Male Cyclin D1 expression by IHC 5 2.69 373 1 560mg

PCYC-2-BAG-004 56 Male Cyclin D1 expression by IHC 3 0.534 67 0 560mg

Both t (11;14) by cytogenetics/FISH and

A L Cyclin D1 expression by IHC

1 0.595 232 2 560mg

Both t (11;14) by cytogenetics/FISH and

KOs W L Cyclin D1 expression by IHC

1.126 244 0 560mg

PCYC-2-CDC-003 61  Male Cyclin D1 expression by IHC 2 0.897 161 0 560mg

PCYC-2-CDC-005 72 Male Cyclin D1 expression by IHC 5 0.254 731 0 560mg

PCYC-2-CE0-001 60 Male Cyclin D1 expression by IHC 0.234 393 2 560mg
PTID: Patient identity; CHMOLEC: Molecular characteristics; Trt: Treatment; ALC: Absolute lymphocyte count;
LDH: Lactate dehydrogenase; ECOG: Eastern cooperative oncology group status
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Abstract

The treatment of chronic lymphocytic leukemia (CLL) with inhibitors
targeting B cell receptor signaling and other survival mechanisms holds great
promise. Especially the early clinical success of ibrutinib, an irreversible inhibitor of
Bruton’s tyrosine kinase (BTK), has received widespread attention. In this review
we will focus on the fundamental and clinical aspects of BTK inhibitors in CLL, with
emphasis on ibrutinib as the best studied of this class of drugs. Furthermore, we
summarize recent laboratory as well as clinical findings relating to the first cases of
ibrutinib resistance. Finally, we address combination strategies with ibrutinib, and
attempt to extrapolate its current status to the near future in the clinic.
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Introduction to chronic lymphocytic leukemia

Chronic lymphocytic leukemia (CLL), the most common adult leukemia in western
countries, is a neoplastic disease of monoclonal CD5* B cells, which accumulate
in blood, marrow, and secondary lymphoid tissues. The median age at diagnosis
lies between 65 and 70 years. More male than female patients are affected by this
disease.” The disease is very heterogeneous; in less than 30% of all patients the
disease has a very indolent course, with patients eventually dying from causes
unrelated to CLL. About 15% of patients die rapidly -within 2-3 years from diagnosis-
from CLL and/or treatment related causes. In the remaining proportion of patients
the disease has a relative indolent course during the first 5 to 10 years, followed
by a terminal phase of active disease and relapses following therapy, resulting in
morbidity, both from the disease itself and from complications of therapy.?

Specific genomic alterations, especially deletions on the long arm
of chromosome 13 (del(13914)) are thought to be on the basis of leukemic
transformation. Later during disease course, additional aberrations occur, most
frequently deletion of the long arm of chromosome 11 (del(11q)) and deletion of the
short arm of chromosome 17 (del(17p)).® Especially del11q and del17p, which are
strongly associated with p53 dysfunction, predict for poor outcome.* More recently,
next-generation sequencing studies have uncovered novel recurrent somatic
mutations in CLL. Of these, mutations affecting the genes encoding NOTCH1,
BIRC3 and SF3B1 seem to be the most common and to have prognostic impact.®®

CLL cells are highly dependent on external stimuli for survival and proliferation.
Despite their malignant nature CLL cells retain their susceptibility to external signals
in lymph nodes and bone marrow, largely resembling mature healthy B cells. These
interactions are collectively referred to as the microenvironment. Healthy B cells
become activated upon antigen ligation to the B cell receptor (BCR), resulting in
proliferation and differentiation. This can be further enhanced by cytokine stimulation
and co-stimulation. The various signals from the microenvironment together
orchestrate the activation of B cells and likewise of CLL cells. The lymph nodes and
bone marrow thus provide a protective niche for CLL cells, enabling progression of
the disease.”

A large number of factors have been studied that may contribute to the
activation of CLL cells. Factors that potentially contribute include cell-cell contact,
chemokines, cytokines and activation of the BCR (Fig. 1, for an overview, adapted
from the study by de Weerdt et al.8). While many of these factors appear to contribute
in vitro, it is yet to be defined which factors are relevant for CLL cell activation in vivo.
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Figure 1: The microenvironment of CLL cells in lymphoid tissues.

CLL cells interact via integrins a,8, and o 8, to VCAM1 and ICAM1, respectively, which are expressed
on mesenchymal stromal cells, nurse-like cells (tumor-associated macrophages) and T cells, and via
integrin a,B,/a,B, to extracellular matrix (ECM) components, for example, fibronectin. The activation of
these integrins is controlled by chemokines (CXCL12/13 and CCL19/21 (not shown)) and B-cell antigen
receptor (BCR) signaling. BCR signaling, either antigen (Ag)-stimulated or selfactivated, has an important
role in CLL pathogenesis. Internalized antigens can activate intracellular Toll-like receptors (TLR), and
can be presented to the T cells via MHC class Il molecules. Furthermore, the proliferation and survival
of CLL cells can be stimulated by CD40L and 1L4/21 provided by the T cells, and by BAFF and APRIL
derived from the nurse-like cells. Combined, these microenvironmental interactions have critical roles in
the regulation of proliferation and survival of CLL cells in specialized niches within the lymphoid tissues,
the proliferation centers.

Brief overview of current treatment options and patient
outcomes

Standard therapy for fit patients is currently a combination of chemotherapeutics with
monoclonal antibodies. Especially purine analogies with alkylating agents together
with monoclonal antibodies directed against CD20 have prolonged progression free
survival and improved overall survival.® Very recently it was shown that addition of
anti-CD20 antibodies to chlorambucil is also highly beneficial for the treatment of
unfit patients with CLL."
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With such regimens, most patients will have an initial complete or partial
response resulting in a median progression free survival of up to 5 years for fit
patients and up to 2.2 years for unfit patients. However, disease relapse invariably
occurs after treatment has been discontinued. At relapse, mutations that affect p53
function occur at increased frequencies, resulting in chemoresistant disease. Two
monoclonal antibodies have shown activity in patients with chemoresistant disease.
Treatment of relapsed and refractory patients with alemtuzumab, a recombinant,
fully humanized monoclonal antibody against CD52 resulted in response rates of
30% to 50%, with a median duration of response ranging from 8.7 to 15.4 months.
Due to its T-cell depleting features, (serious) infectious complications are common.’
Ofatumumab, a fully humanized antibody targeting CD20, is active in very high-risk
patients that are fludarabine and alemtuzumab refractory or have bulky disease.
Response rates (all partial) are around 50% with a median duration of response of
around half a year.?

These clinical data indicate an unanswered need specifically in refractory
patients for effective treatment regimens, with a toxicity profile that is acceptable
for the majority of elderly and less fit patients. It was envisioned that small molecule
drugs targeting the BCR signalosome, in particular the cytoplasmic tyrosine kinase
BTK, might fulfill these demands. Recently, as outlined below, the BTK inhibitor
ibrutinib indeed seems to live up to these expectations, as excellent results were
obtained in clinical trials with CLL patients. To provide insight into why BTK was
anticipated to be such a successful target for CLL therapy, we will first review the
physiological role of BTK, followed by the role of BCR-signaling and BTK in CLL.

The physiological role of BTK

BTK in B cell development, differentiation, and function
In 1952, the pediatrician Ogdon Bruton described X-linked agammaglobulinemia
(XLA), an inherited disease characterized by the absence of antibodies, resulting
in recurrent bacterial infections and sepsis early in childhood. In a milder form, a
similar disease was also observed in mice (X-linked immunodeficiency, Xid). Forty-
one years later, the gene underlying XLA was identified as agammaglobulinemia
tyrosine kinase (ATK)' and B-cell progenitor kinase (BPK).™ Xid mice were found to
carry a mutation in the same gene,'>'® and this gene was renamed Bruton’s tyrosine
kinase (BTK).

BTK is a non-receptor tyrosine kinase of the TEC-family. The difference in
severity between XLA and Xid can (partially) be explained by Btk-redundancy with
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the related kinase Tec in mice." As can be concluded from XLA, loss-of-function
mutations in BTK are detrimental for human B cell development. BTK expression
is induced early in B cell development,’ even before the pro-B cell stage. In the
pro-B cell stage the immunoglobulin heavy chain locus will rearrange, after which
it will be expressed together with a surrogate light chain. Expression of this pre-
BCR induces allelic exclusion, proliferation (large pre-B cell), and subsequently
light chain rearrangements (small pre-B cell).” In XLA-B cells, the differentiation
halts at the pro-to-pre B cell transition.?° Actually, the B cells do not recognize that
heavy chain rearrangement is successful: XLA-B cells have rearrangements at
both immunoglobulin alleles and do not proliferate at the pre-B cell stage, whereas
proliferation in early pro-B cell stage is not affected.?":?? Like in normal pro-B cells that
do not succeed in heavy chain rearrangements, XLA-B cells will die by apoptosis.
As a result, all mature B cells from female carriers have the same X-chromosome
inactivation pattern.z

Apart from early B cell development, BTK also has critical roles in mature
B cells. Mature B cells recirculate between secondary lymphoid organs and blood.
The influx of B cells into B cell zones of secondary lymphoid organs is controlled by
the chemokines CXCL12/13 and CCL19/21 and is integrin-dependent, whereas the
egress is controlled by S1P and is integrin-independent.?* Upon chemokine binding,
the chemokine receptor will be desensitized and internalized, and due to this
mechanism, influx and egress signaling are not tangled.?® In the lymphoid tissues,
when a cognate antigen is recognized by the BCR, the recirculation is arrested: CD69
is quickly upregulated, which acts as an inhibitor for the S1P-receptor and prevents
egress,? and integrins are activated.?” Upon inhibition of BTK, both processes do
not take place,?®? so recirculation cannot be arrested. Furthermore, BTK expression
is upregulated upon BCR engagement, CD40-, and TLR-stimulation,* most likely
through NFkB activation, as BTK is a direct NFkB-target.®" In Xid mice, somatic
hypermutation and selection in the germinal center are unaffected, however memory
B cell and plasma cell formation in the primary response are diminished.*? In mice,
ectopic overexpression of BTK in B cells promotes germinal center formation,
plasma cell production, and autoimmunity,* suggesting that BTK has an instructive
role in activated B cells. In terminally differentiated B cells, that is, plasma cells,
BTK-expression is down regulated.'®% So, BTK expression closely resembles (pre)
BCR-expression, and is a prerequisite for its signaling.

BTK in BCR-signaling
For BTK activation, two signals are required: a recruitment signal by PI3K, and an
activation signal by LYN/SYK. Upon BCR engagement, the tyrosine kinase LYN
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phosphorylates the ITAM (immunoreceptor tyrosine-based activation motif-containing
BCR-subunit CD79, which then recruits the tyrosine kinase SYK. LYN (and/or SYK)
phosphorylates CD19, resulting in the binding and activation of PI3KJ, the major class
| PI3K isoform expressed in B cells,* which in turn generates phosphatidylinositol-
3,4,5-trisphosphate (PIP,). PIP, production results in the recruitment of PH-domain
containing proteins, including BTK and PLCy2, to the membrane.® In parallel,
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SYK phosphorylates BLNK, a scaffold protein which upon phosphorylation binds
both BTK and PLCy2. Subsequently, LYN or SYK phosphorylates BTK on Y551,
an activating phosphorylation (Fig. 2A).%37 BTK also autophosphorylates on Y223,
however, the function of this autophosphorylation is not exactly known: a Y223F
mutation which cannot be phosphorylated, does not prevent (pre)BCR-controlled
BTK-activity,*® but rather enhances BTK-activity,*® suggesting phosphorylation of
Y223 is an autoinhibitory signal. Another important regulatory phosphorylation site
on BTK is S180, which is phosphorylated by PKC, and acts as a negative feedback
loop.4°

Direct substrates of BTK include PLCy2 and TFII-I (BAP-135). Upon SYK-
mediated phosphorylation of the docking protein BLNK (SLP-65), both BTK and
PLCy2 are recruited to BLNK, and BTK activates PLCy2 by phosphorylation on Y753/
Y759.4"42 Activated PLCy2 produces diacylglycerol and inositol-1,4,5-trisphosphate
(IP,) in which diacylglycerol activates RAS/MAPK-signaling, PKC/NFkB-signaling,
and RAP1-signaling, a hallmark for integrin activation, whereas IP_-mediated calcium
release from the endoplasmatic reticulum induces NFAT-signaling and cytoskeleton
rearrangements (Fig. 2A).#*% Furthermore, upon BCR-engagement BTK recruits
PIP5K, which is involved in production of PIP,, the substrate for BTK’s upstream
regulator PI3K as well as its downstream effector PLCy2.%° Another important BCR-
controlled pathway is the PI3K/PKB-pathway, which controls mTOR- and FOXO
signaling, however, this pathway is collateral and independent of BTK.?” A second
pathway induced by BTK is the TFII-I pathway.>' Upon BCR engagement, TFII-I is
phosphorylated by BTK and subsequently translocate to the nucleus and acts as a
transcription factor.5? In B cells, TFII-I together with Bright (ARID3A) is involved in
regulation of immunoglobulin heavy chain expression,%-*5 and in BCR-controlled cell
cycle arrest.%® At the molecular level, the BCR-controlled pathways are responsible
for B cell activation, proliferation, survival, and differentiation, and BTK is a critical
hub controlling these pathways.

The role of BTK in myeloid cells

Apart from B cells, the BTK-PLCy2-axis is present in all myeloid lineages. In these
cells, BTK and PLCy2 act downstream of ITAM-containing receptors, for example,
in Fce-receptor signaling in mast cells,%® Fcy-receptor signaling in macrophages,
(plasmacytoid) dendritic cells and natural killer cells,®**¢' ITAM-containing adaptors
mediated signaling in osteoclasts,®? and in collagen-, non-integrin receptors- and
CD32-signaling in platelets.®® Because XLA patients do not have defects in the
myeloid system,%-¢6 and myeloid cells of XLA-carriers are not selected against
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the unaffected X-chromosome,?*% BTK does not have a critical role in myeloid
development and function.

BTK in chemokine- and TLR-signaling

In B cells and myeloid cells, apart from BCR- and other ITAM-involved pathways,
BTK is associated with chemokine-,*” and Toll like receptor (TLR) signaling.5®7!
BTK can interact with Ga,,- and GRy-subunits of the G protein-coupled receptors-
pathway,’?’* and with TLRs, MYD88, IRAK1, and MAL of the TLR-pathway.®"° In
chemokine signaling, BTK Y551-phosphorylation and activation is also PI3K- and
SYK-dependent, and BTK phosphorylates and activates PLCy2,?5%7 suggesting
possible cross-talk between chemokine- and BCR signaling in the activation of BTK
(Figs. 2B-C). Regarding TLR signaling, it remains elusive how BTK is activated, what
it substrates are, and what the functional role of BTK may be.®7® In this respect, it is
perhaps noteworthy that in CLL also mutations in MYD88 have been found.”

The role of BTK in CLL

BCR signaling in CLL
In CLL cells, BCR-signaling has the same role as in activated B cells and there is
strong evidence that (antigen-stimulated) BCR-signaling has a critical role in CLL
pathogenesis. Many CLL-BCRs are auto/polyreactive,’® and half of CLL patients
express a stereotypic BCR-repertoire, indicating that the BCRs of different CLL
patients recognize the same antigen.”® Indeed, for a stereotypic subgroup the
cognate antigen was recently discovered, namely a yeast cell wall component.®
However, evidence has also been provided for cell-autonomous antigen-independent
BCR signaling in CLL, being driven by recognition of an epitope in the BCR itself.?!
Several studies provide indirect evidence that antigens have a critical role in CLL
pathogenesis. In CLL, there are two compartments: cells that reside in lymphoid
tissues, and cells that are circulating in blood. CLL cells that just entered the
circulation have low surface IgM expression, whereas cells that are in the circulation
for a longer time have high surface IgM expression,®? suggesting that CLL cells
experience active (antigen-driven) BCR-signaling in the lymphoid tissues. Also in
gene expression profiling studies it was found that tissue-derived CLL cells have
stronger BCR- and NFkB signaling than blood-derived CLL cells.® In the lymphoid
microenvironment, however, NFkB-signaling is not only driven by BCR-, but also by
CD40L-, TLR-, and BAFF/APRIL signaling.®

Apart from direct activation of NFkB, BCR signaling is also involved in
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the TLR- and CD40-mediated pathways leading to NFkB. In CLL cells, the most
abundantly expressed TLRs are TLR-7 and -9,8%%” which are localized in lysosomes.
Upon BCR-mediated uptake and processing of antigens, these TLRs are activated.%®°
CD40L-signals are provided by activated cognate T cells, which interact with the B
cells upon TCR-MHCIl-engagement. This also requires BCR-mediated uptake of
antigen. The proper uptake and processing of antigens requires actin reorganization,
which is BTK-dependent.®® CLL cells still have the machinery to load MHCII with
antigen fragments,®'®2 and in a xenograft mouse model CLL cells only grow in the
presence of autologous T cells.®® This suggests that cognate T cells have a role in
CLL-pathogenesis, which may specifically involve tissue-derived CLL cells as it has
been reported that blood-derived CLL cells are poor antigen-presenting cells.® This
notion is reinforced by our recent studies that suggest a role for IL21 derived from
follicular T helper cells in the CLL lymph node environment.®

BTK in CLL pathogenesis

Because either tonic, chronic, or antigen-driven BCR signaling is involved in
the pathogenesis of most types of B-cell malignancies, the BCR signalosome is
a rational therapeutic target.®® Regarding selectivity and clinical safety, BTK was
considered a particularly promising target: it is a key component of the BCR signaling
pathway, only critical for B cells, and loss of BTK function is not lethal (for example,
XLA patients).” In line with the important role of either antigen-stimulated and/or
chronic BCR signaling in CLL cells, BTK has a critical role in CLL development and
maintenance. As outlined below, this can be concluded from various recent studies,
employing translational mouse models for CLL, in vitro studies on primary human
CLL cells, and clinical studies with CLL patients.

Several mouse models display strong CLL-like features and have been
used also to study the role of BTK. Kill et al. used the IgH.ETu CLL mouse model,
which is based on sporadic expression of the simian oncovirus SV40 T-antigen in
mature B cells. Crossing IgH.ETu mice either with Btk-deficient mice or with human
BTK transgenic mice, has demonstrated that Btk deficiency fully abrogates CLL
formation in the IgH.ETu mice, that in Btk haplo-insufficient female mice leukemias
only formed if their active X-chromosome carried the wild-type Btk allele, and that
BTK overexpression accelerated CLL onset.® Likewise, Woyach et al. used the
Ep-TCL1 (TCL1) transgenic mouse model of CLL, which results in spontaneous
leukemia development. Crossing the TCL1 mice with Xid mice significantly delays
the development of CLL.*® Thus, Btk expression is critical for development (and
expansion) of CLL-like disease in these mouse models. Similar results were obtained
upon treatment of TCL1-CLL mice with the BTK inhibitor ibrutinib.®%'%° These results
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also support the conclusion that BCR-signaling is essential for CLL development and
maintenance.

In CLL cells, BTK is a crucial regulator of BCR- and NFkB signaling. Upon
treatment of CLL patients with the BTK-inhibitor ibrutinib the lymph node- and blood-
derived CLL cells display strongly decreased expression of BCR- and NFkB-target
genes and of activation markers, for example, CD69 and CD86."°" In addition, plasma
levels of the BCR-targets CCL3 and CLL4 are decreased.'® Thus, like in normal B
cells, BTK is also a critical hub in BCR-signaling in CLL cells.

Following treatment of CLL patients with ibrutinib, a rapid and sustained
decrease in lymphadenopathy is observed, accompanied by transient
lymphocytosis.'® This lymphocytosis can persist for more than 12 months but is
not linked with a poorer response.'® In fact, a recent study argued that in patients
under treatment with BCR inhibitors, the peripheral lymphocyte count is not a valid
surrogate for disease burden.'® Lymphocytosis also occurs in TCL1-CLL mice when
ibrutinib was applied after tumor development, albeit not as strong as in humans,'®
and in a xenograft mice model.'® The observed lymphocytosis upon BTK inhibition
suggests that the CLL cells do not die directly upon BTK inhibition, but are rather
mobilized from lymphoid tissues to blood. Indeed, we and others demonstrate that
inhibition of BTK, at concentrations of ibrutinib that can also be accomplished in vivo,
is not cytotoxic for unstimulated blood-derived CLL cells.28:100:106:107

In CLL cells, BTK regulates BCR-controlled integrin-mediated interactions
with the microenvironment. We have recently demonstrated that BCR-engagement
of CLL cells induces strong integrin-mediated adhesion to fibronectin (an extracellular
matrix ligand) and VCAM1 (a cellular ligand) in a BTK-dependent manner. The cells
that arise in the peripheral blood of CLL patients upon ibrutinib treatment display
phenotypic characteristics of lymphoid organ-derived CLL cells.?® As naive B cells,
which do not experience stimulated BCR-signaling, are not mobilized from lymphoid
tissues upon ibrutinib treatment, %% this indicates that BTK inhibition can specifically
disrupt adhesion of CLL cells because this is actively controlled by stimulated BCR-
signaling. Interestingly, also chemokine-controlled signaling, adhesion and migration
is (partially) reduced upon in vitro inhibition of BTK in CLL cells.21%0

In heavy water studies it was found that CLL has a high turnover rate:"° CLL
cells proliferate in the lymphoid tissues,"" "2 translocate to blood and eventually die.
Indeed, CLL cells of patients treated with a BTK-inhibitor show reduced expression
of proliferation markers.'°"1” Furthermore, in a coculture with stromal cells,'” and in
a xenograft mouse model,'% proliferation of CLL cells was reduced upon inhibition of
BTK. This may be the consequence of compromised integrin-mediated interactions
of the CLL cells with the microenvironment (in vivo) or stromal cells (in vitro), resulting
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ABT-199

adhesion + migration proliferation + survival impaired survival
proliferation + survival

Figure 3: Proposed model for future combination therapies.

Inhibition of BTK impairs BCR-controlled integrin-mediated adhesion and chemokine (CXCL12, CXCL13,
and CCL19)-induced adhesion and migration of CLL cells. Consequently, BTK inhibitors (BTKi) overcome
BCR and chemokine-controlled integrin-mediated retention of the CLL cells in their growth- and survival-
supporting lymph node (LN) and bone marrow microenvironment, resulting in their egress from these
protective niches into the circulation (PB), resulting in CLL regression. As the CLL cells do not die directly,
combination therapies with cytotoxic drugs, for example, monoclonal antibody therapies (moAbs) against
specific surface antigens (sAgs) or BH3-only mimetics (ABT-199), will most likely be highly efficacious
(adapted from de Rooij et al.?®).

in mitigated acquisition of proliferation signals.

Taken together, BTK has an essential role in the regulation of BCR-controlled
integrin-mediated adhesion of CLL cells and their retention within the growth and
survival promoting lymphoid microenvironment. Inhibition of BTK appears to induce
the premature egress of CLL cells from the lymphoid tissue into the circulation,
thereby depriving the CLL cells from growth and survival signals provided by the
lymphoid microenvironment, resulting in impaired proliferation and survival, and
disease regression (Fig. 3).

Historic highlights on the clinical development of the BTK
inhibitor ibrutinib

In 2007, scientists from Celera Genomics reported the development of small
molecules that could inactivate BTK by binding irreversibly to the Cys-481 residue
in its ATP-binding domain.™® As Pharmacyclics acquired Celera’s BTK inhibitor
program, initially mainly aiming at targeted therapy for rheumatoid arthritis, ibrutinib
was selected for follow-up studies because of its high potency (IC,, = 0.5nM) and
selectivity for BTK in a screen with a large panel of kinases. In July 2010, Honigberg
et al. ?° reported the first in vivo results on ibrutinib, showing that it is well tolerated and
efficacious upon oral administration in murine autoimmune models for rheumatoid
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arthritis and SLE and in a canine B-cell lymphoma model.

At the ASCO meeting in June 2010,"* updated at the ASH meeting in
December 2010,"® the first early results of a phase 1 study with ibrutinib in patients
with various relapsed/refractory B-cell malignancies were reported, showing clinical
safety and promising durable objective responses particularly in CLL and mantle
cell lymphoma (MCL) patients. In most CLL and MCL patients enrolled in this
phase 1 study, typically a rapid and sustained reduction in lymphadenopathy was
observed, which was, however, frequently accompanied by lymphocytosis. Despite
this sign of disease progression, being counterbalanced by the frequently observed
impressive reduction in lymphadenopathy and rapid improvement of the physical
condition of several patients, the trial was not aborted. During this first phase 1
trial, with a treatment regimen of a daily oral capsule for 4 weeks followed by 1
week off-drug (drug holiday), the absolute lymphocyte count displayed a sawtooth-
pattern that coincides with each treatment cycle, that is, the initial rise in absolute
lymphocyte count was followed by a drop during the drug holiday (reversible) and
by another rise as treatment was re-started.’®? During a phase 1b trial for CLL
patients, with continuous daily dosing of ibrutinib, typically the absolute lymphocyte
count was enhanced during the first weeks of treatment but gradually declined
during continuation of the treatment.”® In the end, in most CLL patients, both with
intermittent or continuous ibrutinib treatment regimen, the absolute lymphocyte
count normalized and dropped below baseline levels after approximately 8 months
of treatment.'°2"® Thus, the observed lymphocytosis turned out to be reversible and
transient. On the basis of these early clinical observations it was suggested that
the observed lymphocytosis could be the consequence of a redistribution of the
CLL cells from the lymphoid organs into the peripheral blood, rather than of disease
progression.

In 2011, Herman et al.'® reported that in vitro treatment of CLL cells with
ibrutinib induced only modest cytotoxicity/apoptosis (at relatively high concentrations,
thatis, uM range) but abolished CpG-induced TLR-mediated proliferation (at 100nM).
In early 2012, Ponader et al.'® reported that ibrutinib inhibits CLL cell chemotaxis
in vitro and delayed disease progression (accompanied by lymphocytosis) in a
TCL1 adoptive transfer SCID mouse model of CLL. We demonstrated that ibrutinib
treatment impairs BCR- and chemokine-controlled integrin-mediated adhesion and
chemokine-controlled migration of CLL cells, and that the cells in the peripheral
blood of CLL patients upon ibrutinib treatment display phenotypic characteristics
of lymphoid organ-derived CLL cells.?® Later we presented similar results for
MCL."® These findings provided a molecular and mechanistic explanation for the
observed clinical responses and the clinical efficacy of ibrutinib. Inhibition of BTK by
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ibrutinib overcomes BCR- and chemokine-controlled retention (and homing) of the
malignant B cells in the lymphoid organs, resulting in reduced lymphadenopathy and
(transient) lymphocytosis; upon egress from the lymphoid organs into the circulation
the malignant cells are deprived of critical growth- and survival-signals provided
by the lymphoid microenvironment, resulting in lymphoma regression (Fig. 3).28
These novel insights into the action of ibrutinib, in particular regarding the observed
lymphocytosis response, instigated revision of the clinical response criteria for CLL,
that is, on the use of blood lymphocyte counts as a surrogate marker for tumor
burden.!” It was concluded that in trials with ibrutinib and similar agents targeting the
BCR signalosome, such as fostamatinib and idelalisib, lymphocytosis is not a sign of
progressive disease but rather reflects an on-target effect.

In January 2013, the final results of the phase 1 trial were published.
This report on 56 patients with various relapsed/refractory B cell malignancies
demonstrated the highest response rates in 11 out of 16 CLL (69%) and 7 of 9 MCL
patients (78%), and high clinical safety.'®? Furthermore, the daily oral administration
of this irreversible covalent-binding kinase inhibitor resulted in rather unique
pharmacokinetics and pharmacodynamics: ibrutinib is rapidly adsorbed (the mean
peak plasma concentration of 300nM is reached after 1-2h), cleared from the plasma
(upon reaching peak-value the initial mean half-life is 2-3h) and eliminated (the mean
terminal half-life is 4-8h), but due to its irreversible covalent binding BTK remained
fully occupied for at least 24h. Thus, without compromising effective targeting of BTK,
the restricted exposure will limiting off-target effects of ibrutinib, which, combined
with the restricted expression pattern of BTK, contributes to the excellent safety
profile of this compound.

Because of the outstanding trial results in MCL, CLL and WM, unprecedented
for any monotherapy in these malignancies, in February 2013 the FDA granted a
“Breakthrough Therapy” designation to expedite the development and review of
ibrutinib as a monotherapy for patients with relapsed/refractory MCL and for patients
with WM, and in April 2013 also for the treatment of patients with CLL or SLL with
deletion of the short arm of chromosome 17 (del17p). In June 2013, this was followed
by the results of a phase 1b and 2 study specifically in 85 relapsed or refractory CLL
patients, showing an overall response rate of 71%,'"® and the results of a phase 2
study in 111 patients with relapsed/refractory MCL with a response rate of 68%.""8

In November 2013, less than 3.5 years (!) after the first publication of its
effect on lymphoma in an animal model, the FDA granted approval to ibrutinib
(Imbruvica) under the agency’s “Accelerated Approval” program for the treatment
of patients with MCL who have received at least one prior therapy, and in February
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Agent ONO-4059 Dasatinib CC-292 lorutinib
Developer ONO Bristol-Myers Squibb Celgene Pharmacyclics and Janssen
Mechanism, target Reversible, Tyr223 R?:;Lsé?r::’ Sﬂt'::]edtgtrgsts Irreversible, Cys481 Irreversible, Cys481
Potency IC5 = 2nM IC5 = 5nM 1C5 <0.5nM IC5 = 0.5nM
R/R n=16 (ref. 143) R/R n=15 (ref. 144) R/R n=83 (ref. 145) R/R n=85 (ref. 116)
PR: 20% PR: 20% PR: 42% PR: 71%
nPR: 70% nPR: unknown nPR: 62-67% nPR: 89%
Response data from CR: 0% CR: 0% CR: 0% CR: 0%

monotherapy trials in CLL Naive n=31 (ref. 146)

PR: 55%

nPR: 13%

CR: 13%

Table 1: Overview of BTK inhibitors in clinical trials.

2014 the FDA expanded approval to ibrutinib to include the treatment of patients with
CLL who have received at least one previous therapy. See table 1 for a summary of
clinical trials with ibrutinib and other BTK inhibitors.

Potential drawbacks of long-term BTK inhibition

Despite considerable clinical success leading to assignment of breakthrough status
and the recent FDA approval of ibrutinib, there are some emerging disadvantages
associated with its long-term clinical application.

Side effects

Reported toxicity resulting fromibrutinib treatmentis modest, "¢ with grade 1-2 diarrhea
as the most frequent event (47%) and grade 3-4 in 2% of patients. Cases of chronic
diarrhea after prolonged, continuous treatment (>6 months), are rare with ibrutinib
but have been reporter for idelalisib, the PI3Kd inhibitor which also targets BCR
signaling pathway and has likewise shown positive clinical responses in CLL."%120
Diarrhea and nausea appear quite bearable as low-grade side-effects in the context
of conventional chemotherapy, which is meant to be temporary. When experienced
on a permanent basis as a result of daily pills, such toxicities will however become
a burden of increasing severity and eventually affect quality of life quite strongly.
This is also the case for the reported fatigue which occurred in approximately 30%
of patients, the large majority as grade 1-2. Ibrutinib is quite a selective agent, but
does target other kinases with affinities within physiological range,?® so potential side
effects may be related to off-target properties. One possibility might be its proven
ability to also target ITK, the kinase involved in especially T helper 2 (Th2) signaling.
This property has been reported to contribute to its clinical efficacy in a positive
sense, by shifting the Th2 skewed immune system in CLL back towards a balanced
Th1/Th2 status, thereby restoring a healthy immune system.'' Hypothetically after
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long term application of ibrutinib, this induced Th1 shift in the intestinal tissues
might lead to inflammatory disturbances. Although colitis has not been reported in
association with ibrutinib, a contribution of skewed Th1 responses is also seen in
Crohn’s disease and inflammatory bowel disease.'?? Another speculative cause for
side-effects might be that ibrutinib inhibits BTK also in myeloid cells such as tissue
macrophages and dendritic cells®*¢" and that this may, over time, cause problems by
disturbing homeostasis.

Resistance

Selection or outgrowth of resistant clones is a major problem in cancer treatment.
Both for conventional chemotherapeutics and novel targeted drugs such as ibrutinib,
there is considerable selection pressure for the cancer cells to escape elimination.
Ibrutinib has been continuously applied in clinical trial setting for more than two
years in significant numbers of CLL patients. In a minority of patients progressive
disease occurred after initial responses. Three recent meeting reports detailed the
emergence and molecular characteristics of such resistant clones. Chang et al.'?®
examined 20 progressive patients from a total of 246 (8%) in various clinical trials.
Of the three patients that did not undergo Richter’s transformation, RNA sequencing
and whole-exome sequencing was performed. The results were striking and showed
in two patients a mutation at cysteine-481 in BTK, the site of attack of ibrutinib.
The remaining patient displayed an activating mutation in PLCy2, an important
downstream substrate of BTK (see also figure 2). Furman et al.®* reported that
recombinant expression of the mutant BTK protein rendered the cells resistant to
ibrutinib, but not to dasatinib -which can also inhibit BTK'?- or SYK inhibitors. These
data emphasize the importance of BTK signaling in CLL, as well as the considerable
selective pressure exerted by targeting it. Similar analyses reported atASH 2013 on 3
out of 11 relapsed patients (13%) emphasized that other mechanisms of escape also
have a role.”” In these patients no mutations in BTK or its downstream targets were
apparent, although in subclonal fractions (<15%) PLCy2 mutations were detected.
Such small fractions seemed unable to explain the clinical resistance. Remarkably,
other driver mutations associated with poor prognosis were detected, notably in
the splicing factor SF3B1, that apparently contributed to the acquired resistance by
nonspecific adverse clonal evolution.

An important question regarding resistance to ibrutinib, or any drug, is
whether the mutations involved are induced de novo under selective pressure, or are
selected from (very minor) subfractions of the malignant clone. In the latter case, the
prospect of successful long-term treatment or even cure with monotherapy becomes
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less likely. With the growing application of next-generation sequencing techniques,
capable of very deep probing of the cancer genome, the answer to this question is
within reach. Afirst glimpse afforded by this type of analysis in fludarabine-refractory
CLL, at a maximal resolution of three mutated cells per 1000, demonstrated that
minor subclonal TP53 mutations are already present at diagnosis and relatively
rapidly selected under treatment.'?® An earlier investigation using Sanger sequencing
reached similar conclusions.'?

Resistance to a particular drug, be it fludarabine or ibrutinib, can be mediated
by mutations in distinct genes, as illustrated by TP53 and ATM which together account
for only approximately 40% of fludarabine resistant cases.'?® The next-generation
sequencing efforts of recent years have underlined that also mutations in SF3B17,
NOTCH1, and BIRC3 are associated with poor response to therapy,® through as yet
unknown mechanism(s). As illustrated above, in the case of ibrutinib-resistance, the
situation appears similar, in the sense that mutations in BTK and direct downstream
effectors can lead to resistance. This notion, combined with the emerging insight
that subclonal mutations that may afford resistance are predominantly pre-existing,
does not bode very well for permanent or long-term application of monotherapy with
ibrutinib or similar targeted drugs. Thus, in addition to the looming financial burden
of protracted treatment with targeted drugs, combination therapy seems a sensible
route to prevent emergence of resistance.

Ibrutinib combination therapies -ongoing and hypothetical

The novel insights regarding drugs targeting BTK, for example, ibrutinib, may not only
provide support for their further use as monotherapy, exploiting the microenvironment-
dependence as the Achilles’ heel of CLL, but also for their exploration as rational
combination therapy. Once the malignant B cells egress from their protective niches
into circulation they may become better accessible and more vulnerable for chemo-
and antibody-therapy (for example, rituximab). This would make a promising and
highly efficacious combination therapy, possibly resulting in even greater benefit for
the CLL patients or even complete eradication of their malignancy (Fig. 3).

Combinations with rituximab and bendamustin in clinical trials

To date, two clinical studies have described combination therapies with ibrutinib in
CLL. Data on a phase Il trial of ibrutinib plus rituximab'® and a Phase | trial of the
combination ibrutinib, rituximab and bendamustin’® were presented at ASH2013.
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Both studies treated relapsed/refractory patients and reported favorable toxicity
profiles. In the presence of rituximab (plus bendamustin), the lymphocytosis normally
observed after ibrutinib administration was less pronounced and resolved faster.
As a result, overall response rates (still defined as a 50% reduction in lymphocyte
count) of the combinations were higher than with ibrutinib monotherapy. Whether
this translates into longer progression-free and overall survival will be addressed in
larger, randomized trials (NCT01611090 and NCT01886872). It is worth mentioning
that recent in vitro studies indicated that ibrutinib unexpectedly antagonized
rituximab-mediated natural killer cell cytotoxicity.”' This was tentatively ascribed to
inhibition of ITK in natural killer cells. Although a potential antagonism would clearly
be unfavorable, the first clinical data do not seem to support it. At present, no data
on other combination treatments with Ibrutinib are available.

Combinations with other BCR-targeting drugs, proteasome inhibitors or BH3-
mimetics

Laboratory tests for various combinations of ibrutinib with other drugs, either targeting
within or outside the BCR signaling pathway, have been reported for MCL cell lines
and patient samples.’? The results demonstrated synergy with several drugs that
target survival pathways other than BCR signaling. The read-out in this system was
cytotoxicity and especially for proteasome inhibitors (carfilzomib and to a lesser
extent bortezomib) and the BH3 mimetic ABT-199 a significant synergy was noted.
This has relevance for CLL as the direct cytotoxic activity of ibrutinib in CLL is modest
at best'%%1% and was reported otherwise only in the context of BCR signaling,'® or
under serum-free conditions.*®* Proteasome inhibitors are presumed to inhibit pro-
survival NFkB signaling, which has an important part in the microenvironmental
stimulation that CLL cells receive within the lymph nodes of patients.®® Furthermore,
recently it has been reported that indeed ibrutinib prevents the NFkB gene signature
in vivo,'®" and conversely, that mutations in CLL that affect NFkB signaling confer
resistance to ibrutinib.’*® Thus, it might be expected that in CLL, similar to MCL,
simultaneous application of ibrutinib to inhibit BCR-mediated NFkB signals, with
proteasome inhibitors to block additional co-stimulatory signals, could be beneficial.
It should be noted that proteasome inhibitors are very cytotoxic to CLL cells in
vitro,3+"3¢ yet bortezomib displayed hardly any clinical benefit when administered
as single agent in patients.'®”'%® This discrepancy remains unexplained thus far, but
may be linked with another proposed mechanism of action of bortezomib in multiple
myeloma cells, namely the induction of a lethal unfolded protein response,'® which
would not be expected to occur in CLL cells as they do not secrete immunoglobulins.
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Ibrutinib inhibits various signaling pathways emanating from, or linked with,
the BCR-signalosome, including a very effective inhibition of BCR-controlled integrin-
mediated adhesion. However, chemokine-controlled adhesion/migration is only
partially impaired.?® Given the importance of overcoming lymphoid organ localization
in the clinical activity of ibrutinib, the treatment efficacy could be further improved
by combinations with agents that block this aspect of lymph node retention and
homing more efficiently. From this perspective, the PI3Kd inhibitor idelalisib could be
a promising candidate.

Another possibility is to combine ibrutinib with ABT-199, the BCL2-specific
BH3 mimetic'® which as single agent shows already very promising activity in CLL."*
On the basis of available knowledge, ibrutinib (or other BCR-signaling inhibitors)
plus ABT-199 might prove even more efficient than the separate agents, especially
in view of long-term application. In this scenario, ibrutinib’s proven ability to force
the CLL cells out of the protective lymph node environment would be complemented
by the cytotoxicity of ABT-199 against CLL cells in the circulation that rely on high
BCL2 expression for survival (Fig. 3). The available clinical data with ABT-199 show
significant efficacy also with respect to nodal responses in CLL.""'42 Yet, it might be
argued that as the lymph node environment induces expression of MCL1, BCL-XL
and BFL1,"3413¢ which are not targeted by ABT-199, its long-term application might
select for resistant niches. Thus, the combination with ABT-199 would not only limit
the lymphocytosis resulting from ibrutinib treatment, but may also be expected to
reduce the probability that resistance against either agent occurs. The proposed
synergy between agents targeting BCR- and/or adhesion signaling in the lymph
node with ABT-199 to kill the cells that have moved to the blood is illustrated in figure 3.

Concluding remarks

It seems clear that with the arrival of ibrutinib and other kinase inhibitors, as well
as BH3 mimetics such as ABT-199, a new treatment era for CLL is about to begin."
Despite the obvious clinical success and general optimism, we have also sketched
the contours of the first warning signs that even these highly efficient therapeutics
may present problems of side effects and development of resistance. These may be
linked with the requirement of permanent medication of patients. Even if toxicity or
resistance occurs in only a minority of patients, further research into these aspects
is warranted. As is evident from ongoing clinical trials, the expectation in the field
appears to be that a possible solution to such problems is the development of

125



ONCOGENE (2014) 34:2426-36

combination therapies with improved efficacy. Surely, within the next few years we
will obtain the answers to these emerging questions.
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IBRUTINIB AND IDELALISIB IN MCLAND CLL

Letter to the editor

Most B-cell malignancies are dependent upon signaling by the B-cell receptor (BCR)
and other growth and survival signals provided by the tumor microenvironment.
Two recently US Food and Drug Administration approved drugs that target the
BCR signalosome, the Bruton tyrosine kinase (BTK) inhibitor ibrutinib, and the
phosphatidylinositol-3-kinase & (PI3K®&) inhibitor idelalisib, show unprecedented
clinical activity, in particular in mantle cell ymphoma (MCL) and chronic lymphocytic
leukemia (CLL)."® In these malignancies, both drugs result in a rapid and sustained
reduction of lymphadenopathy, which is unexpectedly accompanied by transient
lymphocytosis.'*5¢ \We have previously demonstrated that ibrutinib targets BCR-
and chemokine-controlled integrin-mediated adhesion (retention) and migration
(homing) of the malignant cells in their growth- and survival-supporting lymphoid
organ microenvironment, resulting in their mobilization from these protective niches
into the circulation; this deprives the malignant cells of critical growth and survival
factors, resulting in CLL and MCL regression.5®

Unfortunately, approximately 30% of MCL and CLL patients show primary
resistance against ibrutinib."? Furthermore, a subset of patients that do respond and
receive prolonged treatment with ibrutinib relapse’? because of recurrent mutations
of BTK and its substrate phospholipase C-y2 (PLCy2).° Combination therapy may
be more effective and prevent or overcome this therapy resistance. Because
targeting BCR-controlled integrin-mediated adhesion is of major relevance for the
clinical efficacy of ibrutinib,®®and because BTK and PI3K differentially regulate BCR
signaling,® we investigated the effect of idelalisib, either alone or in combination with
ibrutinib, on this pathway.

In the MCL cell lines JeKo1, HBL2, and Rec1, BCR stimulation strongly
induced integrin-mediated adhesion to fibronectin, which was severely impaired
upon treatment with selective and clinically relevant concentrations of ibrutinib
(100nM) and idelalisib (1pM) (Fig. 1A). The BTK dependence and specificity of
the ibrutinib effect is strongly supported by wash-out experiments that exploit the
irreversible interaction between ibrutinib and BTK (Fig. 1B). Furthermore, BCR-
controlled adhesion was not only prevented, but also reversed by ibrutinib (Fig. 1B);
this is of major importance because cell detachment underlies/precedes the clinically
observed egress of the malignant cells from lymphoid organs (lymphocytosis).
Interestingly, the combination of ibrutinib and idelalisib displayed stronger inhibition
of adhesion compared with either drug alone (Fig. 1A), which became more evident
at suboptimal concentrations of ibrutinib (0.5nM) and idelalisib (50nM) (Fig. 1C).

To establish if the combination of ibrutinib and idelalisib is synergistic, we
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Figure 1: Ibrutinib and idelalisib inhibit BCR-controlled integrin-mediated adhesion of MCL and
CLL cells in a strongly synergistic manner.

(A) JeKo1, HBL2, and Rec1 cells, pretreated with 100nM ibrutinib and/or 1uM idelalisib for 1 hour, were
stimulated with anti-immunoglobulin M (algM) and allowed to adhere to fibronectin-coated surfaces for
30 minutes. Nonadherent cells were removed by extensive washing, and adherent cells were quantified.
(B) Left panel: JeKo1 cells, pretreated for 1 hour with 100nM ibrutinib, were washed to remove unbound
ibrutinib, stimulated with algM, and allowed to adhere to fibronectin-coated surfaces. Right panel: JeKo1
cells were stimulated with algM and allowed to adhere to fibronectin-coated surfaces. After 30 minutes,
cells were treated with 100nM ibrutinib for 2 hours. DMSO, dimethylsulfoxide. (C) Left panel: JeKo1 cells,
pretreated with suboptimal concentrations of ibrutinib (0.5nM) and/or idelalisib (50nM), were stimulated
with algM and allowed to adhere to fibronectin-coated surfaces (n = 3 independent experiments). Right
panel: JeKo1 cells, pretreated with 100nM ibrutinib and/or 1uM idelalisib, were stimulated with algM
or PMA and allowed to adhere to fibronectin-coated surfaces (n = 3 independent experiments). (D,E)
JeKo1, HBL2, and Rec1 cells, pretreated with different concentrations of ibrutinib and/or idelalisib
were stimulated with algM and allowed to adhere to fibronectin (FN)-coated (D) or VCAM-1—coated (E)
surfaces. Upper panel: adhesion plots. Lower panel: FaCl (Chou-Talalay) plots. (F,G) Primary MCL cells
(F) and CLL cells (G), pretreated with different concentrations of ibrutinib and/or idelalisib, were stimulated
with algM and allowed to adhere to fibronectin-coated surfaces. All graphs are presented as normalized
means * standard error of the mean (100% = stimulated cells without inhibitors). C, control (absence of
stimulus); Cl,, combination index at 50% inhibition/inhibitory concentration. *P < .05; **P < .01; ***P <
.001, significantly different from DMSO controls (one-way analysis of variance followed by Dunnett t-test).
Details regarding materials, MCL cell lines, primary MCL and CLL cell isolation, adhesion assays, and
synergy calculations are described in the supplemental methods section. Approval was obtained from
the Academic Medical Center Institutional Review Board for these studies, and informed consent was
provided according to the Declaration of Helsinki. (H) Ibrutinib and idelalisib synergistically target BCR-
controlled integrin-mediated retention of MCL and CLL cells in lymphoid organs. (Left panel) Antigen-
stimulated BCR signaling activates PI3Kd, which produces PIP,, resulting in the membrane recruitment
of BTK, PLCy2, and PDK1/AKT through their PH domains. LYN/SYK-mediated phosphorylation of the
adaptor protein BLNK brings BTK and PLCy2 in close proximity of each other. BTK is activated by LYN/
SYK-mediated tyrosine phosphorylation, and subsequently BTK phosphorylates and activates PLCy2.
PLCy2 produces DAG, a recruitment signal for PKC, and inositol-1,4,5-triphosphate (IP,), which causes
the release of calcium from intracellular stores, resulting in PKC activation. PKC activates the RAS/
extracellular signal-regulated kinase (ERK) pathway and RAP1, a switch for integrin activation. Targeting
of PI3Kd by idelalisib inhibits membrane recruitment of BTK, PLCy2, and PDK1/AKT, and targeting
of BTK by ibrutinib inhibits activation of PLCy2. Furthermore, ibrutinib and idelalisib both inhibit BCR-
controlled integrin-mediated adhesion. Moreover, the combination of ibrutinib and idelalisib results in
strongly synergistic inhibition of integrin-mediated adhesion. The point of synergy between ibrutinib
and idelalisib appears to lie upstream of PKC, because neither ibrutinib nor idelalisib alone nor their
combination affects PMA-controlled adhesion (see panel C). Indeed, ibrutinib inhibits BTK activity, but
ibrutinib-bound BTK can still bind (and block) PIP,, the product of PI3K, and idelalisib inhibits PIP,
formation, which is required for translocation and activation of BTK and its substrate PLCy2. (Right panel)
Ibrutinib and idelalisib overcome retention of MCL and CLL cells in their growth- and survival-supporting
lymph node and bone marrow microenvironment, resulting in their egress from these protective niches
into the circulation (lymphocytosis) and in lymphoma regression. The strongly synergistic targeting of
BCR-controlled adhesion, which will result in more efficient mobilization of MCL and CLL cells, provides
a strong rationale for clinical studies on combination therapy with ibrutinib and idelalisib, both from the
perspective of therapy efficacy as well as drug resistance (see text for further details). DAG, diacylglycerol;
ITAM, immunoreceptor tyrosine-based activation motif. Adapted with permission from de Rooij et al.® and
Spaargaren et al.b.
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employed the quantitative combination index (Cl) theorem of Chou-Talalay (ClI <1.0
= synergy; <0.3 strong synergy). The concentration range was centered around the
determined 50% inhibition/inhibitory concentration of ibrutinib (~1nM) and idelalisib
(~100nM), using the corresponding constant molar ratio (1:100). Ibrutinib and
idelalisib inhibited BCR-controlled adhesion of all 3 MCL cell lines to fibronectin and
vascular cell adhesion molecule-1 (VCAM-1) in a strongly synergistic manner, with
Cl,, values typically below 0.3 (Figs. 1D-E). This effect is specific for proximal BCR
signaling because stimulation of integrin-mediated adhesion with the protein kinase
C (PKC) activator phorbol-12-myristate-13-acetate (PMA), which circumvents BTK
and PI3K®d activation, was not affected (Fig. 1C). Moreover, also in primary MCL and
CLL, ibrutinib and idelalisib inhibit BCR-stimulated integrin-mediated adhesion in a
strongly synergistic manner (Figs. 1F-G).

Apparently, because ibrutinib and idelalisib target BCR signaling by different
means, they enforce each other’s effect. Consequently, combination therapy is
expected to result in a more prominent mobilization of malignant MCL and CLL cells
from their growth and survival promoting niches (Fig. 1H). From the perspective of
drug clearance and protein turnover, the effect may also be stronger and prolonged
because BTK and PI3K® do not have to be fully occupied when the combination
is used. Furthermore, lower doses can be given, which might be beneficial for the
efficacy/toxicity ratio. Of major importance, however, targeting more than one key
component of a pathway may overcome innate and overcome or prevent acquired
(mono)therapy resistance. For example, ibrutinib may still be beneficial in (relapsed)
MCL patients that aberrantly express the PI3Kd-redundant PI3Ka,°and idelalisib may
still be beneficial in the ibrutinib-treated patients that relapse from mutations in BTK
and/or PLCy2,° because phosphatidylinositol-3,4,5-triphosphate (PIP,) association
is required for both BTK and PLCy2 activity. Moreover, if applied simultaneously, to
develop therapy resistance by the previously mentioned mechanisms, a cell would
have to contain or concurrently acquire two independent mutations: a highly unlikely
event.

Taken together, from the perspective of therapeutic efficacy and drug
resistance, our preclinical observations provide a rationale for (sequential or)
combination therapy with ibrutinib and idelalisib in the treatment of MCL and CLL,
but also of other B-cell malignancies that depend upon active BCR signaling and/or
the tumor microenvironment.
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Supplementary appendix
Supplementary materials and methods

Cell lines and primary cells

The mantle cell lymphoma lymphoma (MCL) cell lines: JeKo1 and HBL2 (kindly
provided by Dr. Lydia Visser, Department of Pathology, University Medical Center
Groningen, the Netherlands with permission of Dr. Wolfram Klapper, Department of
Pathology, University of Kiel, Germany), and Rec1 (DSMZ) were cultured in RPMI-
1640 medium supplemented with 10% fetal calf serum, glutamine and pen/strep.
Peripheral blood-derived MCL and CLL cells were obtained after routine diagnostic
or follow-up procedures at the departments of Hematology or Pathology of the
Academic Medical Center (AMC) Amsterdam, and were purified using Ficoll and
eventually by B cell isolation kit (negative selection) (Miltenyi Biotec). Purified MCL
and CLL samples contained 85-99% CD5*/CD19" cells. This study was conducted
and approved by the AMC Medical Committee on Human Experimentation. Informed
consent was obtained in accordance with the Declaration of Helsinki.

Adhesion assays

The cell adhesion assays were performed essentially as described.' In detail,
adhesion assays were done in triplicate on EIA/RIA 96-well plates (Costar) coated
with PBS containing 10pg/ml fibronectin (Sigma-Aldrich) or 500ng/ml VCAM1 (R&D
Systems) at 4°C overnight, or with 1mg/ml poly-L-lysine (PLL; Sigma-Aldrich) at
37°C for 15 minutes, and blocked with 4% BSA/RPMI at 37°C for 1h. Cells were
pretreated with DMSO, ibrutinib (Selleck Chemicals), and/or idelalisib (Selleck
Chemicals) in 1% BSA/RPMI at 37°C for 1h. If required (wash-out experiment),
ibrutinib was washed out for 3 times 5 min with 1% BSA/RPMI. Subsequently, cells
were stimulated with either 200ng/ml goat F(ab’)2 anti-human IgM (LE/AF; Southern
Biotech), or 50ng/ml phorbol-12-myristate-13-acetate (PMA; Sigma-Aldrich), and
1.5x108 cells in 100ul were immediately plated and incubated at 37°C for 30 minutes.
If required (detachment experiment), only now the cells were treated with ibrutinib, for
2h. After extensive washing of the plate with 1% BSA/RPMI to remove non-adhered
cells, the adherent cells were fixed for 10 minutes with 10% glutaraldehyde/PBS and
subsequently stained for 45 minutes with 0.5% crystal violet/20% methanol/water.
After extensive washing with water, the dye was eluted in methanol and absorbance
was measured after 40 minutes at 570nm on a spectrophotometer (Multiskan RC
spectrophotometer, Thermo labsystems). Background absorbance (no cells added)
was subtracted. Absorbance due to nonspecific adhesion, as determined in wells
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coated with 4% BSA, was always less than 10% of the absorbance of anti-IgM-
stimulated cells. Maximal adhesion (100%) was determined by applying the cells
to wells coated with PLL, without washing the wells before fixation. Adhesion of
the non-pretreated anti-IlgM-stimulated cells was normalized to 100% and the
bars represent the means + SEM of at least three independent experiments, each
assayed in triplicate, or means + SEM of a representative experiment of at least two
independent experiments, assayed in triplicate.

Synergistic calculations
CompuSyn (ComboSyn, Inc.), was used for calculating combination indices and
creating FaCl-plots, and were based on the Chou-Talalay method.?

Statistics

Graphpad Prism (GraphPad Software Inc.) was used for all graphs and statistics.
All multicomparisons were analyzed by a one-way analysis of variance (ANOVA).
A post hoc Dunnett’s t-test was carried out following a significant ANOVA, comparing
the drugs treatments to the DMSO-controls. *P < .05; **P < .01; ***P < .001.
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IBRUTINIB AND IDELALISIB TARGET ADHESION IN WM

Letter to the editor

The Bruton tyrosine kinase (BTK) inhibitor ibrutinib and the phosphatidylinositol-3-
kinase & (PI3K®) inhibitor idelalisib show promising clinical efficacy in the treatment
of Waldenstrdm macroglobulinemia (WM), a lymphoplasmacytic lymphoma.'? Very
recently, ibrutinib became the first FDA- and EMA-approved treatment for WM
patients. Herein, we investigated the molecular and cellular mechanisms underlying
the clinical efficacy of ibrutinib and idelalisib in WM patients. We show that, at
clinically relevant concentrations, idelalisib, but not ibrutinib, reduced proliferation
of WM cells, whereas cytotoxicity was not observed. Furthermore, we demonstrate
that WM cells express a signaling-competent B-cell antigen receptor (BCR) which
controls integrin-mediated adhesion, and that ibrutinib and idelalisib both inhibit BCR-
controlled signaling and integrin-mediated adhesion, whereas chemokine (CXCL12/
CXCR4)-controlled signaling, adhesion and migration are not affected. Our data
indicate that ibrutinib and idelalisib target BCR-controlled retention of WM cells in
the lymphoid organs, resulting in the clinically observed mobilization of malignant
cells from these protective niches into the circulation; this may deprive the WM cells
from essential microenvironmental growth and survival factors, resulting in WM
regression. In addition, our results provide a molecular explanation for the relative
ibrutinib resistance of WM patients with gain-of-function CXCR4 mutations.

WM, a lymphoplasmacytic lymphoma, is characterized by the accumulation
of post-germinal center B cells in bone marrow, spleen, liver and lymph nodes, which
produce a monoclonal IgM M-protein. Apart from genetic lesions in the malignant
cells, such as MYD88 and CXCR4 mutations, the bone marrow and lymphoid
microenvironments play a critical role in the survival and proliferation of these cells.
The CXCL12/CXCR4-axis plays a major role in the homing of WM cells to these
protective niches. Furthermore, WM cells express abiased IgH, repertoire,* suggesting
that (antigen-dependent) BCR signaling plays a role in the pathogenesis of WM.

In CLL and MCL, BCR signaling plays a prominent role in the regulation of
integrin-mediated retention of malignant cells in lymphoid organs.5® In these patients,
the BCR signalosome inhibitors ibrutinib and idelalisib induce a rapid decrease in
lymphadenopathy, accompanied by transient lymphocytosis.®*' In CLL and MCL,
we have previously demonstrated that ibrutinib and idelalisib target BCR-controlled
-and ibrutinib also chemokine-controlled- integrin-mediated adhesion, resulting
in mobilization of the malignant cells from their protective niches in the lymphoid
organs into the circulation, followed by lymphoma regression.5®® Recently, ibrutinib
received FDA and EMA approval for the treatment of CLL and MCL, and idelalisib
for small lymphocytic lymphoma and follicular lymphoma. Clinical trials for WM were
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also very promising, with an overall response rate of 90.5% (n = 63) for ibrutinib,?
and 55-80% (n =9 and n = 10) for idelalisib,"? and recently, ibrutinib became the first
ever FDA-approved treatment for WM patients. Interestingly, in WM patients ibrutinib
also induces lymphocytosis, but patients with CXCR4 mutations are relatively
resistant against ibrutinib.> Herein, we investigated the molecular and cellular
mechanisms underlying the clinical efficacy of ibrutinib and idelalisib in WM patients.

First we assessed the possible effect of ibrutinib and idelalisib on
cell growth in the WM cell lines MWCL-1 and BCWM.1, which both carry the
WM characteristic MYD88-2%5" mutation (Fig. S1A)."? Cell growth was already
reduced at 10-100nM idelalisib, but only at 1uM ibrutinib (Figs. 1A and S2A-B).
The observed dose-dependency of ibrutinib was in agreement with Yang et al.”
Distinguishing between proliferation and viability revealed that at clinically relevant/
achievable concentrations (i.e., ¢ . ibrutinib 170nM (dose 420 mg/day)" and
idelalisib 6uM (dose 350mg/day)'®) only idelalisib inhibited proliferation, whereas
neither drug affected cell viability (Figs. 1B-C and S2A-B). The differential effect
of idelalisib and ibrutinib may reflect the capacity of PI3K to regulate not only BTK-
but also AKT-mediated signaling (Fig. 2A), including mTOR, GSK3 and FOXO
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Figure 1. Idelalisib, but not ibrutinib, strongly inhibits WM proliferation.

MWCL-1 and BCWM.1 cells were labelled with CFSE and cultured in the presence of different
concentrations of ibrutinib or idelalisib. After 5 days, the numbers of viable cells were counted (A),
proliferation was measured by analyzing the CFSE-dilution (B), and the viability was determined (C), (n =
3 independent experiments). Graphs are presented as normalized means + SEM (100% = cells treated
with only DMSO). *P < .05; **P < .01; ***P < .001, significantly different from DMSO controls (one-way
ANOVA followed by Dunnett’s t-test).
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Figure 2. Ibrutinib and idelalisib target BCR-controlled signaling and integrin-mediated adhesion of WM cells.
(A) MWCL-1 and BCWM.1 cells pretreated with 100nM ibrutinib or 1uM idelalisib were stimulated with
500ng/ml algM, and immunoblotted for p-BTK (pY551 and pY223), p-AKT, and p-ERK. Total BTK, AKT,
and ERK2 were used as loading controls. (B) Bone marrow mononuclear cells from 2 WM patients were
stimulated with algM or PMA, and allowed to adhere to fibronectin-coated surfaces for 30 minutes.
Adherence of CD19* WM cells was quantified by flow cytometry. (C) MWCL-1 and BCWM.1 cells
pretreated with 100nM ibrutinib or 1uM idelalisib were stimulated with algM or PMA, and allowed to
adhere to fibronectin-coated surfaces for 30 minutes. The means are from 6 (BCWM.1) or 10 (MWCL-
1) independent experiments. (D) MWCL-1 cells pretreated with different concentrations of ibrutinib or
idelalisib were stimulated with algM and allowed to adhere to fibronectin-coated surfaces for 30 minutes.
(E) MWCL-1 cells pretreated with different BCR-signalosome inhibitors were stimulated with algM or PMA,
and allowed to adhere to fibronectin-coated surfaces for 30 minutes (n = 3 independent experiments).
Graphs are presented as normalized means + SEM (100% = stimulated cells without inhibitors). *P < .05;
**P < .01; ***P < .001, significantly different from DMSO controls (one-way ANOVA followed by Dunnett’s
t-test).
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pathways. Furthermore, it is tempting to suggest that aberrant NFkB activation
by mutant MYD88 may compensate for ibrutinib treatment, since combining
IRAK inhibitors with ibrutinib enhances NFkB inhibition and WM cytotoxicity.'®

BCR signaling controls survival, proliferation, and adhesion of B cells.
After having established that the BCR is expressed (Figs. S1B-C) and functional
in MWCL-1 and BCWM.1 cells (Figs. 2A and C) and in primary WM cells (Fig. 2B),
we investigated how ibrutinib and idelalisib affect BCR-controlled signaling. Ibrutinib
completely abrogated BTK autophosphorylation (Y223), whereas phosphorylation
of the activating LYN/SYK substrate site Y551 of BTK was actually augmented (Fig.
2A). A similar potentiation of BTK-Y551 phosphorylation upon ibrutinib treatment,
indicative for the inhibition of BTK-mediated negative feedback of proximal BCR
signaling, has been observed in other B cell lines [(e.g. Namalwa Burkitt's cells,’
and MCL cell lines (de Rooij, MFM et al., manuscript in preparation)]. Interestingly,
this occurred in the absence of additional BCR cross-linking of the WM cells (Fig.
2A), suggesting substantial basal BCR signaling (tonic/chronic BCR signaling). In
addition, ERK activation was inhibited by ibrutinib, but AKT activation was not affected.
Previously, we and others have reported that ibrutinib abrogated AKT signaling in
CLL and MCL cells,>® but we have recently demonstrated that this was not related
to specific BTK inhibition (de Rooij, MFM et al., manuscript in preparation). Idelalisib
completely abrogated AKT activation. The activation of BTK by LYN/SYK, which
requires PIP_-mediated membrane association, and the activation of ERK were also
inhibited by ibrutinib, but BTK autophosphorylation was not affected (Fig. 2A).

An important function of the BCR, which is of major relevance for the clinical
efficacy of ibrutinib and idelalisib in CLL and MCL, is the control of integrin-mediated
adhesion/retention. Indeed, BCR stimulation induced adhesion of the WM cell lines
as well as primary WM cells to the extracellular matrix component fibronectin and the
cell adhesion molecule VCAM-1 (Figs. 2B-C and S3A), which is mediated by integrin
a,B, (being expressed on MWCL-1 and BCWM.1 cells (Fig. S1C)). Moreover, BCR-
controlled adhesion was inhibited by 40-50% upon ibrutinib and idelalisib treatment
(Figs. 2C and S3A). Adhesion in response to the PKC activator phorbol-12-myristate-
13-acetate (PMA) was not attenuated (Figs. 2C and S3A), demonstrating that the
observed effects of ibrutinib and idelalisib on BCR-controlled integrin activation were
selective, and not caused by cytotoxicity. The inhibition of adhesion by ibrutinib and
idelalisib was already observed at 3.2nM and 100nM, respectively (Fig. 2D), well
within their clinically achievable ranges. Furthermore, the ibrutinib effect persisted
upon wash out (Fig. S3B), indicating it is BTK-specific, involving covalent irreversible
binding of ibrutinib to BTK. Unlike in CLL and MCL,® combining the drugs did not

156



IBRUTINIB AND IDELALISIB TARGET ADHESION IN WM

enhance the inhibitory effect (Figs. 2E and S4A-B). Nevertheless, combination (or
sequential) therapy could still be beneficial in WM as it may possibly prevent or
overcome single drug resistance, e.g. due to mutations in BTK or PLCy2. The partial
effects of ibrutinib and idelalisib on adhesion can be explained by the involvement of
parallel pathways, implicating other kinases. In support of this, the pan-PI3K inhibitor
wortmannin and the more distally acting PKC inhibitor chelerythrine completely
abolished BCR-controlled adhesion (Fig. 2E). Given the previously reported
interaction of BTK with MYD88-26° 13 it is tempting to speculate that BTK engaged in
either the TLR or BCR signalosome may control different cellular functions.

Many components of the BCR signalosome are also involved in CXCL12/
CXCR4-signaling. CXCR4 is expressed on MWCL-1 and BCWM.1 cells, although at
low levels (Figs. S1C-E). Membrane expression and CXCL12-induced internalization
of CXCR4 were not affected by ibrutinib and idelalisib (Fig. S5). As mentioned,
treatment with ibrutinib completely abrogated BTK autophosphorylation (Y223),
whereas phosphorylation of Y551 was augmented; however, both occurred already
in the absence of CXCL12, indicating that it may rather reflect the inhibition of (tonic)
BCR signaling (Fig. 3A). Furthermore, ibrutinib did not affect CXCL12-induced
activation of ERK and AKT. Idelalisib reduced AKT phosphorylation, but again
already in the absence of CXCL12, most likely reflecting inhibition of (tonic) BCR
signaling (Fig. 3A). The activation of BTK and ERK were not affected. Moreover,
CXCL12-induced adhesion and migration were not (specifically) inhibited by ibrutinib
and idelalisib (Figs. 3B-D); the effect of ibrutinib on CXCL12-induced adhesion was
reversible upon wash out, which demonstrates it does not reflect a BTK-specific
action of ibrutinib (Fig. 3C). Together, these data indicate that the BCR signalosome
components are not critical for CXCL12-induced responses in WM.

Although CXCL12 is important for homing, most likely it is not involved in
retention: in lymphoid tissues CXCL12 is abundantly expressed, causing CXCR4
desensitization and internalization. Interestingly however, approximately 30% of WM
patients carry WHIM-like mutations in CXCR4 (e.g. S338X); this mutation prevents
CXCR4 desensitization,'s which may result in aberrant CXCL12-controlled adhesion
and sustained retention of WM cells in lymphoid organs (Fig. 3E). Combined with our
observation that ibrutinib (or idelalisib) does not target CXCL12-controlled adhesion
of WM cells, this may explain why WM patients with these gain-of-function CXCR4
mutations show a strongly reduced lymphocytosis upon, and are less responsive to,
ibrutinib treatment as compared to patients with wild-type CXCR4.3

Taken together, our data show that ibrutinib and idelalisib target tonic and
antigen-controlled BCR signaling in WM cells, thereby inhibiting BCR-controlled
integrin-mediated adhesion (Fig. 3E). In vivo this would result in impaired retention of
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Figure 3. Ibrutinib and idelalisib do not target CXCL12-controlled integrin-mediated adhesion and
migration of WM cells.

(A) MWCL-1 and BCWM.1 cells pretreated with 100nM ibrutinib or 1uM idelalisib were stimulated with
100ng/ml CXCL12, and immunoblotted for p-BTK (pY551 and pY223), p-AKT, and p-ERK. Total BTK,
AKT, and ERK2 were used as loading controls. (B) MWCL-1 and BCWM.1 cells pretreated with 100nM
ibrutinib and/or 1uM idelalisib were allowed to adhere to VCAM-1— and CXCL12-cocoated surfaces for
5 minutes (n = 3 independent experiments). (C) MWCL-1 cells pretreated with 100nM ibrutinib were
subsequently washed (to remove any non-covalently bound ibrutinib) and allowed to adhere to VCAM-
1— and CXCL12-cocoated surfaces for 5 minutes (n = 3 independent experiments). (D) MWCL-1 and
BCWM.1 cells pretreated with 100nM ibrutinib and/or 1uM idelalisib were allowed to migrate towards
CXCL12 in VCAM-1—-coated transwells for 5 hours (n = 3 independent experiments). Graphs are
presented as normalized means + SEM (100% = stimulated cells without inhibitors). NS: not significantly
different from DMSO controls (one-way ANOVA). (E) Model of the mechanism of action of ibrutinib and
idelalisib in WM. Inhibition of BTK by ibrutinib or PI3Kd by idelalisib impairs BCR-controlled integrin-
mediated adhesion of WM cells in bone marrow (BM) and lymph nodes (LN), which results in their egress
from these protective niches into the circulation, resulting in WM regression. The homing receptor CXCR4
is normally desensitized upon binding of CXCL12, which is highly expressed within the lymphoid organ
microenvironment; however, this is prevented by the WHIM-like mutation (S338X), lacking the regulatory
domain. Consequently, CXCR4S338X might aberrantly support retention of WM cells in the lymphoid
organs. Since CXCR4-controlled integrin-mediated adhesion is insensitive to ibrutinib and idelalisib, this
would counteract their ability to inhibit BCR-controlled integrin activation, thus explaining the clinically
observed ibrutinib-resistance of WM patients with the CXCR4S338X mutation.

WM cells in lymphoid tissues, explaining the lymphocytosis observed upon ibrutinib
treatment.® Thus, our data indicate that ibrutinib and idelalisib do not directly kill WM
cells but rather target their BCR-controlled adhesion, thereby causing mobilization
of the malignant cells from the protective niches in the lymphoid organs into the
circulation, resulting in the deprivation of microenvironmental growth and survival
factors, and clinically evident WM regression.
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Supplemental appendix
Supplementary materials and methods

Materials

The following reagents were used in this study: the phosphorylation state-specific
antibodies phospho-p44/42-MAPK [T202/Y204] against p-ERK1 and -2, phospho-
AKT [Ser473] against p-AKT (Cell Signaling Technology), phospho-BTK [Y551]
against p-BTK (BD Biosciences), phospho-BTK [Y223] against p-BTK (Epitomics);
anti-ERK2 (Santa Cruz Biotechnology), anti-AKT (Santa Cruz Biotechnology),
anti-BTK (BD Bioscience), goat F(ab’), anti-human IgM (LE/AF; Southern
Biotech), horseradish peroxidase (HRP)-conjungated rabbit anti-mouse and HRP-
conjungated goat anti-rabbit (Dako); phycoerythrin-conjungated rabbit F(ab’),
anti-lgM (Dako), mouse anti-CD79B (SN8; Dako), mouse anti-integrin a, (HP2/1;
Immunotech), mouse anti-integrin B, (4B4; Coulter), phycoerythrin-conjungated
goat F(ab’), anti-kappa (Cytognos), and rabbit F(ab’), anti-lambda (Dako). Control
mouse IgG, or IgG,, (Dako),phycoerythrin-conjungated goat anti-mouse 1gG, or
I9G,, (Southern Biotech), mouse anti-CXCR4 (BD Biosciences), allophycocyanin-
conjungated mouse anti-CD19 (HD37; Dako); the pharmacological inhibitors ibrutinib
and idelalisib (Selleck Chemicals), wortmannin and chelerythrine (Sigma-Aldrich);
human plasma fibronectin (Sigma-Aldrich, BSA (fraction V; Roche), and recombinant
human sVCAM-1 (R&D Systems), carboxyfluorescein diacetate succinimidyl ester
(CFSE; Invitrogen), poly-L-lysine (PLL; Sigma-Aldrich).

Cell lines and primary material

The Waldenstrom macroglobulinemia (WM) cell lines MWCL-1"and BCWM.12, which
both carry the WM-characteristic MYD88-2%F mutation (Fig. S1A), are IgL-k* and
IgL-A*, respectively (Fig. S1C), and are both monoclonal, as determined by IGH
GeneScan analysis (Fig. S1B), were cultured in RPMI-1640 medium supplemented
with 10% fetal calf serum, glutamine and pen/strep. Bone marrow aspirations from
2 WM patients were obtained after routine diagnostic or follow-up procedures at the
departments of Hematology of the Academic Medical Center (AMC) Amsterdam,
and mononuclear cells were purified using Ficoll. This study was conducted and
approved by the AMC Medical Committee on Human Experimentation. Informed
consent was obtained in accordance with the Declaration of Helsinki.
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Signal transduction assays

Immunoblotting was performed essentially as described.** In detail, 107 cells/ml
serum free RPMI were pretreated with DMSO, ibrutinib or idelalisib at 37°C for 1h.
After stimulation with 500ng/ml goat F(ab’), anti-human IgM or 100ng/ml CXCL12,
after 1, 2 and 5 minutes the cells were directly lysed in SDS-PAGE sample buffer.
Lysates (2.10° cells/lane) were applied on a 10% SDS-PAGE gel, blotted and
incubated with rabbit anti-phospho-ERK1/2, rabbit anti-phospho-AKT, mouse anti-
phospho-Y551-BTK, and rabbit anti-phospho-Y223-BTK in 5% milk/TBST followed
by HRP-conjugated goat anti-rabbit or rabbit anti-mouse and developed by enhanced
chemoluminescence (Amersham Pharmacia). To confirm equal expression and
loading, the blots were stripped, and incubated with the antibodies rabbit anti-ERK2
rabbit anti-AKT, and mouse anti-BTK. Blots are representative of at least three
independent experiments.

Growth, proliferation, and viability assays

Cell number, CFSE, and viability were measured in individual wells. Cells were
washed with PBS, and labeled with 1uM CFSE for 15 minutes at 37°C. CFSE was
quenched with FCS, and cells were plated (104) in a 96-well plate with 10%FCS/
RPMI and DMSO, ibrutinib, and/or idelalisib. At day 0 and 5, numbers of viable cells
were counted using a FACS Canto Il flow cytometer system (BD Biosciences, San
Jose, CA, USA) interfaced to FACS Diva software (v 6.0), and analyzed with Flow
Jo (v7.2.1), the percentage of growth of untreated cells at day 5 was normalized to
100%; CFSE was measured in FITC channel, the geometric mean of the untreated
cells at day 5 was normalized to 1.0; and viability was determined using FSC-SSC
gating (which correlated completely with Annexin V- or DiOC-stainings in all cell
lines), the percentage viable cells of untreated cells at day 5 was normalized to 100%.
The bars represent the means + SEM of at least three independent experiments,
each assayed in triplicate.

Adhesion assays

The cell adhesion assays were performed essentially as described.®# In detail,
adhesion assays were performed in triplicate on EIA/RIA 96-well plates (Costar)
coated with PBS containing 10ug/ml fibronectin or 500ng/ml VCAM-1 at 4°C
overnight, or with 1mg/ml poly-L-lysine (PLL) at 37°C for 15 minutes, and blocked
with 4% BSA/RPMI at 37°C for 1h. Cells were pretreated with DMSO, 100nM
ibrutinib, 1uM idelalisib, 100nM wortmannin, or 1uM chelerythrine in 1% BSA/RPMI
at 37°C for 1h. If indicated, unbound ibrutinib was washed out 3 times with 1% BSA/
RPMI. Subsequently, cells were stimulated with either 500ng/ml goat F(ab’)2 anti-
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human IgM, or 50ng/ml PMA, and 1.5.10° BCWM.1 or MWCL.1 cells, or 4.10° bone
marrow mononuclear cells from WM patients in 100ul were immediately plated and
incubated at 37°C for 30 minutes. After extensive washing of the plate with 1% BSA/
RPMI to remove non-adhered cells, the adherent cells were fixed for 10 minutes
with 10% glutaraldehyde in PBS and subsequently stained for 45 minutes with
0.4% crystal violet/20% methanol/water. After extensive washing with water, the dye
was eluted in methanol and absorbance was measured after 40 minutes at 570nm
on a spectrophotometer (Multiskan RC spectrophotometer, Thermo labsystems).
Background absorbance (no cells added) was subtracted. Absorbance due to
nonspecific adhesion, as determined in wells coated with 4% BSA, was always less
than 10% of the absorbance of anti-IlgM-stimulated cells. Maximal adhesion (100%)
was determined by applying the cells to wells coated with PLL, without washing
the wells before fixation. For analysis of primary WM cells, cells were detached
with 2mM EDTA/0.5% BSA/0.02% NaN,/PBS, followed by an allophycocyanin-
conjungated anti-CD19 staining. The numbers of adhered CD19* WM cells were
analyzed on a FACScanto Il flow cytometer system (BD Biosciences, San Jose, CA,
USA) interfaced to FACS Diva software (v6.0), and analyzed with Flow Jo (v7.2.1).
Adhesion of the nonpretreated anti-lgM-stimulated cells was normalized to 100%
and the bars represent the means + SEM of at least three independent experiments,
each assayed in triplicate.

Chemokine-mediated adhesion was assayed as described above, except
that the chemokine CXCL12 (50ng/ml) was co-immobilized with 500ng/ml VCAM-1.
The plates were spun directly after applying the cells, and the cells were allowed to
adhere for 5 minutes.

Migration assays

The cell migration assays were performed essentially as described.® In detail, migration
assays were performed in triplicate with transwells (pore size 8um) coated with 1ug/
ml VCAM-1 or uncoated. The lower compartment contained 100ng/ml CXCL12 in
0.5% BSA/RPMI. 5.105 cells/100ul 0.5% BSA/RPMI, pretreated with DMSO, ibrutinib
and/or idelalisib at 37°C for 1h, were applied to the upper compartment and allowed
to migrate for 5h at 37°C. The amount of viable migrated cells was determined by
FACS and expressed as a percentage of the input. The migration of nonpretreated
cells on VCAM-1-coated transwells in the presence of CXCL12 was normalized
to 100%, and the bars represent the means + SEM of at least three independent
experiments, each assayed in triplicate.

PCR
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The MYD88 mutation was determined as described.® DNA was isolated with
the QlAamp DNA Micro kit (Qiagen, Venlo, The Netherlands) according to the
manufacturer’s instructions. Screening DNA for the MYD88 L265P mutations was
performed with allele-specific PCR assays, employing primers that were designed to
specifically anneal with their 3’-terminal nucleotide to either the mutated or wild-type
base. The primers were: MYD88 (L265P; T794C) Fw: TGCCAGGGGTACTTAGATGG
+ Rv: CCTTGTACTTGATGGGGATCG and MYD88 (WT): Fw: GTGCCCATCAGAA
GCGACT + Rv: GGGCCTCAGAACAGTCTTCA. The IGH GeneScan analysis was
performed as described.”

Flow cytometry

10° cells were stained with phycoerythrin-conjungated anti-IgM, anti-kappa, anti-
lambda, or with mouse anti-CXCR4, anti-CD79B, anti-a,-integrin, anti-B,-integrin,
or control mouse IgG, or IgG,, (isotype control), and secondary stained with
phycoerythrin-conjungated goat anti-mouse IgG, or IgG,, for 30 min on ice and
washed. Cell staining was measured on a FACScanto Il flow cytometer system (BD
Biosciences, San Jose, CA, USA) interfaced to FACS Diva software (v6.0), and
analyzed with Flow Jo (v7.2.1). For CXCR4 internalization, the cells were pretreated
with DMSO, 100nM ibrutinib, and/or 1uM idelalisib for 1h, and subsequently with
100nM CXCLA12 for 5 minutes, and immediately kept on ice.

Synergy calculations
CompuSyn (ComboSyn, Inc.) was used for calculating combination indices, based
on the Chou-Talalay method.®

Statistical analysis

Graphpad Prism (GraphPad Software Inc.) was used for all graphs and statistics.
The one sample t-test was used to determine the significance of differences between
means and normalized values. All multicomparisons were analyzed by a one-way
analysis of variance (ANOVA). A post hoc Dunnett’s t-test was carried out following
a significant ANOVA, comparing the drugs treatments to the DMSO-controls. *P <
.05; **P < .01; ***P < .001.
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Figure S1. BCR, integrin, and CXCR4 expression in WM.

(A) MWCL-1 and BCWM.1 were heterozygous for MYD88 (L265P; T794C), a characteristic of WM.
The DLBCL samples OCI-LY10 and OCI-LY18 are positive and negative controls for MYD88 (L265P),
respectively. (B) GeneScan analysis of Ig heavy chain (IGH) rearrangements from MWCL-1 and
BCWM.1.(C) MWCL-1 and BCWM.1 were stained for surface IgM (BCR), the BCR-coreceptor CD798,
ad-integrin, B1-integrin, the chemokine receptor CXCR4, and the kappa and lambda immunoglobulin light
chains (solid lines), or isotype controls (dashed lines) and analyzed by flow cytometry. (D) The MCL cell
lines JeKo1 and HBL2 (used as positive control) were stained for CXCR4 (solid lines), or isotype control
(dashed lines) and analyzed by flow cytometry. (E) MWCL-1 (n = 3) and BCWM.1 (n = 4) were stained for
CXCR4 or isotype control and analyzed by flow cytometry. Graphs are presented as normalized means +
SEM (1.0 = MFI from isotype staining). *P < .05; **P < .01; ***P < .001 significantly different (one sample
t-test).
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Figure S2. Idelalisib, but not Ibrutinib, strongly inhibits WM proliferation.

MWCL-1 (A) and BCWM.1 (B) cells were labelled with CFSE and cultured in the presence of ibrutinib
and/or idelalisib in combination. After 5 days, the numbers of viable cells were counted (left), proliferation
was measured by analyzing the CFSE-dilution (middle) and the viability was determined (right) (n = 3
independent experiments). Graphs are presented as normalized means + SEM (100% = cells treated with

only DMSO). *P < .05; **P < .01; ***P < .001, significantly different from DMSO controls (one-way ANOVA
followed by Dunnett’s t-test).
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Figure S3. Ibrutinib and idelalisib target BCR-controlled integrin-mediated adhesion of WM cells.
(A) MWCL-1 and BCWM.1 cells pretreated with 100nM ibrutinib or 1uM idelalisib were stimulated with
algM or PMA, and allowed to adhere to VCAM-1-coated surfaces for 30 minutes (n = 3 independent
experiments). (B) MWCL-1 and BCWM.1 cells pretreated with 100nM ibrutinib were subsequently
washed (to remove any non-covalently bound ibrutinib) and stimulated with algM, and allowed to adhere
to fibronectin-coated surfaces for 30 minutes (n = 3 independent experiments). Graphs are presented as
normalized means + SEM (100% = stimulated cells without inhibitors). *P < .05; **P < .01; ***P < .001,
significantly different from DMSO controls (one-way ANOVA followed by Dunnett’s t-test).
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Figure S4. Ibrutinib and idelalisib do not act in a synergistic manner in WM.

(A) MWCL-1 and BCWM.1 cells pretreated with different concentrations of ibrutinib, and/or idelalisib were
stimulated with algM, and allowed to adhere to fibronectin-coated surfaces for 30 minutes. Combination
indices (Cl) were determined by the Chou-Talalay theorem of synergy calculations. (B) MWCL-1 and
BCWM.1 cells pretreated with different concentrations of ibrutinib, and/or idelalisib were stimulated with
algM, and allowed to adhere to VCAM-1—coated surfaces for 30 minutes. Combination indices (Cl) were
determined by the Chou-Talalay method of synergy calculations. Cl.: Cl at IC,, (— ~50% of maximal
inhibition).
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Figure S5. Ibrutinib and idelalisib do not affect CXCR4 internalization in WM.

MWCL-1 (n = 3) and BCWM.1 (n = 3) cells pretreated with 100nM ibrutinib and/or 1uM idelalisib were
stimulated with CXCL12 for 5 minutes, and were stained for surface CXCR4 and analyzed by flow
cytometry. Graphs are presented as normalized means + SEM (100% = MFI| from DMSO-treated cells).
No significant differences were observed due to ibrutinib and/or idelalisib treatments (one-way ANOVA).
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General discussion

Chronic lymphocytic leukemia (CLL), mantle cell ymphoma (MCL), and Waldenstrém
macroglobulinemia (WM) are B cell malignancies which are still incurable. Therefore,
novel treatment strategies are needed to cure these patients. CLL, MCL, and WM
originate from different B cell differentional stages, but a common feature of these
three malignancies is that they respond in a remarkable way to the novel B cell
antigen receptor (BCR) signalosome inhibitors fostamatinib (spleen tyrosine kinase
(SYK) inhibitor), ibrutinib (Bruton tyrosine kinase (BTK) inhibitor), and idelalisib
(phosphoinositide-3-kinase &-isoform (PI3Kd) inhibitor). Treatment with these BCR
signalosome inhibitors, result in a rapid and sustained reduction of ymphadenopathy,
which unexpectedly is accompanied by transient lymphocytosis.'® This lymphocytosis
can persist for more than 12 months during continuous treatment.” In the circulation,
the cells lack proliferation and survival signals, and will be cleared in time (Fig. 1).
Because tumor lysis syndrome is rare,?? it is likely that the tumor cells disappear by
natural clearance, rather than massive cell death.

In this thesis, we focused on the molecular and cellular mechanisms
underlying the action of these drugs. We did not detect strong cytotoxic effects. We
found very strong inhibition of BCR-controlled integrin-mediated adhesion, which
was consistent between the lymphoma types. In addition, we found partial inhibition
of chemokine-controlled adhesion and migration in CLL and MCL, but not in WM.
Furthermore, we found strong synergism between ibrutinib and idelalisib in inhibiting
BCR-controlled integrin-mediated adhesion in CLL and MCL. CLL and MCL have
strongly active BCR signaling in lymphoid tissues compared to circulating cells,'®"
and BCR signaling induces strong integrin-mediated adhesion.’ Consequently,
active BCR signaling is an important retention factor, which is abrogated by these
BCR signalosome inhibitors. By analyzing blood-derived cells before and after
ibrutinib treatment of CLL and MCL patients, we found that the malignant cells which
accumulate in the circulation upon treatment have a ‘tissue-localized phenotype’,
suggesting that they are mobilized from the lymphoid tissues. Next, we discuss
the effect of BCR-signalosome inhibitors in cell signaling, growth, adhesion and
migration in more detail, and examine future therapies to improve treatment and
overcome resistance.

BCR signalosome inhibitors in BCR signaling
The BCR signals either in a tonic, chronic, or antigen-dependent manner.'® Our data
suggest that Namalwa (Burkitt lymphoma cell line), and the MCL and WM cell lines
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have autonomous (tonic or chronic) BCR signaling, because we always detected a
basal level of phosphorylation of the proximal downstream kinases BTK and PLCy2
(Chapters 2, 3, 6, and data not shown). The basal phosphorylation of PLCy2 was
completely inhibited by fostamatinib (data not shown), suggesting that it is activated
by the BCR pathway. In addition, treatment of MCL cells with pervanadate, a general
phosphatase inhibitor, induced very strong phosphorylation of BTK and PLCy2 within
minutes, which was also abolished by fostamatinib (data not shown). So, these cells
have strong autonomous BCR signaling, which is partially repressed by negative
feedback pathways.

Chronic BCR signaling can be caused by activating mutations in the BCR
pathway. In some cases of WM, gain-of-function mutations in CD79,'%"> and loss-
of-function mutations in LYN have been detected.’® Both mutations can enhance
BCR signaling.'® In MCL, SYK and PI3Ka are frequently amplified.'”'® In CLL, no
activating mutations in the BCR pathway have been described, but CLL BCRs can
signal autonomously by recognizing an intrinsic epitope of the BCR itself."®

There is strong evidence that antigen-induced BCR signaling plays a role in
the lymphoid tissues in CLL and MCL."%":20:2' For WM it is currently unknown whether
antigen-dependent BCR signaling plays a role in tumorigenesis. Nevertheless, WM
cells also show a biased IgV,, usage, although true stereotypy was not found.?? Upon
BCR cross linking by anti-lgM, which mimics antigen-dependent BCR signaling,
the activation of downstream kinases (BTK, PLCy2, ERK and AKT) was strongly
enhanced in CLL, MCL, and WM cell lines and primary cells (Chapters 2, 3 and 6),
indicating that tonic/chronic BCR signaling is far from the maximal.

In the BCR pathway, the proximal kinases LYN, SYK, PI3Kd, and BTK, are
almost exclusively expressed in hematopoietic cells, while the more downstream
kinases are more ubiquitously expressed. As a consequence, the proximal kinases
are interesting candidates for novel targeted therapies, with the exception of LYN,
because it also induces important inhibitory signals.® Note that targeting LYN could
still be interesting, because LYN has a crucial role in nurse-like cells in a CLL mouse
model. %

In MCL and WM cell lines, inhibition of SYK by fostamatinib or inhibition of
PI3K® by idelalisib completely abrogated BCR downstream signaling (Chapter 6 and
data not shown). Both inhibitors strongly inhibited activation of BTK, ERK, and AKT,
which was as expected, and in line with other studies.?®

Inhibition of BTK by ibrutinib abrogated parts of the BCR pathway. In
Namalwa and MCL and WM cell lines, activation of ERK was completely inhibited,
whereas at specific concentrations of ibrutinib, AKT activation was unaffected, and
BTK activation (phosphorylation of Y551) was even hyperactivated (Chapters 2
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and 6, and data not shown). The latter most likely reflects abrogation of negative
feedback. We and others®®-*2 found that, at high concentrations of ibrutinib, activation
of AKT also was inhibited (Chapters 2 and 3). However, this inhibition was abolished
upon wash-out of ibrutinib, during which BTK remains inhibited due to its irreversible
covalent interaction (data not shown). This could be explained by inhibition of off
targets, as at least 18 other kinases have an IC_, below 100nM for ibrutinib, and
most of these kinases cannot form an irreversible interaction.® In our MCL study,
we found that ibrutinib inhibits the LYN/SYK phosphorylation site on BTK (Y551)
(Chapter 3). These experiments were performed in serum-free conditions. In
the absence of the plasma proteins albumin and a,-acid glycoprotein, the active
(unbound) concentration of ibrutinib is much higher, since 97.3% of ibrutinib binds
to these plasma proteins,* and therefore in the absence of serum (or bovine serum
albumin) more off targets are inhibited. Ibrutinib-mediated inhibition of AKT and
Y551-BTK phosphorylation could reflect inhibition of LYN, because LYN has also
some affinity for ibrutinib (IC,, of 200nM).* It is not likely that this happens in vivo,
because the maximal plasma concentration is 170nM upon intake (dose 420mg/
day), and is quickly cleared.® Due to the covalent binding, ibrutinib remains bound
to BTK during clearance, and after 24 hours still more than 90% of BTK is bound by
ibrutinib (Chapter 3), while plasma levels are almost null.'® This was also seen in
CLL patients." So, only at very high (and clinically irrelevant) concentrations, ibrutinib
reversibly targets kinases upstream of BTK. This conclusion is also supported by
previous work from our group, in which the BTK knock-out DT40 chicken Burkitt
cells showed normal AKT activation upon BCR ligation.' In addition, we found that
stimulation with PMA activates ERK, but not AKT in MCL cell lines (data not shown).
Therefore, the AKT pathway is not downstream of BTK and PKC in B cells.

Another interesting signaling event is the autophosphorylation of BTK
(Y223). Y223 is supposed to be phosphorylated upon BTK activation.*®* However,
we always detect strong phosphorylation of this site in unstimulated cells, and no
(or only a small) increase upon BCR ligation (Chapters 3, 6, and data not shown). In
addition, upon SYK or PI3K® inhibition, which inhibits Y551-BTK phosphorylation, the
autophosphorylation site Y223-BTK still remained phosphorylated. Phosphorylation
of Y223 was only inhibited upon BTK inhibition (e.g. by ibrutinib (Chapters 3, 6, and
data not shown) or dasatinib (data not shown)). Thus, phosphorylation of BTK at
Y223 does not appear to require recruitment to the membrane and activation of BTK
via Y551 phosphorylation. Possibly, this site is typically in a phosphorylated state,
and is transiently dephosphorylated upon BTK activation. This fits a model proposing
that phosphorylation of this site represents an inhibitory signal.3®

Several studies including from our own lab, indicate that BTK is involved in
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multiple other pathways besides BCR signaling, e.g. chemokine (Chapters 2 and
3), CD40, BAFF and APRIL, TLR, HGF, integrin outside-in and stromal cell-induced
signaling.303237-40 Because these factors activate the same pathways as the BCR
does (e.g. MAPK, PI3K, and NFkB), and no study was performed in the (complete)
absence of tonic/chronic BCR signaling, it could be that tonic/chronic BCR signaling
collaborates with the other signaling pathways, rather than that other pathways
induce BCR signaling. Interestingly, BTK is an NFkB target,*' and its expression is
upregulated upon BCR and CD40 signaling.“? So tonic/chronic BCR signaling might
be enhanced by NFkB activation. In support, most lymphomas do not loose BCR
expression,* stressing the importance of BCR signaling itself. Another explanation
could be that CLL and MCL BCRs are polyreactive, and that they are cross linked by
multiple (auto-)antigens.

BCR signalosome inhibitors in cell growth
Since the MCL and WM cell lines display strong tonic/chronic BCR signaling, we
studied the effect of the BCR signalosome inhibitors on cell growth. We used 6 MCL
cell lines (HBL2, JeKo1, Mino, Rec1, Granta-519, and UPN1), and 2 WM cell lines
(BCWM.1 and MWCL-1). Not all cell line data are shown in this thesis. Ibrutinib
(100nM), idelalisib (1uM), and fostamatinib (1uM) did not affect cell viability in 5 out
of 6 MCL cell lines (with the exception of Rec1), nor in both WM cell lines (Chapter 6
and data not shown). Ibrutinib and idelalisib also do not affect cell viability in primary
CLL cells.*® These findings are in line with the data showing that tonic BCR-mediated
cell survival is mainly mediated via the PI3K(a/5)-AKT pathway, and not via BTK.44-46
Regarding SYK which is also involved in tonic BCR signaling, fostamatinib affected
the viability of all MCL cell lines at 10uM (data not shown). Interestingly, Wodarz et al.
calculated that most CLL cells in ibrutinib-treated patients already die by apoptosis
before being mobilized to the circulation.*” In light of our own data, the tissue-
resident CLL cells could either die directly due to loss of active BCR-signaling (which
is relatively low in blood-resident cells),'®™ or loss of integrin-mediated outside-in
signaling (“anoikis”),*® and/or indirectly as a consequence of being deprived of tissue-
derived survival factors upon mobilization (“death-by-neglect’); in all scenarios the
majority of cells may already die within the lymph node or lymphatic vasculature
before reaching the blood circulation. Indeed, ibrutinib causes more cell death in
lymph nodes than in the circulation.*®

Ibrutinib and idelalisib cause a differential effect on proliferation in MCL and
WM cells. Ibrutinib (100nM) moderately inhibits proliferation of 5 out of 6 MCL cell
lines (with the exception of HBL2), but not of the WM cell lines (Chapter 6 and data
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not shown). On the other hand, the WM cells were more sensitive to idelalisib (1uM)
than the MCL cells. The observed ibrutinib sensitivity of JeKo1, Mino, and Rec1 is
in agreement with Rahal et al.*® and Cinar et al.®’, and the effect on BCWM.1 and
MWCL-1 with Yang et al.® Furthermore, fostamatinib (1uM) inhibited proliferation of
5 out of 6 MCL cell lines (with the exception of HBL2), and of both WM cell lines (data
not shown).

In MCL, PIK3CA is frequently amplified,' and PTEN is frequently lost.5? Both
mutations result in hyperactivation of the PI3K pathway. PI3K activity is not only
important for BTK activation, but also for AKT activation. This pathway has strong
survival and mitogenic activities. Due to high activity of PI3Ka, MCL and diffuse
large B-cell ymphoma (DLBCL) cells are insensitive to PI3Kd inhibition by idelalisib,
regarding cell growth.5354

In WM, more than 95% of WM patients have gain-of-function mutations in
MYD88,% which facilitates TLR and IL1 signaling, in which NFkB activation is the
major downstream pathway. Both WM cell lines contain the L265P MYD88 mutation,
driving strong NFkB signaling, which may enable the WM cells can resist BTK
inhibition by ibrutinib. Indeed, the WM cells are more sensitive to MYD88 knock-
down, than BTK inhibition.®

The effect of ibrutinib on MCL proliferation is in line with recent reports which
demonstrate that CLL and MCL cells are dependent on the BTK/PKC/NFkB-axis for
their growth.%% Interestingly, this pathway is even more important in a subgroup
of activated B-cell type of DLBCL (ABC-DLBCL) patients, which rely on chronic
active BCR signaling. The growth and survival of these cells is strongly driven by
this pathway. Many of them are extremely sensitive to ibrutinib treatment in vitro as
well as in clinical trials.6%7

The reduced proliferation in our in vitro MCL study corroborates the
observations of reduced expression of proliferation markers (Ki67, CD38) by
CD19*CD5" cells from ibrutinib-treated MCL patients (Chapter 3). This is also seen
in a xenograft mouse model of CLL,* and in CLL patients.&3%31% |t should be noted
that it is hard to conclude whether the effect on proliferation in vivo is due to a
direct effect on the tumor cells or to indirect inhibition due to loss of tumor-stroma
interactions.

In a WM patient study, the presence of gain-of-function MYD88 mutations
highly correlated with ibrutinib sensitivity.® It was concluded that BTK activity
is directly regulated by MYD88. We observed that WM cell growth in vitro is not
sensitive to ibrutinib. Both cell lines had an IC,, of 1uM (Chapter 6), which is far
above clinically observed blood concentrations and BTK-selective concentrations.
Possibly, enhanced TLR/MYD88 signaling induces high BTK expression via NFkB
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signaling in vivo, and that therefore MYD88-mutated tumors could be more sensitive
to BTK inhibition than MYD88 wild type tumors.

Because the in vitro effects of ibrutinib and idelalisib on proliferation and
survival in MCL, CLL, and WM cells does not correlate with the impressive clinical
responses, direct cytotoxicity is not the main effect in MCL, CLL, and WM.

BCR signalosome inhibitors in BCR-controlled adhesion

The most interesting effect of BCR signalosome inhibitors was the rapid induced
lymphocytosis in CLL, MCL, and WM."¢ This suggests that these drugs cause
inhibition of homing and/or retention signals in lymphoid tissues. In vitro, ibrutinib,
idelalisib, and fostamatinib caused strong inhibition of BCR-controlled integrin-
mediated adhesion. These data together with the gene expression profiling of CLL
and MCL cells,'" which demonstrated that there is active BCR signaling in lymph
node resident CLL and MCL cells, revealed that the BCR induces important retention
signals in CLL and MCL cells. For WM, these gene expression profiling data are
lacking, but the observed lymphocytosis upon ibrutinib treatment suggests that a
similar mechanism is active.

Of greatinterest, we detected strongly synergistic inhibition of BCR-controlled
integrin-mediated adhesion by the combination of ibrutinib and idelalisib in MCL cell
lines as well as in primary CLL and MCL cells (Chapter 5). This strong synergism
was observed for integrin-mediated adhesion to the extracellular matrix component
fibronectin as well as to the cellular ligand VCAM-1. The combination effect was
synergistic by the Chou-Talalay model,*® but not by the Bliss independence model.®°
This can be explained by the fact that these drugs target the same pathway, and
alone can inhibit the pathway completely at high doses. In line with our observation,
synergistic interactions were reported between ibrutinib and several PI3K inhibitors in
killing of ABC-DLBCL cell lines, e.g. with AZD-8835 (PI13Ka/d), GDC-094 (PI3Ka/d),
and duvelisib (PI3Ky/5).61:52

The point of synergy between ibrutinib and idelalisib appears to lie upstream
of PKC, since neither ibrutinib or idelalisib alone nor their combination affects PMA-
controlled adhesion (Chapter 5). Indeed, ibrutinib inhibits BTK-activity, but ibrutinib-
bound BTK can still bind (and block) PIP,, the product of PI3K, and idelalisib inhibits
PIP, formation, which is required for translocation and activation of BTK, but also
of its substrate PLCy2. Many enzymes act as di- or multimers, which causes
allostery.®® When one partner is inhibited, the other molecule is also affected. When
two consecutive kinases in the same pathway are partially inhibited, this might have
tremendous effect on the pathway output, resulting in synergistic inhibition.
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In WM, we did not find this synergistic effect (Chapter 6). It could be that
this is a technical issue, since the WM cell lines have lower adhesion rates than the
MCL cells upon BCR ligation (data not shown), and complete inhibition of adhesion
was not obtained, so the window to detect synergism was limited. These results
also suggest that there are redundant pathways active in addition to the PI3K&/BTK/
integrin axis. It would be of great interest to identify these pathways.

Due to the strongly synergistic inhibition of BCR-controlled integrin-mediated
adhesion by ibrutinib and idelalisib, we expect that in patients this combination
therapy will result in a more prominent egress of malignant CLL and MCL cells from
the growth and survival promoting niches. From the perspective of drug-clearance
and turnover of the targeted proteins (BTK and PI3Kd), the effect of ibrutinib and
idelalisib combined can be stronger and more prolonged since BTK and PI3Kd do
not have to be fully occupied when the combination is used. In addition, lower drug
doses can be given, which might be beneficial for the efficacy/toxicity ratio, and could
prevent resistance. Interestingly, there are now dual inhibitors under development
which targets both BTK and PI3Kd.545

BCR signalosome inhibitors in chemokine-controlled adhesion and migration
An alternative explanation for the observed ibrutinib-induced lymphocytosis is
aberrant homing. Normally, homing of B cells to lymphoid tissues is mediated by
chemokine-controlled adhesion and migration, in which BTK is involved.®” We
demonstrated that ibrutinib targets chemokine-controlled adhesion in CLL (Chapter
2), MCL (Chapter 3), and normal B cells (data not shown), but not in WM (Chapter 6).
While BCR-controlled adhesion was almost always completely inhibited by ibrutinib,
chemokine-controlled adhesion was only partially inhibited, and the amount differs
per cell line -from more than half (e.g. Mino and Daudi) to nothing (e.g. WM cell
lines)-. Also the SYK inhibitor fostamatinib and the pan-PI3K inhibitor wortmannin
were able to partially inhibit chemokine-controlled adhesion. In contrast, idelalisib
does not inhibit CXCL12-controlled adhesion of MCL cells at all (data not shown).
The partial effect of ibrutinib and lack of effect of idelalisib on chemokine-controlled
adhesion could be a consequence of collaboration between tonic/chronic BCR-
signaling and chemokine signaling. Upon stimulation with CXCL12, we found some
upregulation of phosphorylated Y551-BTK, (Chapters 2 and 3) while upregulation
of the BTK substrate pY759-PLCy2 was not detectable (data not shown). Hence,
chemokine signaling enhance BCR signaling, but not as strong as the BCR itself.
In antigen-independent (tonic/chronic) BCR signaling, PI3Ka and -0 play redundant
roles, while in antigen-dependent BCR-signaling the &-isoform is crucial.¢%¢ In this
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scenario, idelalisib cannot inhibit chemokine-controlled adhesion, but can inhibit
BCR-controlled adhesion. It is tempting to speculate that the phosphatase CD45
represents the link between chemokine and BCR signaling, as it is involved in BCR
and chemokine signaling.®7:¢

We and others®! showed that ibrutinib targets chemokine-controlled migration
in CLL and MCL (Chapters 2 and 3), but not in WM (Chapter 6). The amount of
inhibition was also dependent on cell line, -from almost 50% inhibition (CLL and
Daudi), to nothing (e.g. Namalwa and WM cell lines)-. At the time of our CLL and
MCL studies (Chapters 2 and 3), the clinical relevant concentrations of ibrutinib were
not yet known, and ibrutinib was supposed to be specific for BTK up to 1uM, because
at lower concentrations T cell activation was not affected.** However, regarding the
specificity of ibrutinib (e.g. inhibition of the BTK-independent phosphorylation sites
pY551-BTK, pY1217-PLCy2, and pAKT), the complete inhibition of migration in
JeKo1, Mino, and JVM1 was probably due to off targets (Chapter 3). In contrast to
Hoellenriegel et al.?%, we did not find inhibition of migration by idelalisib in CLL,%*® MCL
(data not shown), and WM cell lines (Chapter 6). However, our data are in line with
a mouse study in which CXCL12-controlled migration was not affected in PI3K&-
deficient murine B cells,” or by other PI3Kd-inhibitors.” Together, the data suggest
that chemokine-controlled adhesion and migration are not as consistently inhibited
as BCR-controlled adhesion by ibrutinib and idelalisib.

BCR signalosome inhibitors selectively mobilize malignant over normal B
cells in CLL and MCL, a key role for BCR-controlled adhesion and retention
Another interesting observation was that only malignant MCL cells were mobilized
by ibrutinib, but not normal B cells (Chapter 3). This was also reported for CLL.7?
Normal and malignant B cells recirculate between lymphoid tissues and blood. B
cells home to lymphoid tissues via the homeostatic chemokines CCL21, CLL19,
CXCL13 and CXCL12.” These chemokines induce integrin-dependent cell adhesion
and migration. Via sphingosine-1-phosphate (S1P) gradients they move back to the
lymph and blood circulation, which is integrin independent.” The corresponding
receptors of these chemokines are members of the G protein-coupled receptors
(GPCR) family. An important property of GPCRs is desensitization upon activation,
which is the driving force of lymphocyte recirculation.”7® Abrogation of this system is
involved in lymphomagenesis, e.g. mutations in CXCR4 that inhibit desensitization
are found in WM, and a similar mutation is found in CCR4 in T cell lymphoma.’
These recirculation events are completely independent of the BCR.
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Upon contact with cognate antigens, the BCR induces integrin activation,
which retain the B cell in the lymph node. The integrins are continuously kept in an
activated state, as ibrutinib did also detach previously adhered MCL cells (Chapter 5).
In vitro, ibrutinib and idelalisib inhibited BCR-controlled integrin-mediated adhesion
almost completely in CLL and MCL (Chapter 5), and also in normal B cells (data not
shown). In contrast to the clonal malignant CLL and MCL cells, normal B cells rarely
meet a cognate antigen. So the BCR signalosome inhibitors selectively affect B cells
which have BCR-controlled retention, which include the malignant CLL/MCL/WM
cells, but not the bulk of normal recirculating B cells (Fig. 1).

Apart from BCR-controlled integrin-mediated adhesion, the BCR controls
retention via another mechanism. Upon BCR-ligation the early activation marker
CD69 is quickly upregulated. CD69 in an inhibitor of the S1P receptor 1 (S1P1), the
receptor which is involved lymph node egress.”” Honigberg et al. showed that ibrutinib
prevents antigen-induced BCR-controlled upregulation of CD69 in normal B cells.
Interestingly, in CLL both ibrutinib and idelalisib decrease CD69 expression,®7® and
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BCR signalosome A\

inhibitors

~
BCR signalosome BCR signalosgome ‘L
inhibitors .

Loss of antigen-
controlled retention

S1P

CXCL12/13 CCL19/21 }

BLR signalosome
inhibitors

Chemokine receptors .-~

adhesion / retention survival + proliferation apoptosis

Figure 1: BCR signalosome inhibitors inhibit BCR-controlled retention of malignant B cells
Controlled by chemokines, normal B cells and malignant CLL, MCL, and WM cells home to lymphoid
tissues, and due to desensitization of the chemokine receptors, they will recirculate between lymphoid
tissues and blood (green cells). In the presence of a cognate antigen (blue cells), the B cells are retained
in the lymph nodes, and proliferation will be stimulated by the microenvironment (e.g. cognate follicular T
cells). BCR signalosome inhibitors prevent the retention of the (malignant) B cells in this niche, resulting
in mobilization to the blood, which indirectly prevents proliferation of the B cells. Because CLL, MCL, and
WM cells obtain antigens in the lymphoid microenvironment, and normal B cells only sporadically during
infection, only the malignant B cells in the lymphoid tumors are mobilized (only the blue cells are affected).
This mobilization results in a decrease in lymphadenopathy accompanied by a lymphocytosis from the
malignant B cells. The mobilized cells are cleared by normal turn over, and after a while the lymphocytosis
shrinks.

183



thereby could prevent lymph node retention.

Apart from BCR-controlled adhesion and retention, ibrutinib causes a partial
inhibition of chemokine-controlled adhesion and migration in CLL and MCL (Chapters
2 and 3), as well as in normal B cells (data not shown). So this does not correlate
with the observation that only malignant cells are mobilized. In addition, idelalisib
did not affect chemokine-controlled adhesion and migration in CLL® and MCL
(data not shown), and ibrutinib and idelalisib did not target chemokine-controlled
adhesion and migration in WM (Chapter 6) at all. Since both ibrutinib and idelalisib
causes a mobilization of CLL, MCL, and WM cells,"5%6 this suggests strongly that
the mobilization is predominantly mediated by BCR-controlled retention rather than
by chemokine-controlled homing.

In CLL and MCL patients treated with ibrutinib, we observed decreased levels
of CXCR4 on the mobilized cells (Chapters 2 and 3). This suggests that these cells
just left lymphoid tissues,® since the chemokine receptors are quickly desensitized
and internalized due to high chemokine levels.”*® In the CLL study (Chapter 2),
samples were collected 4 hours after treatment, while in the MCL study (Chapter
3) 7 days after treatment. At both time points a decrease of CXCR4 expression
was observed. This suggests that the egress from tissues is a rapid and long term
ongoing effect. We do not have data which actually show whether or not cells can
home back after mobilization. However, the fact that CXCR4 expression is still lower
after a week of treatment, suggests that the cells may not stay for long times in the
circulation, because in that scenario a CXCR4 re-expression would be expected. In
contrast to a TCL1-CLL mouse model,” ibrutinib does not directly decrease CXCR4
membrane expression in human CLL and MCL cells (Chapters 2 and 3). Hence,
there is no evidence that in vivo the chemokine-pathways are strongly affected by
ibrutinib.

The mobilization of malignant cells by BCR signalosome inhibitors strongly
correlates with BCR usage by the lymphoma cells. The ibrutinib and idelalisib-
induced lymphocytosis is the strongest in CLL compared to other studied B cell
malignancies, and is also frequently seen in MCL and WM.'-3%¢ This effect probably
correlates with the BCR signaling strength, since CLL and MCL both have antigen-
induced BCR signaling'%:1320:21 (for WM this is yet unknown). Recently, an ibrutinib-
induced lymphocytosis was also observed in marginal zone lymphoma.® This type
of lymphoma has stereotypic BCRs like in CLL and MCL, suggesting that (auto)
antigens, and thus BCR signaling, play a role.®" Another BTK inhibitor (ONO-4059)
induced also a lymphocytosis in a FL patient.®2 The variable region of BCRs of FL
patients is frequently glycosylated and can be cross linked by lectins.8 This reflects
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(super)antigen-induced BCR signaling.

The response to ibrutinib treatment within a given lymphoma type also
correlates with BCR usage. Mutated IgH, CLL have less active BCR signaling than
unmutated IgH, CLL, and ibrutinib treatment is more effective in the unmutated
subtype (objective response rate (ORR) of 33% vs 68% respectively).® Furthermore,
in DLBCL the ABC-subtype which rely on chronic active BCR signaling is more
sensitive to ibrutinib than the germinal center subtype which just has tonic BCR
signaling (ORR 37% vs 5% respectively).557

We expect that BCR signalosome inhibitors are also promising drugs in
other B cell malignancies in which BCR signaling plays a crucial role. This can be
predicted by the presence of stereotypic BCR subgroups within the lymphoma type,
or by mutations in the BCR pathway.

Resistance and side effects of BCR signalosome inhibitors

Many CLL, MCL, and WM patients become resistant against ibrutinib and idelalisib.
In CLL, disease progression or Richter’s transformation frequently occurs.®
Compagno et al. have suggested that idelalisib and to a lesser extent ibrutinib
enhance genomic instability via upregulation of AID.8 PI3Kd knock-out mice do
not have activated B and T cells, and lack germinal centers.®® However, when BCR
signaling is blocked at germinal center stage, somatic hypermutation may not be
terminated, as the germinal center cell cannot detect expressible (right open reading
frame and signaling competent) BCRs.

Progression of CLL is frequently caused by mutations of the binding site of
ibrutinib (most frequently C481S), or in the autoregulatory domain of PLCy2 (most
frequently R665W).8¢ These mutations are also found in ibrutinib resistant MCL
patients.® Interestingly, these mutations are only found in vivo, but not in vitro in
ibrutinib resistant MCL and WM cell lines.??¥” This is in line with our model, that
inhibition of BCR-controlled retention is more important than direct cytotoxicity in
vivo.

Woyach et al. showed that BTK with the C481S mutation is still inhibited
by ibrutinib in vitro, but not upon a washout.®® Thus this mutation only prevents
covalent binding of ibrutinib. Since cysteine-481 mutations are the most common
acquired ibrutinib-resistance mutation, a different BTK inhibitor which does not
target cysteine-481, can be used. For patients with PLCy2 mutations, a specific
PLCy2 inhibitor could be developed. PLCy2 knock-out mice are viable, but are
immunodeficient, and have problems with bone (osteclastogenesis) and blood/lymph
vessel development.®°' These problems are probably negligible in adults. Because
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PLCy2 with these mutations is still responsible to BCR-ligation,® it is likely that this
is regulated by PI3K-mediated (PIP,) recruitment of PLCy2 to the membrane. This
can be targeted by PI3K inhibitors, such as idelalisib. Interestingly, recent studies
showed that idelalisib and the PI3Ky/d-inhibitor duvelisib can inhibit proliferation and
signaling in cells carrying the BTK mutation (C481S).92%® To prevent acquiring of
these resistance mutations, a dual treatment of ibrutinib and idelalisib might be ideal,
because than the malignant cell should acquire two mutations at the same moment.
Interestingly, apart from BTK and PLCy2 mutations, an ibrutinib resistant WM patient
is found with a CARD11 mutation.®* This mutation is downstream of BTK, and signals
to NFkB, rather than integrins. This patient also has the CXCR4 mutation, so the
BCR-integrin axis is not so important for retention in this case. Furthermore, some
ibrutinib resistant MCL patients obtained loss of function mutations in S1P1, the
receptor for S1P.% This means that the ibrutinib-induced mobilization is facilitated
by S1P-mediated egress, like in normal B cell egress, and suggests again that BCR
signals are responsible for retention signals.

There are also patients which acquire mutations not involving the
BCR signaling pathway. Some CLL patient transform into DLBCL (Richter’s
transformation),34% and other patients develop progressive CLL due to other driver
mutations, like EP300, MLL2 and EIF2A mutations.®” Probably these lymphoma cells
become independent of BCR signaling, and other treatment strategies have to be
developed.

Resistance mechanisms for idelalisib are not published yet. There were no
recurrent mutations detected,® but PIK3CA amplifications (PI3Ka) are expected.®
Fostamatinib is not further studied in lymphomas, because the company Rigel
Therapeutics focused on autoimmune diseases.

A strategy to improve the mobilization of the malignant cells could be to
combine BCR signalosome inhibitors with specific Ga,, inhibitors, or with blocking
antibodies against integrins, because chemokine-mediated homing is only partially
or not inhibited. Another strategy could be to kill all the cells which are mobilized
by BCR signalosome inhibitors. Many cytotoxic drugs do not kill all tumor cells. It
is believed that some cells in specialized niches are hard to kill, because of cell
adhesion mediated drug resistance, in which the microenvironment provides
strong survival signals.'®@'" Therefore, drugs which mobilize cells from these
microenvironments together with cytotoxic drug would be interesting. This can be
done by a combination of BCR signalosome inhibitors in combination with anti-CD20
antibodies, like rituximab or ofatumumab, or with pro-apoptotic drugs, like the BCL2
inhibitor venetoclax (also discussed in chapter 4). Furthermore, in vitro ibrutinib has
synergy with among others venetoclax,®?'%? several PI3K inhibitors as previously
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described, and with epigenetic drugs such as BET and HDAC inhibitors.62103104
Clinical trials in the near future will tell which combinations are also effective in clinic.
Finally, ibrutinib improves T cell numbers and function in CLL patients, which makes
it very interesting to combine ibrutinib with immunotherapy.%®

A problem of BCR signalosome inhibitors are the side effects. Both ibrutinib
and idelalisib causes pancytopenia, resulting in anemia, bleedings and infections,
however idelalisib stronger than ibrutinib.'® Since PI3K®d is also important in other
immune cells (e.g. T cells, neutrophils, macrophages), and BTK plays a less
important role in macrophages and platelets, the combination of a lower dose of
ibrutinib and idelalisib could make the effect more B cell specific than idelalisib alone.
Another common side effect of ibrutinib and idelalisib is diarrhea. This is probably
an on target effect, because PI3Kd inactivated mice also develop diarrhea and
inflammatory bowel disease. So this should be treated by symptom repression.

Conclusion

BCR signalosome inhibitors are very interesting new tools in the treatment of several
types of B cell malignancies. Unfortunately, complete remissions are not frequently
observed. The clinical responses to these inhibitors are diverse. In some B cell
lymphoma types which rely on chronic BCR-NFkB signaling (e.g. ABC-DLBCL),
these drugs are cytotoxic in a direct manner. On the other hand, in B cell ymphomas
which have antigen-mediated BCR-controlled retention in lymphoid tissues (e.g.
CLL, MCL, and WM) the malignant cells are mobilized into the circulation, where they
are deprived of proliferation and survival signals, and eventually die in an indirect
manner. With this knowledge, novel combination therapies can be developed with
these drugs to improve clinical responses.
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Summary

Upon infection, lymph nodes can swell considerably. In the lymph nodes, B cells
traffic in and out, to find their cognate antigen. When there is a match, the B cells
will proliferate and produce antibodies to attack the pathogen. A subset of these B
cells will optimize the affinity of its B cell antigen receptor (BCR) in a germinal center
reaction. Here, the B cells proliferate and mutate their BCR loci. Subsequently they
are selected for the best antigen presentation to T cells, and thus, indirectly, by the
best affinity for the antigen. At the end, the B cells differentiate into plasma cells
which produce antibodies (secreted version of the BCR) to attack the pathogens,
and into memory cells which can quickly respond upon a second infection with the
same antigen. Proliferation, mutation and differentiation are highly controlled events,
and mistakes will promote lymphomagenesis.

Chronic lymphocytic leukemia (CLL), mantle cell lymphoma (MCL), and
Waldenstrom macroglobulinemia (WM) are B cell malignancies which are still
incurable. Therefore, novel treatment strategies are needed to cure these patients.
In these lymphomas, the cells proliferate in specialized niches in lymphoid tissues, in
which they are provided by stromal derived growth and survival factors. At least for
CLL and MCL, several studies suggest that BCR signaling is active in these niches.
The first clinical trials with the novel BCR signalosome inhibitors fostamatinib (SYK
inhibitor), ibrutinib (BTK inhibitor), or idelalisib (PI3Kd inhibitor) were very promising.
Unexpectedly, these inhibitors act in a remarkable way. In CLL patients a rapid and
sustained reduction of lymphadenopathy accompanied by transient lymphocytosis
was observed, which was reversible upon temporary drug deprivation.

In chapter 2 we studied the mechanism of action of the BTK inhibitor
ibrutinib (f.k.a. PCI-32765) at a molecular and cellular level. We established that
ibrutinib did not target the viability of CLL cells in a direct manner. Ibrutinib strongly
inhibited BCR-controlled signaling and integrin-mediated adhesion of CLL cells.
Furthermore, ibrutinib partially inhibited chemokine-induced signaling, adhesion,
and migration of CLL cells. Our data suggest that inhibition of BTK by ibrutinib
overcomes BCR- and chemokine-controlled integrin-mediated retention and homing
of malignant B cells in their growth- and survival-supporting lymph node and bone
marrow microenvironment, which results in clinically evident CLL regression.

In chapter 3 we demonstrated that this mechanism was not specific for
CLL, but applies to MCL. We also observed an ibrutinib-induced lymphocytosis in
MCL patients. We confirmed the hypothesis that the accumulation of blood-resident
cells originates from lymphoid tissue-derived cells. Furthermore, we established that
only the malignant MCL cells were mobilized, whereas normal B cells were not. In
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vitro, we performed the same signaling, adhesion, and migration experiments as in
chapter 2, and found the same molecular and cellular mechanisms for MCL as in
CLL.

In chapter 4, we reviewed the role of BTK in BCR signaling and CLL
pathogenesis, discuss the clinical application and drawbacks of BTK inhibitors in CLL,
and discuss about ongoing and future combination therapies with BTK inhibitors.

Apart from BTK inhibitors, the PI3Kd inhibitor idelalisib is also very
promising in CLL and MCL patients. Idelalisib gave similar clinical responses as
ibrutinib, which is, a decrease in lymphadenopathy which is accompanied by a
transient lymphocytosis. This suggests that idelalisib also affects integrin-mediated
retention. In chapter 5, we showed that idelalisib is able to inhibit BCR-controlled
integrin-mediated adhesion, and that the combination ibrutinib and idelalisib inhibit
BCR-controlled adhesion in a strongly synergistic manner in CLL and MCL. We
speculate that the combination would not only give better clinical responses, but is
also beneficial to prevent resistance.

In chapter 6, we studied ibrutinib and idelalisib in WM. In these patients,
a lymphocytosis was also observed upon treatment with ibrutinib. In this type of
lymphoma, we demonstrated that BCR-controlled signaling and integrin-mediated
adhesion was targeted by ibrutinib and idelalisib, but not chemokine-controlled
signaling, adhesion and migration.

Taken together, our data suggest that inhibition of BCR-controlled integrin-
mediated adhesion and retention is the major pathway which is targeted by BCR
signalosome inhibitors in CLL, MCL and WM, because this was consistently inhibited
by ibrutinib in these lymphomas. This assumption is supported by our unpublished
data that idelalisib did not affect chemokine-controlled adhesion and migration, and
that ibrutinib also affected chemokine-controlled adhesion of normal B cells, which
are not mobilized in patients.

The novel BCR signalosome inhibitors are very interesting new tools in the
treatment of several types of B cell malignancies. The clinical responses of these
inhibitors are divergently. In some B cell ymphoma types which rely on chronic BCR-
NFkB signaling (e.g. ABC-DLBCL), these drugs are cytotoxic in a direct manner. On
the other hand, in B cell lymphomas which have antigen-mediated BCR-controlled
retention in lymphoid tissues (e.g. the studied B cell malignancies in this thesis: CLL,
MCL, and WM) the malignant cells are mobilized into the circulation, in which there is
a lack of proliferation and survival signals, and eventually die in an indirect manner.
With this knowledge, novel combination therapies can developed with these drugs
to improve clinical responses.
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PhD portfolio

Name PhD student: Martin F.M. de Rooij
PhD period: March 2009 - May 2014
Name PhD supervisor: Prof. dr. Steven T. Pals

Year Workload (ECTS)

Intensive English (AmbassyCES), Cambridge, UK 2009 3

PhD retreat immunology (3l), Kameryck, NL 2009,2013 2

Tumor cell biology conference (KWF), Lunteren, NL 2009-2013 5

Cell adhesion and migration in inflammation and cancer (NCMLS), Amsterdam, NL 2011 1

Fibronectin, integrins, and related molecules (GRC) - Ventura Beach CA, USA 2013 2

Seminars

Immunology seminar series (AMC) 2009-2014 75

Ruysch lectures (AMC) 2009-2014 0.5

Work discussions

Weekly work discussion (Spaargaren/Pals/Guikema/Noesel) 2009-2014 7.5

Weekly work discussion (Spaargaren) 2009-2014 7.5

Poster presentations

PhD retreat oncology (OOA), Texel, NL 2009 0.5

European heamatology congress (EHA), Amsterdam, NL 2012 0.5

Hematology seminar (AMC) 2010-2013 2

Tumor cell biology conference (KWF), Lunteren, NL 2011-2013 15

Pathology seminar (AMC) 2012,2012 1

PhD retreat immunology (3l), Kameryck, NL 2013 0.5

Teaching

Practicum assistant, The Amsterdam International Medical Summer School (AMC) 2011 2
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Nederlandse samenvatting

Bij een infectie kunnen de lymfeklieren flink opzwellen. In deze lymfeklieren worden
de antigenen van het pathogeen (bacterie, virus, toxine, etc.) gepresenteerd aan
B cellen die af en aan reizen van lymfeklier naar lymfeklier om deze antigenen te
zoeken. Wanneer de B cellen met hun B cel receptor (BCR) een antigeen herkennen,
krijgen ze een signaal om in deze lymfeklier te blijven en te gaan vermenigvuldigen.
Vervolgens gaan ze hun BCR verder muteren en worden de B cellen geselecteerd
die de BCR met de hoogste affiniteit voor het antigeen hebben verkregen. Uiteindelijk
differentiéren ze in antilichaam producerende plasmacellen en in geheugencellen.
De antilichamen binden aan het pathogeen, dat het onschadelijk maakt door middel
van neutralisatie, complement activatie en/of activatie van fagocytose. Als het
antigeen verdwenen is uit het lichaam worden de B cellen niet meer getriggerd en
gaan de meeste B cellen dood, waardoor de lymfeklier weer hersteld. Een aantal
geheugen- en plasmacellen blijven leven, zodat een tweede infectie met hetzelfde
antigen gemakkelijk te bestrijden is.

In chronische lymfatische leukemie (CLL), mantelcel lymfoom (MCL), en
Waldenstrom macroglobulinemia (WM) delen kwaadaardige B cellen ongecontroleerd
in de lymfeklieren en beenmerg. Deze celgroei is niet helemaal autonoom, want als
ze uit deze micro-omgeving gehaald worden (bv in een kweekflesje) delen ze totaal
niet. In de lymfeklieren worden ze namelijk gestimuleerd door verschillende cellen;
zoals T cellen, macrofagen en stromale cellen. Deze cellen produceren belangrijke
groei- en overlevingsfactoren voor de B cellen. Daarnaast is de BCR ook van groot
belang voor de overleving en het delen van de B cellen. Recente studies laten zien
dat CLL en MCL cellen specifiek in de lymfeklieren actieve BCR signalering hebben.
Voor sommige CLL subgroepen is zelfs opgehelderd welke antigenen de BCR
herkennen.

De Amerikaanse farmaceutische bedrijven Pharmacyclics Inc. en Gilead
Science hebben medicijnen ontwikkeld om BCR signalering te remmen, namelijk
respectievelijk ibrutinib en idelalisib. Ibrutinib remt het enzym Bruton’s tyrosine kinase
(BTK), en idelalisib de delta isovorm van phosphoinositide-3-kinase (PI3Kd). BTK en
PI3K® zijn een essentiéle schakels om het BCR signaal in de cel door te geven. Bij
afwezigheid van PI3Kd kunnen de cellen niet geactiveerd raken, en bij afwezigheid
van BTK worden er zelfs helemaal geen rijpe B cellen gevormd. Het idee was dat
door remming van BTK en PI3Kd en dus van BCR-signalering de kwaadaardige B
cellen zouden stoppen met delen, of zelfs dood zouden gaan. In diffuus grootcellig
B cel lymfoom patiénten was dit daadwerkelijk het geval. In dit type lymfoom gaan
de cellen direct dood door ibrutinib, doordat ze verslaafd zijn aan BCR signalering.
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Echter, bij het testen van dit medicijn in CLL, MCL en WM patiénten deden ze een
opmerkelijke bevinding: de lymfeklierzwelling werd weliswaar sterk verminderd
maar de maligne cellen accumuleerde in het bloed. De cellen gingen dus niet direct
dood, maar worden uit hun proliferatieve omgeving gemobiliseerd. In dit proefschrift
hebben we dit mechanisme op moleculair en cellulair niveau onderzocht.

Wij hebben gevonden dat ibrutinib de BCR-geinduceerde adhesie
(hechting) van CLL, MCL en WM cellen remt. De retentie van CLL en MCL cellen
in de lymfeklieren wordt dus net als bij normale geactiveerde B cellen gereguleerd
door de BCR. Door dit te remmen verliezen de maligne B cellen hun houvast in
de lymfeklieren en stromen ze met het lymfevocht mee naar de bloedbaan. Wij
vonden geen directe cytotoxiciteit van ibrutinib en idelalisib op de CLL, MCL en
WM cellen. Doordat deze cellen in de bloedbaan echter niet langer hun groei- en
overlevingssignalen krijgen, zoals in de lymfeklieren, gaan ze op den duur dood.
Door ibrutinib te combineren met idelalisib zien we zelfs een sterk synergistisch
effect op remming van de adhesie. Dit betekent dat als patiénten behandeld worden
met een combinatie van ibrutinib met idelalisib, de kwaadaardige cellen mogelijk
beter uit de lymfeklieren gejaagd worden.

Of we op korte termijn CLL, MCL en WM kunnen genezen is nog niet te
voorspellen. Ibrutinib als monotherapie kan in ruim 70% van de CLL, MCL en WM
patiénten de ziekte sterk onderdrukken, maar complete genezing blijft meestal
uit. Recent is ook gebleken dat veel lymfoompatiénten resistent worden tegen
ibrutinib en idelalisib. We zijn er dus nog niet. Als beide drugs in combinatie gebruikt
worden, wordt de kans op resistentie mogelijk kleiner. Doordat door dit onderzoek
het werkingsmechanismen van ibrutinib en idelalisib is opgehelderd, kunnen in de
toekomst slimme combinaties met andere medicijnen bedacht en toegepast worden
om CLL, MCL en WM volledig te bestrijden.
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Curriculum vitae

Martin de Rooij begon zijn laboratorium carriére in 1998 met de opleiding tot klinisch
chemisch analist aan de ROC van Eindhoven. Om de opleiding af te ronden heeft
hij een ministage gelopen in het klinisch chemisch en hematologisch laboratorium
van longcentrum Dekkerswald te Groesbeek onder leiding van Hettie Sjabbens, en
een lange stage bij de afdeling chemische endocrinologie van UMC St. Radboud te
Nijmegen onder leiding van Henk J.W. Ariaens. Hierna heetft hij zich verder verdiept
in de biochemie aan de Hogeschool van Arnhem en Nijmegen. Hiervoor heeft hij een
onderzoeksstage verricht bij de afdeling moleculaire dierfysiologie van de Raboud
Universiteit te Nijmegen onder leiding van drs. Dorien M. de Groot en Prof. dr. Gerard
J.M. Martens. Hij ging hier op zoek naar het substraat van het eiwit neuroserpine.
Vervolgens ging hij medische biologie studeren aan de Radboud Universiteit te
Nijmegen. In zijn master heeft hij 2 onderzoeksstages verricht, de eerste bij de
afdeling pathologie van UMC St. Radboud te Nijmegen onder leiding van dr. Léon
C.L. van Kempen, waar hij de interactie van melanoom cellen met fibroblasten
bestudeerde, en de tweede bij klinische chemie en hematologie van UMC Utrecht,
onder leiding van dr. Martine J. Hollestelle en Prof. dr. Phillip G. de Groot, waarbij
hij de rol van de von-Willebrand factor in acuut myocard infarct bestudeerde. In
2009 behaalde hij zijn doctoraal. Vervolgens heeft hij het zuiden des lands moeten
verlaten om in de Randstad zijn promotietraject af te leggen aan de Universiteit
van Amsterdam. Tot 2014 verrichtte hij hiervoor wetenschappelijk onderzoek in het
laboratorium van dr. Marcel Spaargaren en Prof. dr. Steven T. Pals op de afdeling
Pathologie van het Academisch Medisch Centrum te Amsterdam. Hij onderzocht
daar het werkingsmechanisme van de nieuwe veelbelovende medicijnen ibrutinib en
idelalisib tegen chronische lymfatisch leukemie, mantelcel lymfoom en Waldenstrém
macroglubulinemia, dat in dit proefschrift beschreven is. Vervolgens heeft hij 2 jaar
gewerkt in het lab van dr. Roderick L. Beijersbergen en Prof. Dr. René Bernards op
het Nederlands Kanker Insitituut te Amsterdam. Hier heeft hij deels wetenschappelijk
onderzoek verricht naar epigenetica in borstkanker, en deels geassisteerd in de
robot- en screeningsfaciliteit. Begin 2017 is hij weer teruggekeerd naar zijn vorige
werkgevers in het Academisch Medisch Centrum te Amsterdam, waar hij de kennis
van beide onderzoeken combineert, en op zoek is gegaan naar nieuwe targets die
betrokken zijn bij groei, overleving, adhesie en migratie van B lymfoom cellen door
middel van genetische screens.
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Dankwoord

Omdat mijn PhD-traject (en zelfs mijn voornaam) grotendeels met Martine overlapte,
kan ik natuurlijk gewoon naar haar dankwoord refereren, dus zie: van Keimpema M.
The FOX and the mutants 1:203-205.

Haha, dan wordt er helemaal geen hoofdstuk gelezen van dit boekje. Laat ik
als eerste mijn copromotor Marcel Spaargaren en promotor Steven Pals bedanken
voor het aannemen van mij als PhD-student, en de verdere begeleiding wat heeft
geleid tot dit boekje. Van beide kanten lijkt dit goed bevallen, aangezien ik weer terug
gekomen ben. Vervolgens wil ik Annemieke Kuil en Anneke Kramer bedanken,
waarvan ik de meeste technieken geleerd heb, Annemieke Kuil nhogmaals, en
Willem Kraan voor de experimentele bijdrage aan dit boekje, en Avital Amir voor
het reviewen van de introductie. Verder nog Eric Eldering, Arnon Kater, Marie
José Kersten, Christian Geest, Rachel Thijssen en Robbert Hoogeboom die het
mogelijk gemaakt hebben om patiénten materiaal te verkrijgen, wat heel belangrijk is
om je bevindingen in goede tijdschriften te publiceren, en uiteraard Joseph Buggy
en Betty Chang van Pharmacyclics Inc. die ons hebben gemotiveerd om weer aan
BTK te gaan werken: het project dat compleet beschreven is in dit boekje. Als laatste
wil ik nog de overige co-auteurs bedanken voor hun bijdrages, en Nike Claessen
voor alle bestellingen en lab-management. En niet te vergeten Eelco Roos en Wim
van Est voor de layout en kaft van dit boekje.

Hiernaast heb ik ook nog hulp gekregen van 3 master studenten, namelijk
van Marc Burgers, Guus de Wilde en Koen van de Ven. Marc: we wachten
nog steeds op je verslag!, veel succes met je geneeskunde studie. Guus: ben
je een emotionele drinker als je van koud bier houd?, trouwens leuk dat je mijn
paranimf wil zijn. Koen: jouw stagecijfer verraad natuurlijk al dat je uit de beste
regio van Nederland komt! Daarnaast krijg ik hulp tijdens mijn verdediging van mijn
paranimfen Guus de Wilde en Linda Slot. Guus: ook leuk dat je mijn student Wilde
zijn. Linda: hoewel je helemaal aan de andere kant van Nederland vandaan komt
als ik, hadden we toch een gezamenlijk Hyves vriend!, daarnaast hebben we nog
veel meer gemeen, o.a. hebben we allebei in het publiek bij Ik hou van Holland
gezeten (daarentegen ging jij dan weer wel naar huis met fantastische prijzen), de
ideale paranimf dus.

Naast serieus onderzoek verrichten, zit er, zoals de functieomschrijving
PhD-student al suggereert, een studenten kant aan. Daar had ik natuurlijk op alle
niveau’s al ervaring mee, van MLO, HLO, tot universitair, en nu dus ook op PhD
niveau. Eigenlijk is het, hoe hoger het niveau, hoe meer er gedronken wordt. Op de
MLO stages ging je gewoon altijd stipt om 5 uur naar huis, op de HLO en master
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stages had je soms een borrel na je werk, en als PhD-student kan je er zelf altijd één
organiseren als er niet genoeg borrels zijn. Soms met een reden, zoals je verjaardag
(met dank aan Leonie, Patrick, Miriam en Zemin om in dezelfde week jarig te zijn
als ik), kerstborrel (met dank aan Per; ik denk niet dat wij nog een kerstdiner mogen
organiseren, omdat we laatst dubbel zoveel drank hadden besteld dan er op ging,
ach het kwam dan wel weer ten goede aan de nieuwjaarsborrel), of bijvoorbeeld als
er een goede literaire film in de bioscoop draait, als New Kids Nitro of Bro’s Before
Ho’s, -deze films waren trouwens goed te combineren het nuttigen van de 010-se
delicatesse: “De Kapsalon”-. Ook de afscheidsborrel van Kinga in het Oude Gasthuis
is nog in mijn geheugen blijven hangen, vooral vanwege de schitterende foto’s die ik
het liefste hier in het dankwoord had willen plakken. Soms ook zonder goede reden,
als bijvoorbeeld lekker BBQen op het Hoge Dijkse strand als het zonnetje schijnt, of
meters bier halen in de legendarische Epstein-Bar. De mooiste herinneringen van de
Epstein-Bar waren altijd de dag erna, als iemand (eigenlijk iedereen wel, behalve ik
:p) niet meer zo goed konden fietsen of in de bus of trein in slaap waren gevallen, en
natuurlijk Richard, die met Leonie’s jas aan naar huis was gegaan. Een ander slecht
idee was om op stap te gaan in Groningen. Met weinig respect naar Brabanders toe
was dit gepland op de dag na carnaval. Ach een dagje meer of minder feesten, geen
probleem. En dat was het ook niet. Alleen de dag erna werken zat er voor mij niet
meer in, 24 uur slapen wel. Dat borrelen houdst je trouwens wel lekker jong. Gelukkig
heb ik me nooit zo verlaagd tot het infantiele gedrag als naambordjes verwisselen,
computer beeldschermen omwisselen, toetsenbord knopjes verwisselen, etc :p.

Omdat ik ergens diep in de provincie ben gaan wonen, had ik na half
12 geen vervoer meer naar huis (ja ’s nachts dan slapen de paarden en ezels
natuurlijk!). Omdat de kroegen in Amsterdam tot vroeg in de ochtend open zijn, wil
ik Martine, Linda, Harmen, Marcel J, Anand, Elena, Jesper, Martin, Iris en Erik
heel erg bedanken voor de gastvrijheid om van jullie logeerbed gebruik te hebben
mogen maken. Linda ook nog bedankt voor de heerlijke versgebakken broodjes, en
Martine voor de heerlijke pompoenensoep en de kakkerlakkensalade!

Van al dat borrelen krijg je natuurlijk een hartstikke dikke buik, dus als
oplossing daarvoor moest er wel wat gesport worden op de UvA-sportscholen.
Echter, als we naar de sportschool in het Science Park gingen, schoten we soms het
doel een beetje mis, en gingen we hooguit een kwartiertje sporten, en daarna lekker
chillen in de sauna, en vervolgens een goeie burger eten bij de Polder, met een
lekker triple’tje erbij. Voor deze gezelligheid wil ik Martine, Katarina, Lotte, Linda
bedanken, en vooruit, ook de heren: Wilco, Hans en Marcel J. Daarnaast hebben
ik en Wilco, en ik snap nog steeds niet waarom, met Martine, Leonie en Anneke
ons Zumba talent geshowed, man man, man, wat duurde dat uurtje lang!, ik hoop
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dat mijn verdediging beter zal gaan. Qua andere sportiviteiten was ik een belangrijke
speler tijdens de jaarlijkse AMC hockeytoernooien, niet zozeer vanwege mijn fraaie
flatsen (meestal deed ik niets eens mee), maar wel om op tijd de bierkannen te
vullen, zodat niemand uitgedroogd raakt. Volgens mij zijn we daardoor ook wel eens
een keertje niet laatste geworden. Ook heb ik ontzettend veel verstand van voetbal.
Dit resulteerde zelfs een keer in een prijs tijdens de EK/WK pools (met dank aan
Sander, Harmen en Robbert voor de organisatie). Ik had zo weinig punten, dat ik
wel een kenner moest zijn. Als ik alles omgekeerd had ingevuld was ik zeker eerste
geworden. Nu we het toch over voetbal hebben, we zijn ook twee keer naar de
Amsterdam Arena geweest. Een keer naar jong AJAX — jong PSV, en een keer naar
de Johan Cruijff Schaal AJAX — PSV. In beide gevallen had natuurlijk de beste club
gewonnen!, dat is ook logisch, want de winnaar heeft altijd als beste gespeeld!

Een ander uitje om onverwachte resultaten even te laten bezinken was een
weekendje Pinkpop. Eigenlijk houd ik helemaal niet zo van die 3FM muziek. Al vraag
ik me wel heel erg af of dat geruis nou wel muziek is, of dat die zender niet zo’n
goeie ontvangst heeft. Op Pinkpop kwam ik erachter dat die herrie wordt veroorzaak
door heel hard op een gitaren te raggen, en snoeihard op trommels te rammen. Om
dit wetenschappelijk te bevestigen zijn we 3 keer (n = 3) naar Pinkpop geweest.
Ik moet zeggen, sommige optredens zal ik nooit meer vergeten, als The Prodigy,
Rammstein en Linkin Park! En ook niet te vergeten P!nk, die in een string stond op
te treden met: “What do you want from me?”. De camping was ook kei gezellig, met
stevig knakworst met bier ontbijt, en lekker niet douchen. Voor deze gezelligheden
wil ik Tessa en Wilco, Martine en Maarten, Katarina en Peter, Stijntje en Marcel
J, Lorenza en Hans, Jeroen (B&G) en Jesper bedanken. Uiteindelijk ben ik 3FM
toch niet gaan waarderen, en lukte me het soms om de radiozender in de celkweek
te veranderen naar Slam FM of Q-music.

Daarnaast hadden we ook officiéle jaarlijkse dagjes uit, wat belangrijk is
voor team building. Soms met de hele pathologie groep, en soms met alleen met
de B cellen. Hoogtepunten waren het langlaufen in de Ardennen, als ruim 50 Hell’s
Angels op de Solex door de duistere havens van Rotterdam rijden, en de kanotocht
naar Oost-Knollendam. Bij dat laatste kan ik me nog herinneren dat ik hier met
Sander een wedstrijdje had, niet wie het eerste aan de overkant is, maar om elkaars
kano te laten zinken! Daarnaast moet ik ook nog de hond van Annemieke bedanken
om mijn hand er niet af te bijten, anders had ik dit proefschrift nooit bij elkaar kunnen
pipetteren. Ook hadden we elk jaar een fotowedstrijd, met lekkere gebakjes erbij
;). Nadat ik de fotografen Wim en Eelco door had (je moet juist een foto met zo
min mogelijk kleur maken), is het mij met Linda ook een keer gelukt om die prijs te
winnen (door AMC met bacterién in een agarplaat te schrijven).
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SUMMARY, PHD PORTFOLIO, NEDERLANDSE SAMENVATTING, CURRICUMLUM VITAE, DANKWOORD

Uitjes met een wetenschappelijk karakter waren er ook, namelijk congressen
en PhD-retraites. Een van mijn eerste was de oncologie retraite op het exotische
Texel. Daarvoor had ik een heel bijpassende poster gemaakt, met een zonnetje en
palmbomen. Helaas werd hij niet door iedereen gewaardeerd, anders had ik hem
zo als kaft voor dit proefschrift kunnen gebruiken. Een ander hoogtepunt was mijn
TV debuut op oncologie TV, waarvoor ik gevraagd was bij het hematologie congres
in de RAI. Andere hoogtepunten zijn natuurlijk de foute Bioké disco’s bij Tumor Cell
Biology (c.k.a. Cancer Biology) in Lunteren, biertjes drinken bij het kampvuur bij de
immunologie retraite in Kamerik, en hoe slecht dan ook, partycrashen bij de disco
van het NVVI-congres in Noordwijkerhout, want daar woonde ik toch om de hoek :p.
Het toppunt was natuurlijk het integrine congres in Ventura Beach in de buurt van
Los Angeles. Zeeleeuwen, dolfijnen en walvissen gespot, de getto’s (ik had het me
heel anders voorgesteld) van Hollywood bezocht, en een stukje van de beroemde
pacific coast highway gereden. Hiervoor wil ik mijn baas Marcel S nog heel erg
bedanken. Daarnaast wil ik Martine, Jeroen G en Carel bedanken, die toevallig op
hetzelfde tijdstip naar Keystone waren, om de Amerika reis samen af te sluiten met
een gezellig weekendje New York, New York!

Mensen die ik niet wil bedanken zijn Yvonne, Marthe, Hildo, Naomi en
Jerry :p. Dit natuurlijk omdat ze er nog niet waren tijdens mijn PhD tijd. Ik wens jullie
heel veel succes met jullie PhD. Volgens mij heb ik van de B cellen Chiel, Alex,
Anna en Thera nog niet specifiek genoemd, nou bij deze, en Timon en Mahnoush
ook nog niet, van horen zeggen waren jullie een heel leuk ‘koppel’, veel succes met
jullie PhD’s, en Harmen, Zemin, Katarina en Linda natuurlijk ook.

Ten slotte wil ik naast mijn hele lieve vriendin Anne Hafkemeijer, nog

* in het speciaal bedanken voor de prettige werksfeer, interessante
wetenschappelijke discussies, gezellige koffiepauzes, legendarische borrels, omdat
je meer PSV spelers kent dan ik, of gewoon omdat het kan.

*Vul hier je naam in.
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