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2 Zusammenfassung

Bruton’s Tyrosin Kinase (BTK)-Inhibitoren und monoklonale Antikorper sind ein wichtiger
Bestandteil der Behandlung von chronisch lymphatischer Leukdamie (CLL), Morbus
Waldenstrom, Mantelzell-Lymphom und diffuses grof3zelliges B-Zell-Lymphom (DLBCL).
Klinische Studien beschaftigten sich bereits mit der Kombination solcher niedermolekularer
Inhibitoren und monoklonalen Antikdrpern. Aufbauend darauf befasst sich diese Arbeit mit
dem Verstandnis der Synergie beider Therapien auf zellularer und molekularer Ebene. Hier
konnte gezeigt werden, dass der BTK-Inhibitor Ibrutinib zusammen mit monoklonalen
Antikdrpern die Makrophagen-vermittelte Phagocytose von malignen B-Zellen erhéht. BTK-
Inhibitoren der zweiten Generation fuhrten hier jedoch zu keiner erh6hten Phagocytoserate,
woraufhin mit Hilfe von Kinaseaktivitatsprofilen die Januskinase (JAK) 2 als Off-Target von
Ibrutinib hervorgehoben werden konnte. Die direkte Inhibition von JAK in vitro, sowie JAK2
knock out (KO) in vivo in Kombination mit monoklonalen Antikdrpern zeigte dabei eine
erh6hte Phagocytoserate und langeres Uberleben. Des Weiteren konnte gezeigt werden, dass
der Phénotyp von Makrophagen durch die Inhibition von JAK beeinflusst wird und JAK2 KO
Lymphom-Zellen weniger programmed cell death ligand (PD-L1) exprimieren. Beide Effekte
kénnen dabei den Mechanismus hinter der gesteigerten Phagocytosrate erklaren.
Zusammenfassend deutet diese Arbeit darauf hin, dass die Synergie von ibrutinib mit
monoklonalen Antikdrpern unabhédngig von der Inhibition von BTK agiert, dafur jedoch Uber
die Inhibition des Januskinase/ signal transducers and activators of transcription (JAK/STAT)
Signalwegs. Aus diesem Grund stellen Inhibitoren des JAK/STAT Signalwegs in Kombination
mit monoklonalen Antikorpern eine wichtige Therapiemdglichkeit von B-Zell-Lymphomen

dar.

Unabhéngig von dieser Arbeit konnte unser Labor der Arbeitsgruppe Pallasch zeigen, dass eine
Mutation von TP53 in B-Zell-Lymphomen die Makrophagen-vermittelte Phagocytose von
Chemoimmunotherapie (CIT) blockiert. Diese Resistenz gegen CIT wurde durch erhéhte PD-
L1 Expression sowie vermehrte Ausschittung von extrazellularen Vesikeln (EV) verursacht.
Darauf aufbauend beweist diese Arbeit, dass die Blockade von EVs der B-Zell-Lymphome mit
mutiertem TP53 in vivo zu einer erhéhten Uberlebensrate und Resonanz auf CIT fiihrte. Des
Weiteren konnte gezeigt werden, dass die Behandlung von B-Zell-Lymphomen mit mutiertem
TP53 mit anti-PD1 Antikorpern oder einem zusatzlichen KO in PD-L1 das Uberleben sowie

die Reaktion auf CIT verbessert. Zusammenfassend belegt diese Arbeit, dass die Blockade von

2
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Immuncheckpoints und EVs in B-Zell-Lymphomen mit mutiertem TP53 eine wichtige Rolle in
der Aktivierung von Makrophagen-vermittelte Phagocytose durch CIT spielt.
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3 Abstract

Inhibition of the Bruton’s Tyrosine Kinase (BTK) via ibrutinib and tumour surface antigen
targeting monoclonal antibodies have become an important treatment strategy in chronic
lymphocytic leukaemia (CLL), Waldenstrom’s macroglobulinemia, Mantle cell lymphoma,
and non-GCB diffuse large B cell lymphoma (DLBCL). Clinical trials have already considered
the combination of such small molecule inhibitors with monoclonal antibodies, without prior
assessment of the biological understanding between their potential synergistic interactions.
Therefore, the work of this thesis has evaluated the synergistic interaction of BTK-inhibitors
and monoclonal antibody therapy via macrophage mediated antibody dependent cellular
phagocytosis (ADCP). Whilst the first generation BTK-inhibitor ibrutinib exhibited an
increased ADCP, second generation BTK-inhibitors failed to synergistically interact with
monoclonal antibody treatment. To understand the differential effect of first and second
generation BTK-inhibitors, kinase activity profiling was undertaken and identified significant
inhibition of janus kinase (JAK) 2 only under ibrutinib treatment. Validating this potential off-
target effect via JAK inhibition in vitro as well as with JAK2 knock out (KO) experiments in
vivo, increased ADCP and prolonged survival was shown, respectively. Moreover, JAK
inhibition led to a change of macrophage polarisation and additionally JAK2 KO lymphoma
cells showed a decreased expression of programmed cell death ligand 1 (PD-L1). Both effects
could explain the mechanism of action behind the increase in ADCP under JAK inhibition.
Taken together, this data supports the synergistic interaction of ibrutinib and monoclonal
antibodies being independent of the inhibition of BTK, but rather of the inhibition of the janus
kinase/ signal transducers and activators of transcription (JAK/STAT) signalling pathway. For
this reason, JAK/STAT signalling inhibitors in combination with monoclonal antibodies
display new potential treatment strategies in B cell malignancies activating macrophage

immune responses.

Independently, the AG Pallasch laboratory demonstrated that PD-L1 upregulation and
increased release of extracellular vesicles (EVs) mediates resistance of B cell lymphoma with
a loss of TP53 to chemoimmunotherapy (CIT) by suppressing macrophage phagocytosis. Here,
the work of this thesis has validated in vivo that blocking the release of EVs derived from TP53
deficient B cell lymphoma cells improved survival and response to CIT. Moreover, using anti-
PD-1 antibodies or B cell lymphoma cells with a KO in PD-L1 improved the survival and

response to CIT of B cell lymphoma cells with a loss of TP53. In summary, immune checkpoint
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inhibition and EVs in B cell lymphoma with a loss in TP53 display important targets in re-
activating macrophage phagocytosis induced by CIT.
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4 Introduction

Cancer is one of the main public health challenges of the 21 century with around 18 million
cases in the world in 2018 [1]. In general, cancer is defined as cells that start to proliferate and
differentiate in an uncontrolled manner. Six characteristics were described that are important
for the development of cancer: (1) sustained signalling that promotes proliferation, (2)
circumvent growth suppressors, (3) resist cell death, (4) facilitate replicative immortality, (5)
induce angiogenesis, and (6) enable invasion and metastasis [2]. Tumour cells can recruit
healthy cells to achieve the named characteristics by creating a tumour microenvironment
(TME).

Mostly, cancer is caused by mutations of genes involved in the regulation of cell growth or
apoptosis. Mutations can occur by age because of deoxyribonucleic acid (DNA) damage and
due to carcinogenic substances or viruses. Cancer can appear in all cell types of the body. With
its growing global burden the investigation of new strategies and therapeutical approaches

becomes more and more important [3].

4.1 Leukaemia and lymphoma

Tumours are classified in three major groups: first the epithelial tumours, second the non-
epithelial tumours and, third the MIXED multilineage tumours. Here, leukaemia and lymphoma
belong to the group of non-epithelial tumours deriving from the haematopoietic lineage that
gives rise to blood cells [3]. Leukaemia and lymphoma are often grouped together since they
share a lot of similarities, nevertheless there are differences to distinguish between both groups.
In leukaemic cancers, the bone marrow produces excessive malignant white blood cells
(leukocytes) that freely circulate in the blood system [3], [4]. Under healthy conditions, these
leukocytes serve as immune defence [5] whereas in leukaemia the multiplied malfunctioning
leukocytes spill over in the blood system and keep red blood cells from oxygen supply [6].
Leukaemia can be categorised into four major types: Acute myeloid leukaemia (AML), chronic
myeloid leukaemia (CML), acute lymphocytic leukaemia (ALL), and chronic lymphocytic
leukaemia (CLL) [3]. Patients suffering from acute leukaemia require treatment whereas
patients with chronic leukaemia are mostly indolent in the beginning and treatment is required
after tumour progression over several years [7], [8]. Moreover, myeloid derived tumours derive

from the bone marrow and cells that are not attributed to the lymphatic system [9].
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Different to leukaemia affecting the blood circulation and bone marrow, lymphoma tend to
affect the lymph nodes forming solid tumours through malignant lymphocytes [3].
Lymphocytes represents a sub group of leukocytes containing B-lymphocytes (B cells) and T-
lymphocytes (T-cells) [10]. There are two groups of lymphoma: Hodgkin lymphoma and Non-
Hodgkin lymphoma [11]. The former is represented by Reed-Sternberg cells, that are giant,
multinucleated cells usually derived from B cells. These cells fail to express most B cell specific
genes, including immunoglobulin genes [12]. The second group, the Non-Hodgkin lymphomas
represent all other lymphomas like Burkitt lymphoma or diffuse large B cell lymphoma
(DLBCL) [13]. Likewise, CLL is listed under Non-Hodgkin lymphoma. However, CLL fulfils
the criteria of lymphoma being lymphocytic-derived but starting tumour progression in the bone

marrow which is a criteria for leukaemia [14], [15].

4.1.1 MYC/BCL-2 “double hit” lymphoma

“Double hit” lymphomas belong to the group of Non-Hodgkin lymphoma and are defined as a
high-grade B cell lymphoma (HGBCL) [16], [17]. In detail, according to the World Health
Organisation (WHO) these lymphomas are classified as a subgroup of mature B cell lymphoma
classified with their characteristics between DLBCL and Burkitt lymphoma [18]. The “double
hit” lymphoma is defined to have a chromosomal breakpoint affecting two oncogenes — the
MYC oncogene and an additional breakpoint such as the B cell lymphoma gene 2 (BCL-2) or
BCL-6. In most cases, a combination of the MYC/BCL-2 “double hit” occurs [16], [19].

MYC represents one of the most frequently activated oncogenes in human cancers [20]. MYC
is located on chromosome 8 and via copy number alterations or chromosomal translocation
with chromosomes like 2, 14 or 22 affecting the regulatory or promoter region it is
oncogenically activated [16], [19], [21], [22]. The overexpression of MYC leads to the
dimerization of the protein MYC with MAX, whereby this MYC-MAX complex binds DNA
and leads to the transcription of genes activating proliferation [3], [23], [24]. This growth
stimulatory effects via the overexpression of MYC is limited by its MYC-induced apoptosis
through inactivation by the retinoblastoma protein (pRB) [3], [23].

The oncogenic version of BCL-2 is formed through reciprocal chromosomal translocation
pointing the exchange of the chromosome arms 14 and 18. This exchange leads to the placement
of the reading frame of the BCL-2 gene under control of a promoter that increases transcription.
The overexpression of BCL-2 leads to a prolonged survival of lymphocytes [3]. To be more
precise, the BCL-2 protein acts in the outer membrane of the mitochondrion. Here, it causes the
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blockade of channels that release cytochrome c, which normally functions to transfer electrons
as part of the oxidative phosphorylation. Once cytochrome c leaves the mitochondrion through
respective channels, it activates a signalling cascade in the cytosol which subsequently initiates
apoptosis. Therefore, the overexpression of BCL-2 blocks apoptosis [3], [25]. Lymphocytes
with a mutation only in BCL-2 are not actively proliferating which explains that mice carrying
only a Bcl-2 transgene do not bear a haematopoietic tumour [26].

The combinatorial activation of the MYC and BCL-2 oncogenes leads to a very aggressive type
of lymphoma. Thus, MYC drives the proliferation of malignant cells and BCL-2 neutralises the
MY C-induced apoptotic actions [3]. Patients suffering from “double hit” lymphoma have a
generally poor outcome with a median survival of 6 months [27]. Additionally, they show poor
response to the standard treatment of chemotherapy [28] demonstrating the necessity to develop

new therapeutic strategies (see chapter 4.5).

4.1.2 Chronic lymphocytic leukaemia (CLL)

CLL represents the most common type of leukaemia in the western world. The median age of
prognosis is about 72 years mainly affecting the male population [29]-[32]. It is likely that due
to demographic changes in society and increased ageing the susceptibility and mortality for
CLL will increase in the next decades [14].

Disease progression of CLL is associated with the clonal proliferation of mature B cells that
circulate in the blood between bone marrow, lymph nodes and spleen [15]. The exact causes of
this uncontrolled B cell proliferation are still unclear. Nevertheless, it is assumed that genetic
changes acquired during life are responsible for the disease [33]. However, malignant B cells
can be distinguished from healthy B cells via flow cytometry of the cell surface markers cluster
of differentiation (CD) 5, CD19, CD20 and CD23 [34]. Additional genomic alterations can
aggravate CLL disease progression and occurs in about 80 % of all patients [35]. Here, one
example is the deletion of the short arm of chromosome 17pl13 that affects the tumour
suppressor gene TP53 (see chapter 4.3). In general, mutations in TP53 occurs in 4-37 % of CLL
patients and predicts poor prognosis [36], [37]. Moreover, whole exome sequencing identified
44 more mutated genes in CLL including genes like NOTCH1, MYD88, ATM and PTPNL1 [38]-
[40]. These genes collectively affect MY C activity, mitogen-activated protein kinase (MAPK)
signalling and the DNA damage response (DDR) as central pathways involved in CLL [38],
[41].
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The survival and proliferation of CLL cells is supported by the interaction with cells of the
TME like macrophages, T cells or dendritic cells [42]-[44]. Consequently, the TME interacts
with CLL cells through different proteins like chemokines, cytokines, and angiogenic factors
that can bind to cell surface receptors like the B cell receptor (BCR, see chapter 4.2) or receptors
of the janus kinase/ signal transducer and activator of transcription (JAK/STAT) signalling
pathway (see chapter 4.4.1.3) [43], [45]-[48]. The role of the TME in B cell malignancies will
be further discussed in chapter 4.4.

One major factor to prognose CLL is the number of > 5,000 B lymphocytes/pl in the peripheral
blood for at least three months. Moreover, the clonality of B cells is confirmed by flow
cytometry measuring the above mentioned surface markers [14]. In order to identify the
progression status of CLL two staging systems exist: Rai [49] and Binet [50]. In both systems
the progression status is classified into three major groups with discrete clinical outcome.
Nevertheless, due to many genetic alterations and additional mutations that influence treatment
response independent on clinical stage this classification has become insufficient [14], [51].
Therefore, the CLL International Prognostic Index (CLL-IPI) displays the most relevant
prognostic scoring system combining clinical, biological and genetic factors [52]. The CLL-IPI
uses five independent prognostic factors: TP53 deletion or mutation, Ig heavy chain variable
region (IGHV) mutation, serum B2-microglobulin, clinical stage and age [14], [52]. The current

therapeutic approaches to CLL will be discussed in chapter 4.5.

4.2 B cell receptor (BCR) pathway

The BCR signalling pathway plays a key role in the proliferation and survival of normal and
malignant B cells [48], [53]. Therefore, therapeutic targeting of the BCR is a common strategy
in B cell malignancy like CLL (see chapter 4.5) [54].

Activation of the BCR is mediated via antigen binding and leads to the formation of a complex
signalosome and kinase cascade signalling (Figure 1). The BCR is a transmembrane complex
formed by immunoglobulin heavy and light chains [48]. Antigen binding to the
immunoglobulin light chain of the BCR causes phosphorylation of the immunoreceptor
tyrosine-based activation motifs (ITAMs) of CD79A and CD79B that are located in the c-
terminal tail of the receptor [55]. This phosphorylation is supported by protein tyrosine kinase
LYN [48]. The phosphorylated ITAMs further activate spleen tyrosine kinase (SYK) that
recruits B cell linker protein (BLNK), phospholipase gamma 2 (PLCy2), and Bruton’s tyrosine
kinase (BTK) [56]. Though, BLNK allows SYK to phosphorylate BTK [57]. Nevertheless,

9
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BTK can be also directly phosphorylated by LYN. Further downstream signalling leads to the
mobilisation of Ca®** and activation of protein kinase C (PKC). Next, PKC activates the
extracellular signal-regulated kinase and mitogen-activated protein kinase (ERK/MAPK)

signalling and nuclear factor kappa-light-chain-enhancer of activated B cells (NFxB) [56].

(:::) Antigen

CD19 BCR

CD79A
CD79B

~pa
&

Proliferation, survival,
migration, apoptosis

Figure 1 BCR signalling

Antigen binding to the BCR induce phosphorylation of the ITAMs CD79A and CD79B. With the support of LYN
downstream signalling including SYK, BLNK, PLCy2, BTK, and PKC leads to Ca?* mobilisation and activation
of the pathways ERK/MAPK and NF«B. Moreover, activation of the CD19 receptor by LYN induce activation of
PI3K and phosphorylation of PIP2 to PIP3. Lastly, PIP3 activates BTK and PLCy2 inducing the AKT/mTOR
pathway. Finally, activation of the BCR and downstream pathways regulates proliferation, survival, migration,
and apoptosis of B cells.

Moreover, the activation of the BCR co-receptor CD19 by LYN contributes to the BCR
signalling over the activation of phosphatidylinositol-3-kinase (PI13K). In the next step PI3K
phosphorylates phosphatidylinositol-4,5-bisphosphate (PIP2) to phosphate-idylinositol-3,4,5-
triphosphate (PIP3). Consequently, PIP3 activates BTK and PLCy2. Moreover, PIP3
contributes to Ca®* mobilisation and activates the protein kinase B/ mechanistic target of
rapamycin (AKT/mTOR) pathway, that is also activated by BTK [56]. The activation of the
BCR and downstream ERK-MAPK, NF«B, and Akt/mTOR signalling leads to the transcription
of genes involved in proliferation, survival, migration, and apoptosis of B cells [48], [53].

Prognostic markers in CLL can influence the BCR signalling and therefore the clinical outcome

of patients. One prognostic factor is the mutational status of the IGHV of the BCR. Here,
10
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unmutated IGHV (U-CLL) correlates with faster disease progression and shorter survival as
mutated IGHV (M-CLL) mediated by higher response to BCR stimulation and faster B cell
proliferation [58]-[60]. Another prognostic factor is the expression of zeta-chain-associated
protein kinase 70 (ZAP-70) in more than 20 % of CLL cells [61]. ZAP-70 was initially
identified in T cells and is structurally similar to the protein SYK [58]. Therefore, the expression
of ZAP-70 in CLL is linked to increased BCR signalling [62].

4.3 TP53 and its role in the DNA damage response (DDR)

The DDR is a highly complex system, that detects and repairs DNA damage [63]. DNA damage
can be induced by wrong replication or alkylation and environmental influences such as UV
light or chemical agents [3]. Moreover, DDR regulates apoptosis and stimulates immune
responses [64], [65]. This function is used by therapeutic agents like cyclophosphamide that
cause DNA damage and kill tumour cells by inducing apoptosis and activating the immune
response via upregulation of inflammatory cytokines [66], [67].

TP53 is one of the most studied genes in the DDR signalling. DNA double strand breaks
activate serine protein kinase ATM and checkpoint kinase 2 (CHK2) that regulates TP53 and
induce apoptosis, senescence, and cell cycle arrest [68]. Besides its apoptotic functions, TP53
can also induce DNA repair [69].

In healthy tissues TP53 act as a tumour suppressor and is mainly synthesised in proliferating
cells whereas resting cells show only low levels of TP53. TP53 is negatively regulated by mouse
double minute protein 2 (MDM2) through the ubiquitin-proteasome pathway [66], [70]. In
many types of cancer, TP53 is mutated leading to increased cell proliferation and survival.
Moreover, mutations in TP53 mediate genomic instability and resistance to chemotherapy [66],
[71].

4.4 Tumour microenvironment (TME)

The communication of different cell types within an organism is very important for tissue
organisation and to maintain homoeostasis. Cancer cells can manipulate this communication
and the surrounding microenvironment according to its needs. Consequently, tumour cells
create their own niche called the TME. The TME is a very complex system regulating tumour
growth and survival. Understanding the interactions between tumour cells and the

microenvironment plays a fundamental role in investigating new therapeutic strategies to treat
11
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different types of cancer (see chapter 4.5). Thereby, the TME consists of different cell types
that can be divided into three major groups: Angiogenic vascular cells, cancer-associated
fibroblasts (CAFs), and immune cells (Table 1) [72]-[74].

Table 1 Cell types of the TME and their function in supporting tumours [72]-[74]

Cell type Sub-Type Tumour supportive function
Angiogenic vascular cells Endothelial - Angiogenesis
cells - Support of tumour invasion and
metastasis
Pericytes - Suppression of tumour fighting

immune system

- Reduce apoptosis

Cancer-associated - Support angiogenesis

fibroblasts - Support tumour progression

- Support metastasis

- Reduce apoptosis

- Supply tumour with energy

Immune cells Tcells, Tregcells | - Support angiogenesis

- Support tumour progression

- Reduce apoptosis

- Support of tumour invasion and
metastasis growth

MDSCs - Suppression of antigen presentation

- Suppression of tumour fighting
immune system

NK cells

Dendritic cells

Macrophages

The first group of angiogenic vascular cells persist mainly of endothelial cells and pericytes,
which arrange tube formation and compromise the angiogenic vasculature, respectively [75].
In general, angiogenic vascular cells support the tumour with oxygen and nutrients by forming
new blood vessels [74]. Moreover, the generation of lymphatic vessels are important for the
tumour to spread and invade other tissue compartments [76]. The formation of vessels is
introduced via pro-angiogenic factors like vascular endothelial growth factor (VEGF) that are
released by cells such as tumour associated macrophages (TAMs) or CAFs into the TME [77],
[78]. Another tumour supportive role of angiogenic vascular cells is their limited ability to
transit anti-tumour acting immune cells like natural killer (NK) cells or T cells to the tumour
region. Furthermore, angiogenesis leads to a reduced apoptosis signalling which additionally

supports tumour growth [73].
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The second group includes CAFs. Fibroblasts play a role in the connective tissue by supporting
wound healing and tissue repair [73], [74]. In many tumours CAFs are recruited in high
numbers and once activated secrete growth factors like VEGF that support angiogenesis,
tumorigenesis and metastasis [74], [79]-[82]. Moreover, CAFs limit cell apoptosis through
secretion of survival factors such as insulin-like growth factor (IGF) 1 and 2 [80]. Another
tumour supportive action is supplying energy in form of lactate and pyruvate to cancer cells,
whilst reactive oxygen species released by cancer cells support aerobic glycolysis in CAFs [73],
[83].

The third category represents immune cells derived from haematopoietic stem cells (HSCs)
such as T cells, NK cells, myeloid-derived suppressor cells (MDSCs), dendritic cells, and
macrophages [73], [74]. Normally, immune cells act anti-tumoral. However, immune cells can
be also recruited from tumours to support the growth and progression of cancer cells [84]. In
line with this, MDSCs or TAMs can be stimulated by cancer cells to secrete cytokines like
VEGF that assist in angiogenesis [73], [74], [85]. Moreover, immune cells of the TME provide
proliferative signalling to cancer cells through epidermal growth factors (EGFs), transforming
growth factor-p (TGF-B), tumour necrose factor-a (TNF-a), fibroblast growth factors (FGFs),
interleukins (ILs), chemokines, histamines and heparins [73], [86]. Immune cells further reduce
apoptosis through e.g. TAMs and the PI3BK/AKT signalling pathway [87]. Once recruited,
immune cells support tumour invasion and metastasis through remodelling the extracellular
matrix (ECM) by TAMs [73], [88], [89]. It was also shown in a mouse model that depletion of
MDSCs reduced metastasis [90]. Another tumour supporting mechanism is the suppression of
antigen presentation to T cells by e.g. loss of major histocompatibility complex (MHC) Il
expression on malignant cells [91], [92]. Additionally, tumours recruit regulatory T cells (Treg)
to make use of their immune suppressive function [93].

Although the progression of “double hit” lymphoma of MYC and BCL-2 is less dependent on
the TME due to strong autonomous pro-survival signalling by MYC [19], [72], considering the
TME regarding instrumentalization for new therapeutic strategies is important. Also in
consideration of the absolute monocyte cell count that correlates with prognosis in DLBCL as
well as in CLL [94], [95]. In CLL the progression of cancer is highly dependent on the TME
being protected from apoptosis, promoting homing by secretion of cytokines and chemokines
such as C-X-C motif chemokine (CXCL) 12 and 13, and getting pro-survival signals like A
proliferation-inducing ligand (APRIL) and B cell activating factor (BAFF) [72].

Giving an insight about the wide spectrum of cells in the TME and their ability to help in the

tumour development, Pallasch et al. demonstrated that treatment of leukaemia bearing mice
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with anti-CD52 antibody alemtuzumab induce tumour cell clearance through activation of
macrophage effector cell function and induction of phagocytosis [96]. Therefore, this thesis is
focused on the interaction of malignant B cells with macrophages as described in more detail

in the next chapters.

4.4.1 Macrophages

In the bone marrow the myeloid lineage of HSCs can differentiate into monocytes. Monocytes
circulate in the blood and can be recruited into several tissues where they differentiate into
phagocytes like macrophages. As part of the innate immune system, they play a role in
remaining tissue homeostasis by phagocyting pathogens or removing dead cells and cell debris.
Moreover, they secrete a wide range of inflammatory factors leading to the activation of the
immune system. As part of the adaptive immune system they show the ability to present
antigens to T cells and consequently triggering immune response [97], [98].

The phenotype and hence the function of macrophages differ according to the signals of their
surrounding microenvironment [99]. For example, the spleen accommodate macrophages such
as marginal-zone, metallophilic, red pulp, and white pulp macrophages [100], [101]. However,
the bone marrow harbours resident bone marrow and red pulp macrophages being responsible
for the recycling of iron due to erythrophagocytosis and maintaining of HSCs and their
circadian release into the blood stream [102]-[105]. The stimuli leading to polarisation into the

different phenotypes of macrophages is explained in more detail in the next chapter 4.4.1.1.

4.4.1.1 M1 and M2 macrophage polarisation

Macrophages can switch their functional role and phenotypes according to stimuli from the
microenvironment. The “classical” M1 and “alternative” M2 macrophage polarisation state
represents the two phenotypic extremes of this multidimensional system. An imbalance of
macrophage polarisation is often caused by diseases or inflammatory processes [106]-[108].
M1 and M2 macrophages differ in many aspects such as their function, stimulation, and
secretion profiles (Figure 2). M1 macrophages are more involved in inflammatory processes
and show potentially increased antigen presentation to promote killing of pathogens [106],
whereas M2 macrophages act more immunosuppressively showing potentially a resting
phenotype [107]. Moreover, M2 macrophages maintain tissue homeostasis, wound healing and
promote angiogenesis [106], [108], [109].
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Figure 2 M1 and M2 macrophage polarisation

Macrophages can gradually polarise in M1 or M2-like phenotypes. Polarisation is induced via several cytokines.
M1 and M2 macrophage phenotypes differ in surface marker expression and cytokine release. In general, M1
polarised macrophages act pro-inflammatory and anti-tumoral, whereas M2 polarised macrophages act anti-
inflammatory and pro-tumoral.

Macrophages can be stimulated to switch their phenotype into M1 or M2 direction. Stimulators
activating the M1 like phenotype are interferon (IFN)-y, TNF-o, IL-1B, IL-6,
lipopolysaccharide (LPS), granulocyte-macrophage colony-stimulating factor (GM-CSF), and
toll-like receptor (TLR). These M1 activators can be produced by NK cells, T cells, antigen-
presenting cells , or pathogens [106], [107], [109], [110]. Switching macrophages to an M2-
like phenotype is caused by IL-4, IL-10, and IL-13 produced by Th2 cells, eosinophils, and
basophils [106], [107], [110], [111]. These activators pushing macrophages into an M1 or M2-
like phenotype essentially react through the JAK/STAT signalling pathway that will be further
discussed in chapter 4.4.1.3.

Once activated, M1 macrophages release pro-inflammatory cytokines such as IL-1, 6, 12, and
23, TNF-a, IFN, CXCL 1-3, 5, and 8-10, reactive oxygen species (ROS), and nitric oxide (NO)
[109], [112]. Cytokines are defined as proteins involved in cell signalling regulating
proliferation and differentiation of cells. There are five main groups of cytokines: Chemokines,
interferons, interleukins, lymphokines, and tumour necrosis factors being produced by a wide
spectrum of cells including immune cells like macrophages, B cells, T cells, and mast cells, as
well as endothelial cells, fibroblasts, and various stromal cells [113], [114]. M2 polarised
macrophages mainly release anti-inflammatory cytokines like IL-4, IL-10, and 1L-12 [106],
[115].
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Macrophages that switch their phenotypes also change their expression profile of surface
markers. M1-like macrophages express more CD64, CD80, CD86, and MHCII, whereas M2-
like macrophages express more CD36, D163, CD200R, CD206, and arginase 1 (Argl, only in
mice) [106], [108], [116]-[119].

The phenotype of macrophages can influence their role in tumour progression. Hence, M1-like
macrophages are associated with hindering tumour growth whereas M2-like macrophages
support tumour growth [106], [120] as described in more detail in the next chapter 4.4.1.2.

4.4.1.2 Tumour associated macrophages (TAMS)

In the development of cancer an inflammatory microenvironment contributes to tumour
progression [121], [122]. Since TAMs regulate inflammatory pathways, they play a key role in
the TME and tumour progression [123], [124].

Tumours recruit TAMs from monocytes or monocyte-related myeloid-derived suppressor cells
(M-MDSCs) that circulate in the blood and from tissue resident macrophages [121], [125]-
[127]. This recruitment to the tumour side are initiated by cytokines like CCL2, CCL5, VEGF,
and colony stimulating factor-1 (CSF-1) that also drives TAM polarisation towards an
immunosuppressive, tumour promoting, M2-like phenotype [85], [120], [121], [125], [128],
[129]. Respective cytokine signalling can be mediated through tumour cells, T cells, B cells,
and stromal cells [121].

The phenotype of TAMs can differ according to the type and developmental status of tumours
[121], [130]. Hence, in early tumour development M1-like macrophages can contribute to
chronic inflammation and tumour mutation via production of ROS and NO [131]. Later on these
macrophages switch into an M2-like phenotype [120], [121], [132]. TAMs play arole in diverse
tumour supporting factors such as stimulating tumour growth and survival through the secretion
of EGFs [133] (Figure 3). They support tumour invasion and metastasis by producing
proteolytic enzymes that digest the ECM and they produce factors like IL-1 that helps cancer
cells to accumulate [121]. Additionally, TAMs stimulate angiogenesis by VEGF and promote
the mutation of cancer cells as mentioned earlier [120], [131]. One major function of TAMSs is
to suppress immune responses via the release of immunosuppressive cytokines such as I1L-10
or TGF-B [121], [134]. IL-10 leads to the activation of STAT3 in the JAK/STAT signalling
pathway which will be further discussed in detail in chapter 4.4.1.3 [135], [136]. The
suppression of the immune response includes low antigen presentation, suppression of T helper
(Tn) cells, and the activation of T regulatory (Treg) cells [119], [137], [138]. Another very

important immunosuppressive action of TAMs is the overexpression of immune checkpoints
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like CD47 or programmed cell death protein 1 (PD-1) and PD-L1. Both immune checkpoints
are defined as “don’t eat me” signals that keep cancer cells from phagocytosis by macrophages
[139], [140].

Suppression of Tumour growth

Cyl‘o/r‘ TAM 123
immune response w y and survival

?\OSYNO IL"J . .
/ P"’feo/y Tumour invasion,
by

1 .
2 e < metastasis

Tumour mutation

VEGF

Angiogenesis

Figure 3 Functions of TAMs

TAMs can support tumour growth, survival, invasion, metastasis, angiogenesis, and mutation. Moreover, TAMs
supress the immune system and create a microenvironmental niche. This tumour supportive role is mediated via
growth factors, cytokines, proteolytic enzymes, ROS, and NO.

The high infiltration of TAMSs to tumour sites are mostly associated with poor prognosis.
Nevertheless, TAMs can be targeted with therapeutic substances in order to inhibit their tumour
supportive function or to make use of their anti-tumour, M1-like phenotype [121], [125]. One
possible therapeutic strategy is to inhibit chemokines that are responsible for the recruitment of
TAMs and consequently to stop their contribution to tumour growth and survival [121].
Another strategy is to overcome the ability of TAMs to suppress the immune response. Thus,
TAMs can be reprogrammed by cytokines, antibodies, or small molecule inhibitors to a pro-
inflammatory, M1-like phenotype [123]. Moreover, angiogenesis can be blocked by anti-VEGF
antibodies [141], [142]. Newer strategies block the above mentioned immune checkpoints via
antibodies or mark those cancer cells with antibodies to guide macrophages and induce
phagocytosis [121], [140], [143]-[145]. Targeting specific expression markers of cancer cells
with antibodies and guiding macrophages to phagocyte those target cancer cells is called
antibody-dependent cellular phagocytosis (ADCP, see chapter 4.4.1.4). Furthermore, the use of
therapeutic antibodies can lead to antibody-dependent cell-mediated cytotoxicity (ADCC)

where macrophages bind to the antibody coated target cell and release cytotoxic proteins [146].
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4.4.1.3 Janus kinase/ signal transducer and activator of transcription (JAK/STAT) signalling
pathway

Macrophage polarisation is regulated via several pathways such as the Notch-, c-Jun N-terminal

kinase (JNK)-, TGF-B-, PI3K/AKT-, and TLR/NFxB-pathway. One of the most important

pathways regulating macrophage polarisation is the JAK/STAT signalling pathway (Figure 4)

[147], [148].
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Figure 4 JAK/STAT signalling pathway

The JAK/STAT signalling pathway plays a role in macrophage polarisation and transcription of pro- and anti-
inflammatory genes. Pathway activation is mediated by cytokines activating JAKs and downstream STATS that
migrate into the nucleus and induce gene transcription. SOCS1 and SOCS3 serve as negative feedback inhibitors,
regulating downstream transcription.

The JAK/STAT pathway is induced by cytokines like IFN-y, IFN-a/B, IL-13, IL-6, IL-4, and
IL-10 that stimulate cytokine receptors and activate downstream JAKs and STATSs [47], [136],
[147]. There are four different types of JAKSs, namely, JAK1, JAK2, JAK3, and tyrosine kinase
(TYK2) and seven types of STATs, STAT1-4, STAT5A, STAT5B, and STAT6 [147], [149].
As soon as STATSs are phosphorylated by JAKs they enter the nucleus and act as transcription
factor of anti- and pro-inflammatory genes leading to the polarisation of macrophages into an
M1-, or M2-like phenotype [47], [136], [147].

Stimulation of the JAK/STAT signalling pathway by IFN-y and IFN-o/f induce transcription
of pro-inflammatory genes that polarise macrophages towards M1 [136], [150], [151]. Binding
of IFN-y to the interferon-gamma receptor (IFNGR) induces phosphorylation of JAK1/2 and
downstream activation of STAT1 [136], [152], [153]. The binding of IFN-0/p to the interferon-
a/p receptor (IFNAR) activates JAK1, Tyk2 and downstream STAT1/2 [151], [154]. Hence,
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STATL1 and 2 enter the nucleus and drive transcription of pro-inflammatory factors such as
cytokine-inducible nitric oxide synthases (iNOS), IL-6, IL-12, CD86, and TNF-a resulting in
an antitumour response [47], [136], [147].

Stimulation of the JAK/STAT signalling pathway via IL-4 and IL-10 drives transcription of
anti-inflammatory genes leading to an M2 polarisation of macrophages [136], [155]. IL-4 binds
to the IL-4 receptor (IL4R), phosphorylates JAK1/3 and Tyk2, and activates STAT3/6 [136],
[147], [156]-[158]. IL-10 binds to the IL-10 receptor (IL10R), activates JAK1 and Tyk2, and
phosphorylates STAT3. Hence, STAT3 and 6 enter the nucleus and drive transcription of anti-
inflammatory factors like arginase 1 (Argl), CD206, IL-10, and TGF-f resulting in a tumour
supportive response. Moreover, the activation of IL-10 leads to the repression of pro-
inflammatory factors such as TNF-a, IFN-y, IL-1p, IL-6, and IL-12 [136], [147], [155].

IL-13 and IL-6 can stimulate the JAK/STAT pathway leading to the transcription of pro- and
anti-inflammatory genes. IL-13 binds to the IL4R and phosphorylates JAK1/2 and Tyk2 that
activates STAT1 or STAT3/6 targeting pro- or anti-inflammatory gene expression [158]. IL-6
binds to the IL-6 receptor (IL6R) and phosphorylates JAK1/2 and Tyk2 that activates either
STAT1 leading to pro-inflammatory gene expression or activating STAT3 leading to anti-
inflammatory gene expression [159]-[161].

The JAK/STAT pathway is regulated by negative feedback inhibition via suppressor of
cytokine signalling (SOCS) proteins, where SOCS1 regulates the transcription of pro-
inflammatory genes and SOCS3 of anti-inflammatory gene expression, respectively [147],
[162].

4.4.1.4 Antibody-dependent cellular phagocytosis (ADCP)

ADCP plays a major role in the treatment of cancer with immunotherapeutics [144], [163],
[164]. Therapeutic IgG antibodies, like anti-CD20 rituximab binds with its antigen-binding
fragment (Fab) to the cancer target cell. Likewise, the crystallisable fragment (Fc) part of the
therapeutic antibody binds to Fc receptors (FcR) that are expressed on effector cells leading to
internalisation and destruction of opsonised target cells [165]-[167].

The majority of macrophage-mediated ADCP occurs via FcyR signalling [166], [168]. As a
consequence of antibody FcyR binding, ITAMs become phosphorylated with the help of SRC
tyrosine family kinases [169]-[171]. The exact molecular process of kinase activation remains
to be clarified. Nevertheless, it is known that phosphorylated ITAM activates SYK and
downstream kinases that redistribute to actin-rich phagocytic cups [172]. Importantly, particle

internalisation requires reorganisation of actin cytoskeleton and membrane fusion events. These
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membrane fusion events depend on the formation of N-ethylmaleimide-sensitive-factor
attachment receptor (SNARE) complexes [170], [173]. Once a particle has entered the cell as a
phagosome, it fuses with lysosomes that contain enzymes destructing the internalised particle
[174]. Understanding the mechanism of ADCP of tumour cells is necessary to improve and

develop therapeutic drugs and possible combination treatments.

4.4.2 Extracellular vesicles (EVS)

EVs play a role in the short and long distance communications between different cells and their
microenvironment as well as in the TME [175], [176]. They are lipid bilayer-delimited particles
that are released by cells [177] and carry a variety of proteins, nucleic acids, metabolites, lipids,
and immune related ligands such as PD-L1 [177], [178].

EVs differ in size and function and can be grouped in exosomes and ectosomes. Exosomes are
membrane bound EVs that are produced in the endosomal compartment of most cells.
Moreover, they are surrounded by a multivesicular body that fuses with the plasma membrane
via exocytosis. In contrast, ectosomes or microvesicles origin from the plasma membrane and
are directly released from it [175], [179].

In the diagnosis and treatment of cancer, EVs represent a promising target. It is known that
tumour cells release EVs in a high amount mediating a pro-survival TME. Hence, treatment
strategies suggest to impair EV release by cancer cells or to use biologically engineered EVs to

disrupt and manipulate communication with the TME [176], [178].

4.5 Therapy of B cell malignancies

Therapy options for B cell malignancies include a variety of treatments that directly affect
malignant B cells or target the TME, with treatment strategies being initiated according to the
biological and genetic disease status, patient age and fitness [14], [180].

Patients with a “double hit” lymphoma show poor survival after frontline therapy with
rituximab, cyclophosphamide, hydroxydaunorubicin, vincristine, and prednisone (R-CHOP). It
was shown that therapeutics such as vincristine or doxorubicin promote aneuploidy and
polyploidy in MYC/BCL2 “double hit” lymphoma leading to re-entering of lymphoma cells into
the cell cycle during off-therapy periods [181]. Therefore, new treatment strategies are required
such as small molecule inhibitors focusing on the disease biology.
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For the patients suffering from CLL a broad spectrum of therapeutic options has been tested in
clinical trials. However, therapy is only applied to CLL patients with progressed Rai and Binet
stages or symptomatic course [14]. Moreover, the CLL-IPI categorise four groups of patients
from low-risk to very high-risk defining the potential clinical consequences [34]. As treatment
options following strategies were tested: Cytostatic agents, monoclonal antibodies, signalling
inhibitors, checkpoint inhibitors, and chimeric antigen receptor T (CART) cell therapy. In
addition, clinical trials investigate the synergistic or additive effects of combining respective
treatment options with each other [14].

For several decades cytostatic therapy with chlorambucil was given as the standard treatment
for CLL [182]. Furthermore, fludarabine, pentostatin, cladribine, cyclophosphamide, and
bendamustin belong to the group of cytostatic agents [14], [183]-[186].

Treatment strategies with monoclonal antibodies mainly address anti-CD20 antibodies such as
rituximab, ofatumumab, and obinutuzumab [187]-[190]. CD20 is expressed by mature B cells
as well as by most malignant B cells [191] and was reported to play a role in the activation of
the BCR signalling [191]. Subsequently, treatment with rituximab was shown to inhibit BCR
signalling [192]. Moreover, rituximab is efficiently used in combination with
chemotherapeutics such as the triple combination of fludarabine, cyclophosphamide, and
rituximab (FCR) for young and fit CLL patients [193], [194]. However, patients with mutations
in TP53 and/or 17p deletion show resistance to the combination of chemo- and immunotherapy
[195], [196]. Another monoclonal antibody is the anti-CD52 antibody alemtuzumab [197]-
[199]. CD52 (Campathl-antigen) is a surface protein on mature lymphocytes [200].
Alemtuzumab treatment is highly effective in patients with a mutation in TP53 [201], [202].
Moreover, it was tested in combinations with fludarabine [203] or fludarabine and
cyclophosphamide [204]. Nevertheless, due to strategic decisions of Sanofi, the license for the
CLL therapy was withdrawn in 2012. However, alemtuzumab is still available through an
international compassionate use program [14].

Molecular signalling inhibitors like ibrutinib became a prominent treatment approach in B cell
malignancies. Inhibition of the BCR signalling pathway plays an important role as it controls
proliferation and survival of B cells (see chapter 4.2) [48], [53]. BTK is one major target of the
BCR pathway and can be inhibited via ibrutinib. Ibrutinib covalently binds to the cysteine 481
residue of BTK and can be taken orally in a daily dose of 420 mg [205]-[207]. Discontinued
therapy or mutations in BTK can lead to a resistance to ibrutinib therapy [208], [209]. Ibrutinib
treatment can also affect the TME as BTK is not only expressed in B cells but also in

macrophages [210]. Combination treatment of ibrutinib and rituximab showed a benefit in
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survival compared to FCR therapy [211]. However, another study could not prove the benefit
of ibrutinib and rituximab combination compared to ibrutinib mono therapy [212]. Other trials
combined ibrutinib with bendamustin and rituximab [213] or ofatumumab [214]. BTK
inhibition using second generation inhibitor acalabrutinib, that is more specific for BTK, needs
to be further tested [14], [215]. The BCR pathway can be also inhibited using amongst others
the PI3K-inhibitor idelalisib [216]. Moreover, BCL-2-inhibitor venetoclax and lenalidomide
that inactivates the function of casein kinase la are used for CLL therapy [217]-[219]. Here,
venetoclax serves as a new treatment strategy for patients with relapsed or refractory TP53
mutation [14]. Venetoclax has been also tested in two clincal trials in combination with ibrutinib
with first promising results [220], [221].

Another very important therapeutic strategy is the inhibition of immune checkpoints such as
PD-1 and PD-L1. Pembrolizumab is an anti-PD-1 antibody that blocks the binding of PD-1 to
PD-L1 activating T cells or macrophages helping in tumour cell clearance. Both immune
checkpoints can be overexpressed in B cell malignancies and the TME [139], [140], [222].
Moreover, CART cell therapy with specificity to CD19, CD137, and CD3-zeta was investigated
in CLL treatment but needs further investigation [223], [224].

In general, the combinatorial benefit of respective treatment strategies and their influence on B
cell malignancies and the TME needs to be further investigated and understood on a molecular

level.
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5 Aim of the research

In B cell malignancies inhibition of the BCR signalling pathway using BTK-inhibitors like
ibrutinib has become a very important therapeutic strategy [56]. Additional combination of
small molecule inhibitors with monoclonal antibodies have been used in clinical trials with the
molecular understanding of their synergistic interaction lagging behind [211]-[214]. The
mechanisms of beneficial treatment combination need to be addressed not only on the tumour
cell side but also in context of the TME. Here, phagocytosis of antibody-opsonized tumour cells
by macrophages play a major role in the treatment of cancer with immunotherapeutics [144],
[163], [164]. Accordingly, Pallasch et al. demonstrated that treatment of leukaemia bearing
mice with anti-CD52 antibody alemtuzumab induce tumour cell clearance through activation

of macrophage effector cell function and induction of phagocytosis [96].

Therefore, the work of this thesis hypothesised that combination therapy with small molecule
inhibitors and monoclonal antibodies influence the ability of macrophages to induce
phagocytosis of tumour cells. In particular, the following points were addressed:

1. Determining the role of ibrutinib and alemtuzumab combination therapy in the TME of
malignant B cells and non-transformed macrophages in vitro and in vivo

2. Dissecting kinase signalling pathways in the interplay of lymphoma cells and
macrophages

3. Defining synergistic mechanisms of enhancing antibody-mediated phagocytosis
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6 Material and methods

If not explicitly stated in the text materials are listed alphabetically in Table 2 and Table 3. Parts
of the materials and methods chapter are published in Barbarino et al., 2020 [225].

6.1 Lists of materials

Table 2 Chemicals, substances and kits

Chemical / substance Supplier/ Ingredients

10 X Towbin buffer 0.25 M Tris, 1.92 Glycine, HOto 1 L

10 X transfer buffer 200 ml Methanol, 100 ml 10 x Towbin
buffer, H.Oto 1 L

10 X Tris buffered saline (TBS) 0.2 M Tris, 1.83 M NaCl, HCI (pH 7.6), H.0
tollL

2 X HEPES buffered saline (HBS) Alfa Aesar, Haverhill, USA

5 X sample buffer 10 % Sodium dodecyl sulphate (SDS), 50 %

glycerol, 0.08 % Bromphenolblau, 125 mM
Tris HCI pH 6.8, 200 mM DTT

7-Aminoactinomycin D (7AAD) Invitrogen, Carlsbad, USA, #2255903
Acalabrutinib Selleckchem, Munchen, Germany
Alemtuzumab Genzyme, Cambridge, USA

Ammonium-chloride-potassium (ACK) lysis | Thermo Fisher Scientific, Waltham, USA
buffer

Ampicillin Carl Roth, Karlsruhe, Germany
Anti-PD1, GS-696882 Gilead, Foster City, USA

Bovine serum albumin (BSA) PAA, Pasching, Austria

Calcium Chloride Dihydrate (CaCly) Sigma, St. Louis, USA

CD293 media Thermo Fisher Scientific, Waltham, USA
Chloroquine Diphosphate Salt Sigma, St. Louis, USA
CHMFL-BMX-078 MyBioSource, San Diego, USA
Cyclophosphamide monohydrate (CTX) Sigma, St. Louis, USA

Dulbecco’s Modified Eagle Medium | Thermo Fisher Scientific, Waltham, USA
(DMEM)
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ELISA MAX™ Standard Set human and
mouse IL-6, IL-10, TNF-a

BioLegend, San Diego, USA

Entospletinib

Gilead Sciences, Foster City, USA

Erlotinib

Selleckchem, Miinchen, Germany

F480 allophycocyanin (APC) antibody

BioLegend, San Diego, USA, #123116

Fetal bovine serum (FBS)

Biochrom GmbH, Berlin, Germany

GlutaMAX

Thermo Fisher Scientific, Waltham, USA

Halt Phosphatase Inhibitor Cocktail (100x)

Thermo Fisher Scientific, Waltham, USA,
#78428

Halt
ethylenediaminetetraacetic acid (EDTA) free
(100x)

Protease Inhibitor Cocktail,

Thermo Fisher Scientific, Waltham, USA,
#78437

Human CD19 fluorescein
(FITC) antibody

isothiocyanate

BioLegend, San Diego, USA, #363008

Ibrutinib Bertin, M.-le-Bretonneux, France
Iscove’s Modified Dulbecco’s Medium | Thermo Fisher Scientific, Waltham, USA
(IMDM)

LPS Sigma, St. Louis, USA

Mini protean pre-cast gel

BioRad, Hercules, USA

Mouse Fc-receptor blocking reagent

Miltenyi Biotec, Berg. Gladbach, Germany,
#130092575

M-PER lysis buffer (Mammalian Extraction
buffer)

Thermo Fisher Scientific, Waltham, USA,
#78503, #78420, #87785

Nitrocellulose membrane

GE Healthcare, Freiburg, Germany

Obinutuzumab (GA101)

Roche, Basel, Switzerland

Odyssey Blocking buffer (PBS or TBS)

LI-COR Biotech., Bad Homburg, Germany

PageRuler Plus Prestained Protein Ladder

Thermo Fisher Scientific, Waltham, USA

Penicillin/Streptomycin (P/S)

Thermo Fisher Scientific, Waltham, USA

Phosphate buffered saline (PBS)

Thermo Fisher Scientific, Waltham, USA

Pierce BCA Protein Assay

Thermo Fisher Scientific, Waltham, USA,
#23225

PMD2.G

Addgene, Watertown, USA, #12259

Polybrene

Sigma, St. Louis, USA
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Polyethylenglykol (PEG) 400

Roth, Karlsruhe, Germany

Propylene glycol Sigma, St. Louis, USA
PsPax?2 Addgene, Watertown, USA, #12260
Puromycin Invivo Gen, San Diego, USA

Radioimmunoprecipitation assay (RIPA)

Cell Signaling, Danvers, USA

buffer
rh IFN- y ImmunoTools GmbH, Friesoythe, Germany
Rituximab Roche, Basel, Switzerland

Roswell Park Memorial Institute (RPMI)

Thermo Fisher Scientific, Waltham, USA

Running buffer for SDS polyacrylamide gel
electrophoresis (SDS-Page)

100 ml 10 X Towhbin buffer, 0.1 % SDS,
HOtolL

Ruxolitinib

AdipoGen Life

Switzerland

Sciences, Liestal,

Sodium butyrate

Sigma, St. Louis, USA

SP600125

Selleckchem, Munchen, Germany

Thioglycolate

BD, Franklin Lakes, USA

Tirabrutinib (GS4059)

Gilead, Foster City, USA

Tofacitinib

Selleckchem, Munchen, Germany

Total exosome isolation reagent

LifeTechnologies, Carlsbad, USA

Tris buffered saline with Tween-20 (TBS-T)

100 ml 10 X TBS, 0.1 % Tween-20, H20 to
1L

Tween 80

Sigma-Aldrich, St. Louis, USA

Zombie NIRMFixable Viability Staining

BioLegend, San Diego, USA

B-Mercaptoethanol

Thermo Fisher Scientific, Waltham, USA

Table 3 Devices

Device

Supplier

BD FACSCanto flow cytometer

BD, Franklin Lakes, USA

CASY Cell Counter Model TTC

Roche, Basel, Switzerland

Centrifuge 5810R

Eppendorf, Hamburg, Germany

FluoStar Optima

BMG Labtech, Ortenberg, Germany

Incubator

Labotect, Gottingen, Germany

LI-COR Odyssey infrared imaging system

LI-COR Biosciences, Lincoln, USA
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MACSQuant VYB and X flow cytometer

Miltenyi Biotec, Berg. Gladbach, Germany

Mini Protean Tetra Cell apparatus

BioRad, Hercules, USA

Multitron Pro incubator shaker

Infors ht, Einsbach, Germany

Nanodrop 1000 Spectrophotometer

Thermo Scientific, Dubuque, USA

Optima Max-XP ultracentrifuge

Beckman Coulter, Brea, USA

Thermomixer Compact

Eppendorf, Hamburg, Germany

Table 4 Cell lines

Cell line

Background

Amphotropic phoenix cell line (HEK293T

derivate)

Embryonic kidney derived packaging cell
line, (AlleleBiotech, San Diego, USA, ABP-
RVC-10001)

Humanised MYC/BCL2 cell line (hMB)
(strain 102)

Humanised model of MYC/BCL2 driven
“double hit” B cell lymphoma,
fluorescent protein (GFP)", [226]

green

JI7T4A1

Murine macrophages derived from ascites,
ATCC, Manassas, USA

Murine primary peritoneal macrophages wt
and BTK™-

Macrophages were obtained via peritoneal
lavage from C57BL/6 mice (Charles River,
Wilmington, USA and Jackson Laboratory,
Bar Harbor, USA)

Primary CLL patient cells

CLL-Biobank, Cologne, Germany

6.2 Cell culture and cell lines

All cell lines (Table 4) were cultivated at 37 °C in a humidified incubator with 5 % CO». At a
density/confluency of 80-90 % cells on the plate, cells were sub-cultured in a ratio of 1:10 or

1:20 (media containing cells : fresh media). For the experiments, cells were counted with the

CASY cell counting technology.

The human-MYC/BCL2 (hMB) “double hit” lymphoma cell line (strain 102) was generated by
Leskov et al. [226] and sub-cultured in B cell culture medium (BCM). The BCM consisted of
a 1:1 ratio of IMDM and DMEM, supplemented with 10% FBS, 1 % P/S, 1 % GlutaMAX and

1% B-Mercaptoethanol.
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Murine J774A.1 macrophages and primary peritoneal macrophages were sub-cultured in
DMEM supplemented with 10 % FBS and 1 % P/S. To isolate murine primary peritoneal
macrophages, 8 to 24 weeks old wt and BTK”" C57BL/6 mice were injected intra peritoneal
(i.p.) with 1 ml prewarmed thioglycolate. After four days macrophages were obtained via
peritoneal lavage. To achieve this, 20 ml DMEM was initially injected into the peritoneal cavity
and after one minute incubation extracted with a venous catheter. Afterwards, the cell
suspension was centrifuged for 10 min at 1500 rpm. Then 3-5 ml ACK lysis buffer was added
to the cell pellet and incubated for 3 min at room temperature (RT). After incubation, the cell
suspension was filled up to a volume of 50 ml with PBS and again centrifuged for 10 min at
1500 rpm. Next the pellet was resuspended into 10 ml DMEM and cells were plated out for 24
h prior starting the experiment. Primary peritoneal macrophages were used for up to one week
post peritoneal lavage. C57BL/6 mice were generated by BTK” mice backcrossed to C57BL/6J
background [227], [228].

Primary CLL patient cells were isolated from peripheral blood as previously described [229]
and experiments were performed in RPMI with 1 % P/S and 10 % FBS. Experiments were
approved by the ethical commission of the medical faculty of the University of Cologne

(reference no. 13-091) and an informed written consent was obtained from all patients.

6.3 ADCP assays

To measure the antibody-mediated phagocytosis of lymphoma cells by macrophages, ADCP
assays were performed. To set this up, J774A.1 macrophages were plated out at a density of 1
x 10* cells/well on a 96 well plate. After 4-24 h incubation at 37 °C macrophages attached to
the bottom of the plate and 1.5 x 10° GFP* hMB lymphoma cells/well were added. Respective
co-culture was treated for 16-17 h with different concentrations of tyrosine kinase inhibitors
and monoclonal antibodies (alemtuzumab 10 pg/ml, rituximab 20 pg/ml, obinutuzumab 1
png/ml) in combination or as mono therapy (Figure 5). Each condition was performed with five
technical replicates. For the determination of ADCP GFP* hMB lymphoma cells were measured

via the MACSQuant VYB flow cytometer. The percentage of ADCP was calculated as follows:

cellls treated

_ 3
100 — (100 * olls )
m untreated
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Inhibitor  Therapeutic antibody
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ADCP assay

Figure 5 ADCP set-up
Co-culture of macrophages and hMB “double hit” lymphoma cells treated with therapeutic antibody and tyrosine
kinase (TK) inhibitor.

6.3.1 ADCP assays with murine primary peritoneal macrophages

Murine primary peritoneal macrophages from C57BL/6J mice were harvested and cultivated as
described in chapter 6.2. For the ADCP assays primary peritoneal macrophages were plated out
at a density of 5 x 10% and co-cultured with hMB lymphoma cells and treated as described above
(6.3).

6.3.2 ADCP assay with primary CLL patient cells

For the ADCP assays with primary CLL patient samples, CLL cells were thawed 2-4 h prior to
the experiment and pre-treated for 24 h with different concentrations of ibrutinib. Afterwards,
5 x 10° CLL cells/well were co-cultured with J774A.1 macrophages as described in chapter 6.3.
Here, the co-culture was treated with alemtuzumab for 2 h and then CLL cells were stained
with CD19 FITC fluorescent antibody for 15 min at 4 °C before measurement by flow
cytometry. Since the CLL patient cells show a low proliferation rate ex vivo and to better
determine the additional effect of alemtuzumab antibody treatment the ADCP was calculated

as follows:

cellls treated with alemtuzumab

100 — (100 )

cells
T without alemtuzumab treatment

Here, the remaining cells/pl of the co-culture treated with alemtuzumab are normalised against
without alemtuzumab treatment. In contrast, the calculation in chapter 6.3 normalise the

remaining cells/pl of the co-culture with treatment against without any treatment.
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6.3.3 Pre-treatment of hMB and J774A.1 macrophages for the ADCP assays

For the pre-treatment ADCP assays, 1 x 10° J774A.1 macrophages/ml and 2.25 x 10° hMB
lymphoma cells/ml were pre-treated with different concentrations of respective tyrosine kinase
inhibitors for 24 h. Afterwards the cells were scraped off and washed twice with 3 ml media by
centrifuging at 300 g for 5 min. Then cells were counted and plated out for ADCP assay as
described above (6.3).

6.3.4 Generation of conditioned media for the ADCP assays

For the generation of conditioned media 1.5 x 10° hMB cells/ml were incubated with different
concentrations of respective tyrosine kinase inhibitors in 10 ml media for 24 h. Afterwards, the
inhibitor was washed off in two centrifugation steps with 3 ml media at 300 g for 5 min and the
pellet was resuspended in 10 ml fresh media for another 24 h. After 24 h, the supernatant was
passed through a 0.45 um filter. The ADCP assay was performed according to 6.3. To generate
conditioned media of hMB JAK2 knock out (KO) cells, respective cells were incubated in fresh

media for 24 h and the supernatant was directly taken and filtered as described above.

6.3.5 Isolation of extracellular vesicles (EVs) for the ADCP assays

To isolate EVs for the ADCP assays, 5 x 102 hMB lymphoma cells were plated out in 30 ml
CD293 media on a 15 cm cell culture dish and incubated for 24 h at 37 °C. Next, the cells were
centrifuged for 5 min at 300 g. In the following steps the supernatant was taken and centrifuged
again, first for 10 min at 2,900 rpm and then again for 20 min at 3500 rpm. The supernatant of
the last centrifugation was then filtered through a 0.2 um filter. Afterwards, total exosome
isolation reagent (Table 2) was added to the supernatant in a 1:2 ratio and incubated at 4 °C for
24 h. Then the solution was centrifuged for 60 min at 10,000 g at 4 °C. After centrifugation, the
dry pellet was resuspended into 1,200 pl PBS and ultracentrifuged for 110 min at 110,000 g at
4 °C. The respective pellet was resuspended again in 500 pl PBS and EV's were stored prior to
use at -80 °C.

The ADCP assay was performed as described above (6.3) and EVs were added with 5 pl of the

isolated sample per well.
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6.3.6 Phagocytosis F480 staining

In order to calculate the amount of lymphoma cells phagocyted by macrophages, J774A.1
macrophages were plated out at a density of 1 x 10° cells in 1 ml media. After 4 h incubation at
37 °C 1.5 x 10° hMB cells in 1 ml media were added. Additionally, 250 pl alemtuzumab (10
pg/ml), and 250 pl of different ibrutinib concentrations were added. After 16 h incubation at 37
°C all cells were blocked with 10 pul Fc-receptor blocking agent for 10 min and afterwards
macrophages were stained with F480 APC antibody for 15 min at 4 °C. GFP* and F480" double

positive cells were measured on BD FACSCanto.

6.4 Toxicity staining

To analyse the influence of tyrosine kinase inhibitors on macrophages, 1 x 10° J774A.1
macrophages were cultivated in 2 ml media with different concentrations of respective tyrosine
kinase inhibitors. After 24 h incubation at 37 °C, macrophages were stained with 100 pl Zombie
NIRMFixable viability staining diluted 1:100 in PBS and incubated for 15 min at RT in the dark.
The Zombie viability staining was measured with the BD FACSCanto.

To analyse the influence of tyrosine kinase inhibitors on lymphoma cells, 1.2 x 10° hMB cells
were cultivated in a 96 well plate in 200 pl BCM with different concentrations of respective
tyrosine kinase inhibitors. After 24 h incubation, hMB cells were either stained with 7AAD
diluted 1:100 in PBS for 15 min at 4 °C or the GFP™ hMB cells were directly measured via
MACSQuant flow cytometer.

All toxicity stainings included a positive control with 10 or 20 % dimethyl sulfoxide (DMSO)
and a negative control considering the influence of the DMSO concentration used as dilution
for the highest tyrosine kinase inhibitor concentration. Moreover, all stainings included three

biological replicates.

6.5 Immunophenotyping

To detect changes in the expression of cell surface markers on macrophages or lymphoma cells
multi-colour fluorescence flow cytometry was used. Thereby, the number of positive

fluorescently labelled cells were calculated as follows:

(Sample stained with fluorescently labelled antibody) - (sample stained with isotype control)
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The median fluorescence intensity (MFI) shows the median surface marker expression profile

across all cells. All stainings were repeated with at least three biological replicates.

6.5.1 Macrophage polarisation marker

In order to measure the influence of tyrosine kinase inhibitors on macrophage polarisation, 2 x
10° J774A.1 macrophages were cultivated in 1 ml media and treated with respective
concentrations of tyrosine kinase inhibitors. After 4 h incubation at 37 °C, 100 ng/ml LPS was
added and incubated for another 20 h. Next, the supernatant was removed, cells were scraped
off, and resuspended in 100 pl PBS with 100 pl Fc-receptor blocking reagent diluted 1:10 in
PBS. After 10 min incubation at 4 °C, M1 and M2 macrophage polarisation markers were
stained with fluorescently labelled antibodies (Table 5) according to the manufacturer’s
instructions and with the recommended isotype for another 10 min at 4 °C. Antibodies that did
not bind to respective markers were washed off at 300 g for 5 min with 1 ml PBS. The pellet
was resuspended in 100 pl PBS and measured with either the MACSQuant X flow cytometer
or the BD FACS Canto.

Table 5 Macrophage polarisation marker FACS-antibodies

Antibody Colour Marker | Supplier

Mouse Argl PE M2 BioLegend, San Diego, USA, #1C5868
Mouse CD206 PE-Cy7 M2 BioLegend, San Diego, USA, #141719
Mouse CD64 PE M1 BioLegend, San Diego, USA, #139304
Mouse CD80 APC M1 BioLegend, San Diego, USA, #104714
Mouse CD86 Phycoerythrin | M1 Milteny Biotech, B. Gladbach,

(PE) Germany, #130-102-604

Mouse MHCII FITC M1 BioLegend, San Diego, USA, #107605

6.5.2 Cell surface marker expression of lymphoma cells

To identify the influence of tyrosine kinase inhibition on cell surface markers of lymphoma
cells, 1.5 x 10° hMB cells were cultured in 100 pl BCM and incubated for 17 h at 37 °C with
respective tyrosine kinase inhibitor concentrations. Afterwards, cells were stained with

fluorescently labelled antibodies (Table 6) according to the manufacturer’s instructions and
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with the recommended isotype for 20 min at 4 °C. Antibodies that did not bind to respective
markers were washed off at 300 g for 5 min with 1 ml PBS. The pellet was resuspended in 100
pl PBS and measured with MACSQuant X flow cytometer.

Table 6 Cell surface marker FACS-antibodies

Antibody Colour Supplier

Human CD20 PE Milteny Biotech, B. Gladbach, Germany,
#130-098-084

Human CD47 PE BioLegend, San Diego, USA, #323109

Human CD52 APC BioLegend, San Diego, USA, #316008

Human PD-L1 (CD274) | Brilliant violet (BV) | BioLegend, San Diego, USA, #329713

6.6 Enzyme-linked immunosorbent assay (ELISA)

In order to measure the influence of tyrosine kinase inhibition on the expression of IL-6, 1L-10
and TNF-a in macrophages and lymphoma cells, ELISA’s were performed. Therefore, 2 x 10°
J774A.1 macrophages and 1.5 x 10° hMB cells were cultivated in 1 ml of respective media and
treated with tyrosine kinase inhibitors for 24 h. Additionally, J774A.1 macrophages were
treated after 4 h with 100 ng/ml LPS. After incubation, the supernatant was centrifuged at 300
g for 5 min and ELISA assay from BioLegend was performed according to the manufacturer’s
instructions. The absorbance was measured with the microplate reader FluoStar Optima.

6.7 Generation of CRISPR-mediated knock-out in hMB cells

To generate hMB lymphoma cells with a KO in BTK and JAK2 the CRISPR/Cas9 system was
used. Therefore, hMB cells expressing Cas9 were generated using an mCherry/Cas9 guide
ribonucleic acid (RNA, #99154, Addgene, Watertown, USA) gifted from Agata
Smogorzewska. Afterwards, the mCherry Cas9 expressing hMB cells were transfected with
guide RNAs inducing a KO in BTK (#7707 1-4) or JAK2 (#7572 6-7) and a non-target (#80248)
guide RNA (Addgene, Watertown, USA), all gifted from John Doench and David Root [230].
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6.7.1 Preparation and generation of plasmid guide RNA

Guide RNAs from Addgene were sent in DH50 bacteria as agar stab with resistance to
ampicillin. Therefore, respective bacteria were plated out on a LB-medium plate containing
ampicillin. After incubation over night at 37 °C colonies were picked and resuspended into 150
ml LB-media containing 100 ng/ml ampicillin and incubated in a shaking incubator for another
12-16 h at 37 °C. Next, the plasmid DNA was extracted using the Qiagen Plasmid Plus kit

(Qiagen, Hilden, Germany). The purification and amount of DNA was measured by Nanodrop.

6.7.2 Transduction of virus producing phoenix cells with plasmid DNA

To produce guide RNA containing virus, amphotrophic phoenix cells were transduced with
respective plasmid DNA using the calcium phosphate method. Phoenix cells were normally
kept in DMEM plus 10 % FBS and 1 % P/S. At a density of 80 % cells on the plate the media
was changed to DMEM™ plus 2.5 % FBS and 25 uM chloroquine. Then a mixture was prepared
containing 18.5 pg of respective plasmid DNA, 3 pg PMD2.G, 5 pg PsPax2, 99 ul 2M CaCl»
and filled up with sterile H>O to a total volume of 790 ul. While producing bubbles in this
mixture 790 ul 2xHBS was added dropwise. Afterwards, the whole mixture was given dropwise
to the phoenix cells and incubated for 4 h at 37 °C. Next, the transfection media was aspirated
from the cells and fresh DMEM with 10 % FBS and 1 % P/S was added. After 24 h at 37 °C 80
ul sodium butyrate was added to the cells and incubated for another 24 h. Then, the supernatant
was taken and filtered through a 0.45 um filter. The virus containing media was stored at -80
°C. To the remaining phoenix cells fresh media with sodium butyrate was added and incubated
for another 24 h. Then, supernatant was harvested and filtered again.

6.7.3 Transfection of hMB lymphoma cells with guide RNA containing virus and single cell

sorting

To transfect the hMB lymphoma cells with the guide RNA containing virus, 3 x 10® hMB
cells/well in 3 ml BCM were plated out on a 12 well plate together with 3 ml of virus containing
media and 4 pg/ml polybrene. After spin infection for 2 h at 800 g and 32 °C the cells were
incubated for 48 h at 37 °C. After incubation, the media was changed to BCM and cultured for
4-5 days so that the cells could rest from the spin infection. To select the successfully
transfected cells from the non-transfected cells 5 pug/ml puromycin was added to the BCM and

cultured for 2 weeks.
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To collect single cell clones, selected hMB lymphoma cells were diluted in serial dilution steps
to a concentration of 1 x 102 cells in 200 ml DMEM plus 20 % FBS and plated out with 200
pl/well on five 96 well plates. Expanded clones were sub-cultured in a 24 well plate prior to
protein cell lysis. To validate if the guide RNA knocked out its respective target, western blot
analysis was performed as described in chapter 6.8. For the detection of BTK and JAK2 primary
antibodies from Cell Signaling were used (BTK: D3H5 rabbit mAB #8547; JAK2: D2E12 XP®
rabbit mAB #3230) and afterwards stained with secondary fluorescent dye-labelled antibodies
(LI-COR Biotech., Bad Homburg, Germany). Protein bands were detected at 700 or 800 nm
using the LI-COR Odyssey infrared imaging system. Protein loading was normalised against
glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Densitometry was performed with
Image Studio Lite Ver 5.2 software (LI1-COR Biosciences, Lincoln, USA).

6.8 Western blot analysis

In order to detect proteins of cell lysates or validate KO’s of cell lines western blot analysis was

performed.

6.8.1 Preparation of cell lysates

To perform western blot analysis, 8 x 10® hMB lymphoma cells were lysed with RIPA buffer
containing Halt phosphatase inhibitor and protease inhibitor cocktail, EDTA free diluted 1:100
with RIPA buffer. After 30 min incubation on ice, cells were centrifuged at 13,200 rpm at 4 °C
for 15 min. The supernatant was transferred to a fresh tube and protein concentration was
determined using Pierce BCA Protein Assay from Thermo Fisher and measured with microplate
reader FluoStar Optima.

To analyse phosphorylated proteins by western blot, hMB cells were treated with respective
concentration of tyrosine kinase inhibitors for 1 h and then stimulated with 100 ng/ml rh IFN-
y for another 1 2 h. Afterwards, cells were lysed without adding halt phosphatase inhibitor

cocktail.

6.8.2 SDS polyacrylamide gel electrophoresis (SDS-Page)

For the separation of proteins 10-50 ug of total protein of each sample was separated on pre-
casted gradient gels from BioRad. Prior to loading the samples on the gels, lysates were mixed

with 5 X sample buffer and heated for 5 min at 95 °C. Additionally to the samples, 5 ul of a
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pre-stained protein marker (page ruler) was loaded onto the gel. Protein separation was carried
out in 1 X running buffer on a Mini Protean Tetra Cell apparatus from BioRad for 60-90 min
at 160 V.

6.8.3 Western blotting

To detect proteins and validate hMB KO’s, the separated proteins on the gel were transferred
onto a nitrocellulose membrane in 1 X transfer buffer for 90 min at 100 V and 4 °C using a wet
tank blotting system from BioRad. After protein transfer, the membrane was blocked with 5 %
BSA in TBS for 1 h at RT. Immunoblotting was performed incubating the blocked membrane
with the corresponding primary antibodies (Table 7) diluted in 5 % BSA and TBS-T according
to the manufacturer’s instructions over night at 4 °C. After washing the membrane three times
with TBS-T for 5 min, secondary fluorescent dye-labelled antibodies diluted in Odyssey
blocking buffer (PBS or TBS for pSTAT3 and STAT3) were applied for 1 h at RT in the dark.
Following washing the membrane again, protein bands were detected at 700 or 800 nm via LI-
COR Odyssey infrared imaging system. For the detection of BTK and JAK2, protein loading
was normalised against GAPDH using Image Studio Lite Ver 5.2 software (LI-COR, Lincoln,
USA).

Table 7 Antibodies for the western blotting

Antibody Supplier

BTK D3H5 rabbit mAb Cell Signaling, Danvers, USA, #8547
GAPDH (anti human) Cell Signaling, Danvers, USA, #649202
IRDye goat anti-mouse 680RD/800CW LI-COR Biotech., Bad Homburg, Germany
IRDye goat anti-rabbit 680RD/800CW LI-COR Biotech., Bad Homburg, Germany
JAK2 D2E12 XP® rabbit mAb Cell Signaling, Danvers, USA, #3230
pSTAT3 mouse mAb Cell Signaling, Danvers, USA, #4113
STAT3 rabbit mAb Cell Signaling, Danvers, USA, #12640

6.9 Kinase activity profiling by PamChip peptide microarrays

In order to elucidate kinase activity profiles of treated cell lysates PamChip peptide microarrays
from PamGene (International B. V., Netherlands https://www.pamgene.com/en/pamchip.htm)
were used.
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6.9.1 Cell lysate preparation and protein quantification

For the lysate preparation 5 x 10° hMB, J774A.1 macrophages, or CLL patient cells were
treated for 6 h with either 1 uM ibrutinib, acalabrutinib or tirabrutinib. Afterwards cells were
washed with PBS and centrifuged for 5 min at 300 g. Next, 100 ul M-PER lysis buffer with 1
pl Halt Phosphatase Inhibitor Cocktail and 1 pl Halt Protease Inhibitor Cocktail, EDTA free
was given to the cell pellet and incubated for 15 min on ice. Then the cell pellets were
centrifuged for 15 min at 16,000 g at 4 °C. The supernatant containing the proteins was
transferred into a fresh tube and frozen at -80 °C in 10 pl aliquots. Protein concentration was
determined using Pierce BCA Protein Assay from Thermo Fisher and measured with the

microplate reader FluoStar Optima.

6.9.2 Kinase activity profiling by PamChip peptide microarray

The kinase activity profile of respective lysates was measured via PamChip peptide microarrays
on a Pam Station 12 (PamGene International B. V., 's-Hertogenbosch, Netherlands
https://www.pamgene.com/en/pamchip.htm). PamChip microarrays contain distinct peptides
with 12-15 amino acids representing different proteins. These peptides get phosphorylated
depending on the kinase activity in the lysates. Phosphorylated peptides are recognised by
phospho-specific PY20 FITC-conjugated antibodies and then detected with a charge-coupled
device (CCD) camera (Figure 6).

For the kinase activity profiling, Protein-Tyrosine kinase (PTK) and Serine/Threonine (STK)
Chips containing 196 and 140 peptides targeting the main kinase families were used. For the
PTK activity profiling 5 ug of total protein concentration was loaded on the chip and dissolved
in 4 ul 10x PK buffer, 0.4 ul 100x BSA, 4 mM ATP, 0.6 pl FITC conjugated antibody, 10 mM
DTT, 4 ul PTK additive and filled up with distilled water to 40 ul total volume (basic mix). All
reagents were supplied by PamGene International B.V. ('s-Hertogenbosch, Netherlands). For
the STK 1 ug of total protein concentration was loaded on the chip and dissolved in 4 pl 10x
PK buffer, 0.4 pl 100x BSA, 4 mM ATP, 0.5 ul STK primary Antibody mix and filled up with
distilled water to a total volume of 35 pl (basic mix). Moreover, 0.4 ul FITC conjugated
antibodies dissolved in 3 pl 10x AB buffer and 26.6 pl water were added after an initial
incubation time (detection mix). Prior to sample loading a blocking step was performed loading
30 pl of 2% BSA. To determine the kinase activity kinetics, the samples were pumped several
times (cycles) through the microarray and imaged at certain cycle passages. For all experiments,
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three biological replicates were performed. CLL patient samples were measured in technical

replicates.
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Figure 6 Kinase activity profiling by PamChip peptide microarray

Target cells were treated with tyrosine kinase (TK) inhibitors for 6 h and the kinase activity of respective cell
lysate was measured via PamChip peptide microarrays on a Pam Station 12 (PamGene International B. V., 's-
Hertogenbosch, Netherlands https://www.pamgene.com/en/pamchip.htm). PamChip microarrays contain distinct
peptides representing different proteins. These peptides get phosphorylated depending on the kinase activity in the
lysates. Thereby, phosphorylated peptides were recognised by fluorescently labelled antibodies and then detected
with a CCD camera. Finally, the peptide phosphorylation outcome was transformed via bioinformatics processing
to a kinase activity profile.

6.10 Animal experiments

Animal experiments were conducted with permission of the Landesamt fuir Natur, Umwelt und
Verbraucherschutz Nordrhein-Westfalen under the file numbers 84-02.04.2016.A119 and
Uniklinik KéIn_Anzeige §4.16.009. For in vivo experiments, NOD.Cg-Prkdc [12rgt™Wil/Sz)
(NSG, Jackson Laboratory, Bar Harbor, Hancock, USA) immunodeficient mice were used. This
mouse model allows to grow human lymphoma by circumventing the problem of species
incompatibility. Furthermore, they accept and tolerate therapy with human specific antibodies.
Mice had ad libitum access to sterile autoclaved normal chowed diet and 2 % H>SO4 acidified

water.

For the experiments, 8-14 weeks old male NSG mice were injected intravenous (i.v.) with 1 x
10° hMB lymphoma cells diluted in 100 pL PBS [226] (Figure 7). Ten days after injection mice
were treated i.p. on three consecutive days with ibrutinib (30 mg/kg), alemtuzumab (day 1, 1
mg/kg; day 2 and day 3, 5 mg/kg), tirabrutinib (30 mg/kg), CTX (day 1 and 3 100 ul PBS; day
2, 1 mg/kg), anti-PD1 antibody (day 1,3, and 5, 10 mg/kg) or 100 ul PBS as control. Agents
were dissolved in PBS, except for ibrutinib that was dissolved in 30 % PEG 400, 0.5 % Tween

80 and 5 % Propylene glycol. After treatment, the health status of the mice were monitored
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according to the German animal experiment committees (Tierversuchsantrag, TVA) score
sheet. Under achievement of humane endpoints, mice were sacrificed by cervical dislocation.

. ~@

Injection of hMB cells
in NSG mice Treatment

I I
Day 0 10-13 End of survival

Figure 7 In vivo set-up

Male 8-14 weeks old NSG mice were injected i.v. with hMB lymphoma cells and treated ten days after injection.
Upon reaching humane endpoints according to the German animal experiment committees (Tierversuchsantrag,
TVA), mice were sacrificed by cervical dislocation.

Since B cells home to the lymph nodes and spleen [72], the spleen and bone marrow were
harvested after cervical dislocation and analysed for the number of GFP* hMB cells,
macrophages, as wells as the expression of human CD47 and PD-L1. Therefore, the spleen and
bone marrow were dissociated with cell strainers in PBS and lysed with 5 ml ACK lysis buffer
for 5 min at RT in the dark. Remaining cells were washed with PBS two times for 5 min at 300
g and again dissociated with cell strainers to avoid clumping of the cells. For the flow
cytometry, samples were stained with anti-mouse F480 APC antibody (BioLegend, San Diego,
USA, #123116), anti-human CD47 PE antibody (BioLegend, San Diego, USA, #323109) and
anti-human PD-L1 BV antibody (BioLegend, San Diego, USA, #329713) for 20 min at 4 °C.

Afterwards, unbound antibodies were washed off for 5 min at 300 g.

6.11 Graphical and statistical analysis

For the data analysis of ADCP assays Microsoft Excel (Microsoft corporation, Redmond,
USA), MACSQuantify (Miltenyi Biotec, Berg. Gladbach, Germany), and FlowJo (FlowJo,
LLC, Ashland, USA) was used. ELISAs were analysed in Microsoft Excel. Image analysis of
western blots were done by Image Studio Lite version 5.2 (LI-COR Biosciences, Lincoln, USA)
and phosphorylation status calculated with Microsoft Excel. The overall survival was evaluated
using SPSS (IBM Deutschland GmbH, Ehningen, Germany).

Statistical comparison between groups was performed using the One-way ANOVA multiple

comparison test in the ADCP assays and flowcytometry, the Kruskal-Wallis test for the non-
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Gaussian distributed data, and the two-tailed unpaired student’s t-test for the ELISA and
flowcytometry data. Kaplan—Meier survival analysis was performed using pairwise Log-rank
(Mantel-Cox) test. Differences were considered statistically significant at p-values less than
0.05 (ns = not significant, p > 0.05; *, p < 0.05; **, p <0.01; ***, p <0.001).

For the Pam Station analysis, Bio Navigator software (PamGene International B. V., 's-
Hertogenbosch, Netherlands) was used to calculate the cycle and time dependent signals into a
single value for each peptide on the chip (exposure time scaling). Furthermore, outliers due to
saturation or insufficient antibody binding were excluded. For further analysis, data were log
transformed calculating the fold change between treated and untreated, and the p-value was
calculated using an unpaired Students’ two-tailed t-test. A p-value of p <0.05 was accepted as
statistically significant. Individual peptides were matched to their representative kinases using
a proprietary database (unpublished; PamGene International B. V., 's-Hertogenbosch,
Netherlands). In brief, this database ranked the likelihood of peptides belonging to kinases using
the public databases PhosphoNET, Phosphosite PLUS, Phospho.elm, UniPROT, Reactome,
and Human Protein Reference Database identifying 384 kinases with 76,068 matches. VVolcano
plots were produced using the Enhanced Volcano package in RStudio (R version 3.3.1).

All graphs were generated using GraphPad Prism 8.00 (GraphPad Software, San Diego, USA)
and Adobe Illustrator CS2 (Adobe Inc., San José , USA). Unless otherwise stated, bar graphs
represent the mean +/- standard deviation (SD) of three biological replicates. Box plots show

the minimal and maximal value, the 25th and 75th quartiles, and the median.
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7 Results

Previously, Pallasch et al. could show that treatment of leukaemia bearing mice with anti-CD52
antibody alemtuzumab induce tumour cell clearance through activation of macrophage effector
cell function and induction of phagocytosis [96]. In addition, they could overcome therapy
resistant microenvironments such as the bone marrow by combining low-dose chemotherapy
with antibody treatment. Since chemotherapeutics show high side effects, small molecule
inhibitors become more and more important in the treatment of B cell malignancies. Here, S.
Henschke ascertained a beneficial interaction of antibody treatment with inhibition of BTK in
the BCR signalling pathway via ibrutinib in tumour cell clearance [225] (chapter 7.1).
Building on these findings, the work within this thesis has investigated and clarified the
mechanisms of BCR inhibition and its interaction with the tumour microenvironment.
Moreover, the work within this thesis focused on the role of BCR-inhibitor off target effects on
B cell lymphoma clearance by macrophage-mediated ADCP.

The major part of this thesis is published in Barbarino et al. [225] as well as in Izquierdo and
Vorholt et al. [231].

7.1 lbrutinib enhances macrophage-mediated ADCP of hMB cells

In order to clarify the potential synergistic interaction between monoclonal therapeutic
antibodies and BCR signalling inhibitors on B cell lymphoma clearance, ADCP assays were
performed. To achieve this, J774A.1 macrophages were used as effector cells and co-cultured
with hMB cells as target cells. Additionally, anti-CD52 antibody alemtuzumab and different
concentrations of ibrutinib were utilised as treatment and added to the co-culture system. After
16-17 h incubation, the remaining GFP* hMB lymphoma cells were measured via flow
cytometry. Here, it was observed that hMB lymphoma cells co-cultured with J774A.1
macrophages showed no basal phagocytosis rate (Appendix Figure 43A). Nevertheless, ADCP
assays were normalised to the level of hMB cells co-cultured with macrophages. In the
following ADCP set ups a concentration of 10 pg/ml alemtuzumab was used as this
concentration was the lowest showing a significant tumour cell clearance by macrophages
(Appendix Figure 43B).

Respective co-treatment of alemtuzumab and ibrutinib enhanced macrophage-mediated
phagocytosis of lymphoma cells with increasing phagocytosis observed with increasing
concentration of ibrutinib (Figure 8A). The increase in combination therapy seems to be

41



Results

synergistic rather than additive, since the mean of the observed ADCP from the combination
therapy (54.64 %) was 10 % higher than the expected ADCP (alemtuzumab monotherapy 29.28
% + ibrutinib monotherapy 14.93 % = 44.21 %). This increase in ADCP was not credited to
cell toxicity induced by ibrutinib and alemtuzumab (Appendix Figure 43C and D). To prove
that ibrutinib explicitly enhanced the phagocytosis of antibody targeted B cell lymphoma cells,
engulfment of GFP* hMB lymphoma cells into F4/80" stained J774A.1 macrophages was
measured (Figure 8B). As expected, increasing ibrutinib concentrations lead to a rising number
of F4/807/GFP* double positive cells. Furthermore, the number of macrophages present under
ibrutinib and alemtuzumab treatment stayed stable, indicating that the increased engulfment of
hMB cells was not due to enhanced macrophage proliferation (Figure 8C).
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Figure 8 Ibrutinib enhance macrophage-mediated antibody-dependent cellular phagocytosis (ADCP).

(A) Box plot showing ADCP of hMB “double hit” lymphoma cells and J774A.1 macrophages treated with
ibrutinib and alemtuzumab. Data are normalised to the co-culture without treatment. (B) Bar graph showing
phagocyted hMB cells by J774A.1 macrophages, measuring GFP* hMB lymphoma cells and F4/80* macrophages
in an ADCP model treated with ibrutinib and alemtuzumab. (C) Bar graph showing F4/80* J774A.1 macrophages
treated with alemtuzumab and different concentrations of ibrutinib. Box plots show the median, the 25th and 75th
quartiles, and the minimal and maximal value. All bar graphs display the average and SEM. Experiments were
performed of at least three biological replicates using flow cytometry. Data were performed together with S.
Henschke. (* p <0.05, *** p <0.001)

To verify the role of the target cell line on ADCP, primary leukaemic cells from CLL patients
were used as target cell line and pre-treated with ibrutinib for 24 h (Figure 9A). Comparing the
ibrutinib treated co-culture with antibody to without antibody therapy exhibited a significantly
enhanced ADCP using low ibrutinib concentrations of 0.01 uM (see calculation in 6.3.2). This
corresponds to concentrations achieved with oral formulation of 420 mg ibrutinib daily [232].
Furthermore, to verify the role of macrophage effector cells on ibrutinib enhanced ADCP,
murine primary peritoneal macrophages were used as effector cell line and revealed a similar

increase in ADCP as measured with J774A.1 macrophages (Figure 9B).
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Figure 9 Ibrutinib increases ADCP using CLL patient cells or primary peritoneal macrophages.

(A) Box plot showing ADCP of CD19* primary chronic lymphocytic leukaemia (CLL) patient cells (N=6 patient
samples) pre-treated ex vivo with ibrutinib for 24 h and co-cultured with J774A.1 macrophages. Alemtuzumab
treatment was applied for 24 h. The graphic shows the relative macrophage-dependent cell death in the presence
or absence of antibody. (B) Box plot showing ADCP of hMB “double hit” lymphoma cells and murine primary
peritoneal macrophages (N=5 mice) as effector cells treated with ibrutinib and alemtuzumab. Data are normalised
to the co-culture without treatment. Box plots show the median, the 25th and 75th quartiles, and the minimal and
maximal value. Experiments were performed of at least three biological replicates using flow cytometry. Data
were performed by S. Henschke. (* = p <0.05, *** =p <0.001)

To address the role of other clinically relevant B cell lymphoma antigen targeting antibodies,
ADCP assays with J774A.1 macrophages, hMB cells, ibrutinib and antibodies targeting CD20
were performed. Here, the increase in ADCP of alemtuzumab in combination with 20 uM
ibrutinib could be reproduced using anti-CD20 antibodies rituximab (Figure 10A) and

obinutuzumab (Figure 10B), with obinutuzumab inducing an overall higher ADCP rate

compared to rituximab.
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Figure 10 Ibrutinib increases ADCP using anti-CD20 antibodies.

Box plot showing ADCP of hMB “double hit” lymphoma cells and J774A.1 macrophages treated with anti-CD20
antibodies Rituximab (A) and Obinutuzumab (B). Data are normalised to the co-culture without treatment. Box
plots show the median, the 25th and 75th quartiles, and the minimal and maximal value. Experiments were
performed of at least three biological replicates using flow cytometry. Data were performed by S. Henschke. (**
=p<0.01, ¥*=p<0.001)

Finally, to demonstrate the positive effect of combination therapy in vivo, hMB cells were
transplanted into 8-14 weeks old male NSG mice resulting in a highly penetrant and aggressive

MYC/BCL2 “double hit” lymphoma. Ten days after transplantation mice were treated i.p. with
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ibrutinib and alemtuzumab in combination or as mono therapy. For the control group mice were
treated with PBS.

Pairwise Kaplan—Meier analysis to the PBS control group revealed a significant increase in
overall survival with alemtuzumab mono therapy (alemtuzumab vs. PBS p = 0.049) as also
previously shown by Pallasch et al. [96] (Figure 11A). In addition, combination treatment of
ibrutinib with alemtuzumab significantly enhanced overall survival of hMB lymphoma carrying
mice (ibrutinib + alemtuzumab vs. PBS p = 0.019). Furthermore, there was a clear but not
significant shift of 1.5 days in the median overall survival comparing combination therapy
(median = 12.5 days) with alemtuzumab mono therapy (median = 11 days), represented by a
lower p-value compared to the PBS control group.

Besides assessment of overall survival the disease burden shortly after therapy onset was
addressed by counting the total amount of GFP* hMB cells in spleen and bone marrow using
flow cytometry (Figure 11B). Here, the number of hMB cells in the spleen was significantly
decreased for the alemtuzumab mono therapy and alemtuzumab plus ibrutinib combination
therapy. Moreover, both treatments nearly eliminated all hMB cells. In contrast, there was no
reduction of hMB cells in the bone marrow with respective treatments, identifying the bone
marrow as a treatment refractory niche as already described by Pallasch et al. 2014 [96].
Counting the amount of F480" macrophages in spleen and bone marrow revealed no change in
macrophage number regarding the different treatments (Figure 11C). In addition, “don’t eat
me” cell surface markers CD47 (Figure 11D) and PD-L1 (Figure 11E) protecting lymphoma
cells from phagocytosis were measured in spleen and bone marrow on hMB lymphoma cells.
Here, the expression of CD47 in the spleen for the alemtuzumab and ibrutinib combination
therapy exhibited a significant decrease. The expression of CD47 in the bone marrow was not
altered. Moreover, PD-L1 expression was significantly increased in spleen with alemtuzumab
mono therapy, whereas the combination with ibrutinib showed no difference to the control.

Once again, the expression of PD-L1 in the bone marrow was not altered.
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Figure 11 Combination treatment of hMB transplanted mice with ibrutinib and alemtuzumab prolongs

survival.

(A) Kaplan-Meier analysis comparing the survival of male hMB transplanted NSG mice receiving ibrutinib and
alemtuzumab as mono therapy or in combination. PBS was used as control. The treatment was given i.p. 10 days
after i.v. hMB cell injection. (B-E) Box plots showing GFP* (B), F4/80* (C), CD47* (D) and PD-L1* (E) cells in
spleen and bone marrow after survival of male hMB transplanted NSG mice treated with ibrutinib and
alemtuzumab in combination or as mono therapy. Box plots (D) and (E) show the MFI on the x-axis. Experiments
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were performed using flow cytometry. All box plots show the median, the 25th and 75th quartiles, and the minimal
and maximal value. (* p <0.05, ** p <0.01 and n.s. = not significant)

In conclusion, the results demonstrate that combination therapy of ibrutinib with monoclonal
antibodies increased macrophage-mediated phagocytosis of B cell lymphoma in vitro and

improved overall survival in vivo.
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7.2 Pre-treatment of hMB cells with ibrutinib can elicit increased ADCP via release of

an acute secretory phenotype polarising and activating macrophages

To clarify the mechanism driving the beneficial effect of combination treatment with ibrutinib
and monoclonal antibodies, the impact of combination therapy on lymphoma target cells

helping in tumour cell clearance was examined.

To validate whether ibrutinib acts via hMB lymphoma target cells, ADCP assays with pre-
treated hMB cells co-cultured with treatment naive macrophages in fresh media were performed
(Figure 12A). In contrast to pre-treating macrophage effector cells with ibrutinib (Figure 15),
pre-treatment of hMB lymphoma cells with 1 and 10 pM ibrutinib significantly increased
ADCP. Additionally, to analyse the influence of soluble factors released by malignant B cells,
conditioned media from ibrutinib pre-treated hMB cells was generated and applied to ADCP
co-culture of treatment naive effector and target cells (Figure 12B). Here, applying the
conditioned media of ibrutinib treated hMB cells could increase antibody-mediated

phagocytosis by macrophages in a similar manner.
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Figure 12 Ibrutinib-mediated improvement of ADCP is conciliated through B cells.

(A) Box plot showing ADCP of ibrutinib pre-treated hMB “double hit” lymphoma cells co-cultured with J774A.1
macrophages, both treated with alemtuzumab (N=2 biological replicates, n=10). (B) Box plot showing ADCP of
hMB cells and J774A.1 macrophages treated with alemtuzumab and conditioned media of ibrutinib pre-treated
hMB cells. Data are normalised to the co-culture without treatment. Box plots show the median, the 25th and 75th
quartiles, and the minimal and maximal value. Unless otherwise stated, experiments were performed with at least
three biological replicates using flow cytometry. Data were performed by S. Henschke. (* p <0.05, *** p <0.001)

To further unravel the impact of conditioned media of ibrutinib treated hMB cells on increased
ADCP, respective media was analysed on secretory released cytokines via ELISA. Therefore,
conditioned media of 20 uM ibrutinib was used to capture the whole spectrum of ibrutinib’s
action. Here, well characterised cytokines involved in pro- and anti-inflammatory responses by
macrophages were selected, with IL-10 representing an anti-inflammatory and pro-tumoral

response and IL-6 and TNF-a representing a pro-inflammatory and anti-tumoral response (see
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introduction chapter 4.4.1.1). Measuring the amount of 1L-10 (Figure 13A), IL-6 (Figure 13B)
and TNF-o (Figure 13C) in conditioned media of ibrutinib treated hMB cells showed a
decreased overall cytokine release compared to the control. Moreover, the effect of conditioned
media of ibrutinib treated hMB cells on the cytokine release of macrophages was examined.
Here, the expression of pro-tumoral IL-10 was not significantly altered, but showed a decreased
tendency (Figure 13D). However, the expression of anti-tumoral IL-6 (Figure 13E) and TNF-a

(Figure 13F) was significantly increased.
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Figure 13 Ibrutinib decrease the cytokine release of hMB lymphoma cells that furthermore change

macrophage polarisation.

(A-C) Box plots show the expression of IL-10 (A), IL-6 (B), and TNF-a (C) of hMB “double hit” lymphoma cells
treated with ibrutinib. (D-F) Box plots show the expression of IL-10 (A), IL-6 (B), and TNF-a (C) of J774A.1
macrophages treated with conditioned media of hMB “double hit” lymphoma cells treated with 20 uM ibrutinib.
Box plots show the median, the 25th and 75th quartiles, and the minimal and maximal value. Experiments were
performed with four biological replicates using ELISA. (** p < 0.01, *** p <0.001)

Besides the positive effect of conditioned media, the impact of ibrutinib on the expression of
antibody antigens CD20 and CD52 needed to be addressed. Using flow cytometry for the
analysis, there was no significant change in CD20 and CD52 percentage or MFI of ibrutinib
treated hMB cells (Figure 14A). Moreover, testing the influence of ibrutinib on the expression
level of the “don’t eat me” signals CD47 and PD-L1 in hMB cells revealed no significant

change in the percentage of positive cells or the MFI (Figure 14B).
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Figure 14 Ibrutinib does not alter the expression of CD20, CD52, CD47, and PD-L1.

Box plots showing the expression of (A) CD20 and CD52 and (B) CD47 and PD-L1 of hMB “double hit”
lymphoma cells treated with ibrutinib. The x-axis displays the number of positive cells (left box plot) and the MFI
(right box plot). Box plots show the median, the 25th and 75th quartiles, and the minimal and maximal value.

Experiments were performed with three biological replicates using flow cytometry. Data of (A) were performed
by S. Henschke.

Taken together, ibrutinib-mediated increase in ADCP depends on the influence of ibrutinib on
hMB target cells. Thereby, ibrutinib induces a secretory component in the malignant B cells
leading to an altered cytokine expression profile of hMB cells that furthermore induces an anti-
tumoral cytokine release by macrophages. The expression of cell surface markers recognising
antibodies and the expression of so called “don’t eat me” signals was not changed on hMB

lymphoma cells due to ibrutinib treatment.
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7.3 Pre-treatment of macrophages with ibrutinib cannot increase ADCP

To further identify the mechanism of action on increased ADCP via ibrutinib it is important to
check the role of treatment on the macrophage effector cell side. Therefore, J774A.1
macrophages were pre-treated with different concentrations of ibrutinib and afterwards co-
cultured with treatment naive hMB lymphoma cells and alemtuzumab (Figure 15). Here, it was
observed that ibrutinib pre-treated macrophages could not further increase ADCP of lymphoma

cells compared to alemtuzumab mono therapy.
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Figure 15 Ibrutinib pre-treatment of macrophages does not influence ADCP.

Box plot showing ADCP of hMB “double hit” lymphoma cells co-culture with ibrutinib pre-treated J774A.1
macrophages, both treated with alemtuzumab. Data are normalised to the co-culture without treatment. Box plots
show the median, the 25th and 75th quartiles, and the minimal and maximal value. The experiment was performed
with three biological replicates using flow cytometry. Data were performed by S. Henschke. (n.s. = not significant)

To determine the influence of ibrutinib on secretory released cytokines by macrophages,
ELISAs were performed. Here, J774A.1 macrophages treated with 20 uM ibrutinib for 24 h
showed a significant increase for IL-10 (Figure 16A) and no change in IL-6 and TNF-a release

(Figure 16B and C).
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Figure 16 Influence of ibrutinib on J774A.1 macrophages.

Box plots show the expression of IL-10 (A), IL-6 (B), and TNF-a (C) of J774A.1 macrophages treated with
ibrutinib. Box plots show the median, the 25th and 75th quartiles, and the minimal and maximal value. Experiments
were performed with five biological replicates using ELISA. (** p <0.01)
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Moreover, the influence of ibrutinib on macrophage polarisation regarding tumour support was
examined, where J774A.1 macrophages were treated with 20 uM ibrutinib for 24 h and checked
for the anti-tumoral M1 and pro-tumoral M2 polarisation markers using flow cytometry (Figure
17). Testing the expression profile of the well characterised M1 polarisation markers CD64,
CD86 and MHCII of J774A.1 macrophages, ibrutinib did not lead to a change in the number of
positive cells nor the MFI (Figure 17A). Whereas the number of CD64 and CD86 expressing
cells was already close to 100 % without treatment. Likewise, measuring the well-known M2
polarisation markers CD206 and Argl showed no significant difference with ibrutinib treatment
(Figure 17B).
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Figure 17 Ibrutinib does not alter macrophage polarisation.

Box plots showing M1 macrophage polarisation marker CD64, CD86 and MHCII (A) and M2 marker CD206 and
Argl (B) of J774A.1 macrophages treated with ibrutinib. The x-axis displays the number of positive cells (left box
plot) and the MFI (right box plot). Here, the MFI is calculated by dividing the value of the stained sample by
isotype control. Box plots show the median, the 25th and 75th quartiles, and the minimal and maximal value.
Experiments were performed with three biological replicates using flow cytometry. Data were performed by S.
Henschke.

These findings suggest that the effect of ibrutinib increased ADCP seems to be independent on

the influence of ibrutinib on macrophage effector cells and their polarisation.
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7.4 Second generation BTK-inhibitors fail to induce increased ADCP

To further confirm the role of BTK inhibition in increased ADCP, different concentrations of
second generation BTK-inhibitors acalabrutinib (Figure 18A) and tirabrutinib (Figure 18B)
were used to perform ADCP assays. Both inhibitors show a higher specificity to BTK resulting
in less off-target inhibition compared to ibrutinib. Interestingly, the increase in ibrutinib’s
antibody-mediated phagocytosis could not be reproduced using second generation BTK-
inhibitors, suggesting that ibrutinib increased ADCP independently of BTK inhibition.
Moreover, acala- and tirabrutinib showed no toxicity to hMB lymphoma cells or J774A.1

macrophages (Appendix Figure 44A-C).
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Figure 18 Second generation BTK-inhibitors does not enhance ADCP.

Box plot showing ADCP of hMB “double hit” lymphoma cells and J774A.1 macrophages treated with
acalabrutinib (A) or tirabrutinib (B) and alemtuzumab. Data are normalised to the co-culture without treatment.
Box plots show the median, the 25th and 75th quartiles, and the minimal and maximal value. Experiments were
performed of at least three biological replicates using flow cytometry. Data were performed together with S.
Henschke. (n.s. = not significant)

Furthermore, the expression of antibody antigens CD20 and CD52 of hMB lymphoma cells
under acala- and tirabrutinib treatment, revealed no difference in the number of positive cells
nor the MFI (Figure 19A). There was also no change in the expression profile of the “don’t eat
me” signal CD47 on hMB lymphoma cells under acala- or tirabrutinib treatment (Figure 19B).
Moreover, the number of PD-L1 positive hMB cells treated with second generation BTK-
inhibitors stayed the same, but the expression level per cell was significantly increased when

treated with acalabrutinib.
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Figure 19 Second generation BTK-inhibitors do not alter the expression of CD20, CD52, CD47, and PD-L1.
Box plots showing the expression of (A) CD20 and CD52 and (B) CD47 and PD-L1 of hMB “double hit”
lymphoma cells treated with acalabrutinib or tirabrutinib. The x-axis displays the number of positive cells (left
box plot) and the MFI (right box plot). Box plots show the median, the 25th and 75th quartiles, and the minimal
and maximal value. Experiments were performed with three biological replicates using flow cytometry. (* p <
0.05)

To evaluate the impact of second generation BTK-inhibitors in vivo, hMB cells were
transplanted into 8-14 weeks old male NSG mice and treated with tirabrutinib alone or in
combination with alemtuzumab ten days after transplantation. For the control group mice were
treated with PBS. Here, combination treatment of tirabrutinib plus alemtuzumab did not lead to
an increase of overall survival (Figure 20A). Moreover, the number of GFP™ hMB cells in the
spleen and bone marrow of mice which received the combination therapy was not affected
(Figure 20B). Besides, the different treatments did not influence the number of macrophages in
the spleen and bone marrow (Figure 20C). Furthermore, combination therapy of tirabrutinib
and alemtuzumab did not alter the expression of the “don’t eat me” signals CD47 (Figure 20D)
and PD-L1 (Figure 20E).
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Figure 20 Combination treatment of hMB transplanted mice with tirabrutinib and alemtuzumab does not

affect survival.

(A) Kaplan-Meier analysis comparing the survival of male hMB transplanted NSG mice receiving tirabrutinib and
alemtuzumab as mono therapy or in combination. PBS was used as control. The treatment was given i.p. 10 days
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after i.v. hMB cell injection. (B-E) Box plots showing GFP* (B), F4/80* (C), CD47* (D) and PD-L1* (E) cells in
spleen and bone marrow after survival of male hMB transplanted NSG mice treated with tirabrutinib and
alemtuzumab in combination or as mono therapy. Box plots (D) and (E) show the MFI on the x-axis. Experiments
were performed using flow cytometry. All box plots show the median, the 25th and 75th quartiles, and the minimal
and maximal value. (* p <0.05, ** p <0.01 and n.s. = not significant)

Since ibrutinib as well as second generation BTK-inhibitors show affinity for other members
of the TEC kinase family such as epidermal growth factor receptor (EGFR) or JAK3 [233], the
next step was to assess via genetic depletion of BTK via KO or knock down (kd) in effector and
target cell lines the role of BTK on ADCP.

Therefore, primary peritoneal macrophages from BTK” C57BL/6 mice — gifted from O.
Fedorchenko — were harvested and co-cultured with wt hMB lymphoma cells. Here, BTK™-
macrophages exhibited a significant increase in ADCP under ibrutinib and alemtuzumab
treatment compared to alemtuzumab mono therapy (Figure 21A). Moreover, performing an
ADCP with hMB BTK kd lymphoma cells and J774A.1 wt macrophages (85 % kd efficiency,
Appendix Figure 44D) revealed no significant difference between alemtuzumab treated wt
hMB cells and alemtuzumab treated BTK kd cells (Figure 21B).

Peritoneal macrophages BTK - hMB BTK kd
80 1 80 1
wt Ctrl. BTKkd
60 60 , ns |
. whx _ RS
- T 1 o
Z_;‘ 104 | m | Z_; 40 4 [ wan | I £4% I
S w S n|  om = =
< L o BE : =
0 == 1 L T U“; T T T T
Alemtuzumab - + + + + Alemtuzumab - + + - &
Ibrutinib [upM] 20 - 1 10 20 Ibrutinib [uM] 10 - 10 10 - 10

Figure 21 Ibrutinib elicits increased ADCP independent of BTK inhibition

(A) Box plot showing ADCP of hMB “double hit” lymphoma cells by combination of alemtuzumab with ibrutinib
using primary peritoneal macrophages obtained from global BTK™" mice as effector cells. (B) Box plot showing
ADCP by combination of alemtuzumab with ibrutinib and wild type (wt) hMB lymphoma cells and hMB with
knock down in BTK. Data are normalised to the co-culture without treatment. Box plots show the median, the 25th
and 75th quartiles, and the minimal and maximal value. Experiments were performed of at least three biological
replicates using flow cytometry. Data were performed together with S. Henschke. (*** p <0.001)

In summary, the data indicate the ADCP-enhancing effects of ibrutinib to be independent of
BTK inhibition in effector and target cells. Leading to the suggestion that one of ibrutinib’s off-

target kinases could be responsible for the observed effect.
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7.5 Kinase activity profiling identifies Janus Kinase 2 & 3 as the main off-targets for
ibrutinib vs. second generation BTK-inhibitors

To pin down the off-target effects of ibrutinib that might be responsible for the synergistic
interaction of ibrutinib and alemtuzumab in increased ADCP, kinase activity profiles using

peptide microarray chips from Pam Station were generated (see methods Figure 6).

To elucidate the reliability of PamChip peptide microarrays, a Bland-Altman plot of two

repeated measurements was created. Thereby, both measurements are compared with each other
by plotting the difference of both measurements (S:-S2) on the y-axis and the average (%)

on the x-axis. The black line indicates the mean of the difference of both measurements and the
red lines show the mean of the difference minus or plus 1.96 x SD.

Analysing the concordance of two repeated measurements of ibrutinib treated hMB lymphoma
cells in a Bland-Altman plot exhibited most values distributed around the mean with only a few

outliers (Figure 22). This indicates a reliable repetition of the experimental set-up.

Difference vs. average: Bland-Altman plot

45

w
E L]
? o2l ‘. +1,96 5D
© P
£ SN et
o 0 - . e -*..----‘-—--
Z . ‘e 2T Mean
= .ol &
> . thd 1,96 SD
3 -,
5 -4+ .
£
) .

-4 3 -2 1 0 1

Average of two measures

Figure 22 Bland-Altman plot of PamChip peptide microarrays.
The plot shows two repeated measurements of 1 pM ibrutinib treated hMB lymphoma cells measured with
PamChip peptide microarrays. The black line indicates the mean of the difference of both measurements and the
red lines show the mean of the difference minus or plus 1.96 x SD.

Another method to evaluate the suitability of high-throughput screenings like the PamChip
peptide microarrays is the calculation of the Z-factor. Thereby, measurements of a positive and
negative control are opposed to each other — here an untreated control against a treated one. The
Z-factor is calculated with the SD (o) and the median (u) of the positive (p) and negative (n)

control:

3(0p + 0,)

Z — factor =1 —
Hp — Un
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A Z-factor over 0.5 indicates a good suitability of the method and a Z-factor lower than 0.5 a
bad suitability.

Calculating the Z-factor of every peptide phosphorylation of hMB lymphoma cells treated with
ibrutinib shows most peptides having a Z-factor over 0.5, suggesting a high suitability.

Z-factor: hMB treated with ibrutinib
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Figure 23 Z-factor of peptide phosphorylation of hMB lymphoma cells treated with 1 uM ibrutinib.
Every dot represents one peptide on the PamChip peptide microarray. The red line indicates a Z-factor of 0.5.

In order to identify off-target effects of ibrutinib, hMB lymphoma cells were treated with
different BTK-inhibitors for 6 h. To measure the phosphorylation of protein tyrosine as well as
serine/threonine kinases, the treated cell lysates were applicated to the peptide microarray chips
(see methods Figure 6). Figure 24A illustrates a volcano plot of BTK-inhibitor treated hMB
lymphoma cells. Every dot indicates a single peptide on the peptide microarray chip. Coloured
dots represent significantly up- or downregulated (log> fold change) peptides compared to the
control. Treating hMB lymphoma cells with ibrutinib or tirabrutinib mainly reduced peptide
phosphorylation (Figure 24A; left and right panel), whereas hMB cells treated with
acalabrutinib showed an up and downregulation of peptides (Figure 24A; central panel). With
bioinformatics processing using the databases PhosphoNET, Phosphosite PLUS, Phospho.elm,
UniPROT, Reactome, and Human Protein Reference Database, the peptide phosphorylation
status can be transformed into a kinase activity profile (Figure 24B). Displaying only the
significantly changed kinases of respective treatments in a VENN diagram, it was observed that
78 significantly altered kinases were shared across all three BTK-inhibitors. Thereby, 176
kinases were only inhibited by ibrutinib, indicating the lower specificity of ibrutinib to BTK
compared to second generation BTK-inhibitors. To find the most important off-targets,
significantly altered kinases were filtered for the kinases having the same cysteine residue as
BTK [233] (Figure 24C). These selected kinases were then attributed to their number of
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significantly changed peptides displayed by the circle size of every kinase. Here, all three BTK-
inhibitors targeted BTK in a similar way. Furthermore, the Janus Kinase (JAK) 2 and 3, as well
as LYN and B lymphocyte kinase (BLK) revealed an enrichment of significantly changed
peptides under ibrutinib treatment compared to second generation BTK-inhibitors. On the other
hand, TEC kinases like SYK or EGFR showed only minimal changes between BTK-inhibitor
treatments.

A ® NS @ Log, Fold Change Sig. & P>0.05 Log, Fold Change NS & P<0.05 @ lbrutinib Sig. @ Acalabrutinib Sig. @ Tirabrutinib Sig.
Ibrutinib Acalabrutinib Tirabrutinib
5 5 5
4 4 4
5 3 E
g3 . g3 g3
Q ._' o a
22 W D 2 =3
3 e 3 g2
s ' - '
! o i 1 -.i;:;‘ 1 -‘1.%
'-% . “t
0 - 0 W 0 E

-5 2.5 0 2.5 5 -10 -5 0 5 10 -10 -5 0 5 10
Log, Fold Change Log, Fold Change Log, Fold Change

B No. of significant kinases
Ibrutinib

Quantification of significant peptides
— [%] from respective kinases between

bicinformatics processing

Transforming significant peptides
into a kinase activity profile via E—
TK-inhibitor samples

Acalabrutinib Tirabrutinib

C Difference to Ibrutinib o
Significant
‘ Peptides [%]

butnb | @ @ @ © © © © o e o @ %

0,

Acalabrutinib | @ . ° ] ] ® ® ® . 15%
® 10%

Tirabrutinio | @ @ e e+ o o ° e 5%

BTK JAK3 JAK2 LYN BLK SYK SRC TEC BMX EGFR 1%

Figure 24 Kinase activity profiling identifies Janus Kinase 2 & 3 as the main off-targets for ibrutinib vs.
second generation BTK-inhibitors.

(A) Volcano plots of significantly changed peptide phosphorylation after ibrutinib (red, n=6), acalabrutinib (blue,
n=3) and tirabrutinib (green, n=3) treatment of hMB lymphoma cells. Each dot represents a kinase peptide
substrate represented on the peptide microarray chip. Coloured dots indicate significantly altered peptides (two-
sided student t-test, p < 0.05; log, fold change < or > 0.5). A negative log, fold change stands for a downregulation
of peptides and a positive log, fold change for an upregulation compared to the control. Acalabrutinib and
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tirabrutinib treated lysates were only applied to PTK chips. (B) VENN diagram showing all significantly changed
kinases of the PTK chips for the respective treatments. (C) Graphic showing ibrutinib (red) off target kinases and
its number of significantly changed peptides. Kinase peptide numbers are sorted from the highest difference to
acalabrutinib (blue) and tirabrutinib (green) to the lowest. Graphics show three biological replicates. Data were
analysed together with S. J. Blakemore.

Likewise, treating CLL patient cells from three different patients with ibrutinib induced
significant downregulation of peptides associated with BTK as well as off-target kinases JAK
2, LYN, BLK, and other TEC kinases (Figure 25A and B). Although the influence of ibrutinib
seems to be generally weaker in CLL patient samples than in hMB lymphoma cells (Figure
24C), none of the ibrutinib treated CLL patient samples showed off-target inhibition of JAK3
as it was exhibited in hMB samples treated with ibrutinib (Figure 24C).
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Figure 25 Kinase activity profiling of ibrutinib treated CLL patient cells.

(A) Volcanoplot of significantly changed peptide phosphorylation after treatment of CLL patient lymphoma cells
with ibrutinib. Each dot represents a kinase peptide substrate on the peptide microarray chip. Couloured dots
indicates significantly altered peptides (two-sided student t-test, p < 0.05; log. fold change < or > 0.5). A negative
log, fold change stands for a downreagultion of peptides and a positive log. fold change for an upregulation
compared to the control. (B) Graphic showing ibrutinib off target kinases and its number of significantly changed
peptides. Graphics show three technical replicates. Data were analysed together with S. J. Blakemore.
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Testing off-target kinases in ibrutinib treated J774A.1 macrophage effector cells revealed only
one significantly reduced peptide belonging to the kinase Ret (Figure 26). This data underlines

the missing increase in ADCP when pre-treating macrophages with ibrutinib (Figure 15).
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Figure 26 Kinase activity profiling of ibrutinib treated J774A.1 macrophages reveals one off target kinase.
Volcanoplot of significantly changed peptide phosphorylation after treatment of J774A.1 macrophages with
ibrutinib. Each dot represents a kinase peptide substrate represented on the peptide microarray chip. Couloured
dots indicates significantly altered peptides (two-sided student t-test, p < 0.05; log, fold change < or > 0.5). A
negative log, fold change stands for a downreagultion of peptides and a positive log, fold change for an
upregulation compared to the control. Graphics show three biological replicates. Data were analysed together with
S. J. Blakemore.

In conclusion, ibrutinib shows off-target inhibition that is not present in second generation
BTK-inhibitors. Thereby, suggesting JAK2 amongst others to be an important off-target kinase
of ibrutinib, and therefore potentially be the responsible kinase for the increased macrophage-

mediated phagocytosis of lymphoma cells.
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7.6 JAK inhibition enhances macrophage-mediated ADCP

In order to elucidate which off-target kinase of ibrutinib plays a role in macrophage-mediated
ADCP, a TEC kinase inhibitor library was generated and in vitro ADCP assays were performed

with respective inhibitors.

As expected from the results of the kinase activity profiling, inhibition of bone marrow kinase
on chromosome X (BMX; CHMFL-BMX-078, Figure 27A), EGFR (erlotinib, Figure 27B) and
SYK (entospletinib, Figure 27C) in hMB and J774A.1 co-culture, did not influence ADCP. In
addition, none of the kinase inhibitors showed toxicity to the hMB lymphoma cells in the used
concentrations (Appendix Figure 45A, B and C). However, inhibition of JAK1/2 via ruxolitinib
(Figure 27D) induced a significant increase in macrophage-mediated ADCP. Moreover,
inhibition of JAK2/3 with tofacitinib (Figure 27E) and inhibition of pan-JAK with SP600125
(Figure 27F) led to a significant improvement of ADCP with increasing phagocytosis observed
with increasing concentrations. Notably, none of the inhibitors displayed direct cytotoxicity or
induction of apoptosis to hMB lymphoma cells at the used concentrations (Appendix Figure

45D, Eand F).
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Figure 27 JAK inhibition enhances macrophage-mediated ADCP.

Box plots showing ADCP of hMB “double hit” lymphoma cells and J774A.1 macrophages treated with
alemtuzumab and CHMFL-BMX-078 (BMX-inhibitor, N=2 biological replicates, n=10) (A), erlotinib (EGFR-
inhibitor) (B), entospletinib (SYK-inhibitor, N=2 biological replicates, n=10) (C), ruxolitinib (JAK1/2-inhibitor)
(D), tofacitinib (JAK2/3-inhibitor) (E), or SP600125 (pan-JAK-inhibitor) (F). Data are normalised to the co-
culture without treatment. All box plots show the median, the 25th and 75th quartiles, and the minimal and maximal
value. Unless otherwise stated experiments were performed of at least three biological replicates. (n.s. = not
significant, * p <0.05, ** p<0.01 and *** p <0.001)
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To validate the influence of the different BTK and JAK-inhibitors on the JAK/STAT signalling
pathway and their effect on ADCP (see introduction 4.4.1.3), western blot analysis with
phosphorylation of downstream STAT3 in hMB lymphoma cells was performed (Figure 28A).
Thereby pSTAT3 and STAT3 have an atomic mass unit of 86 kDa. Illustrating the percentage
of phosphorylated STAT3 in hMB treated with respective inhibitors, showed no or just a slight
change in pSTAT3 for the second generation BTK-inhibitors acalabrutinib and tirabrutinib
compared to the untreated control (Figure 28B). On the other hand, hMB cell treatment with
BTK-inhibitor ibrutinib led to less activated STATS3, indicating its off target interaction with
the JAK/STAT signalling pathway. Moreover, treating hMB cells with tofacitinib and
ruxolitinib decreased the phosphorylation of STAT3 the most.
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Figure 28 Phosphorylation of STAT3 in B cells differs between BTK-inhibitors of the first and second
generation and JAK:is.

(A) Representative western blot image displaying the expression of STAT3 and pSTAT3 (86 kDa) of hMB “double
hit” lymphoma cells treated with 20 pM acalabrutinib, tirabrutinib, ibrutinib, and 10 uM tofacitinib and ruxolitinib.
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hMB cells were stimulated with rh IFN-y. (B) Graph comparing the percentage of phosphorylated STAT3 of (A)
between different treatments.

In summary, JAK seems to be an important off-target of ibrutinib playing a central role in
enhancing macrophage-mediated ADCP.

7.6.1 JAK2 KO in hMB cells improves ADCP via release of an acute secretory phenotype and
downregulation of PD-L1

To verify the mechanistic influence of JAK inhibition on enhanced macrophage-mediated
ADCP, hMB lymphoma cells were pre-treated with ruxolitinib (Figure 29A) or tofacitinib
(Figure 29B) and co-cultured with J774A.1 macrophages and alemtuzumab. Here, only pre-
treatment of hMB lymphoma cells with ruxolitinib leads to significantly enhanced tumour cell
clearance.

Since the kinase activity profile of ibrutinib treated hMB cells indicated JAK2 as a potential
off-target (Figure 24 and Figure 25), the specific JAK2 influence on increased ADCP needed
to be addressed. Therefore, JAK2 deficient hMB lymphoma target cells were generated using
the CRISPR/Cas9 system (Appendix Figure 45G). Thereby, JAK2 KO and non-target (NT)
lymphoma cells co-cultured with J774A.1 macrophages showed no basal phagocytosis rate
(Appendix Figure 45H). In the ADCP assay, JAK2 KO cells treated with alemtuzumab were
significantly enhanced phagocyted compared to JAK2 wt cells treated with alemtuzumab
(Figure 29C). Furthermore, the enhanced ADCP of JAK2 KO hMB and alemtuzumab could not

be improved by co-treatment with either ibrutinib or tofacitinib.
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Figure 29 JAK2 in B cells is responsible for the increase in ADCP.

Box plots showing ADCP of ruxolitinib (A) and tofacitinib (B) pre-treated hMB “double hit” lymphoma cells co-
cultured with J774A.1 macrophages, both treated with alemtuzumab. (C) Box plot showing ADCP of JAK2 KO
vs. empty vector control transduced, wild type (wt) hMB lymphoma target cells and J774A.1 macrophages treated
or not treated with JAK2-inhibitor tofacitinib, BTK-inhibitor ibrutinib and alemtuzumab (N=2 biological
replicates, n=10). Data are normalised to the co-culture without treatment. Box plots show the median, the 25th
and 75th quartiles, and the minimal and maximal value. Unless otherwise stated experiments were performed with
at least three biological replicates using flow cytometry. (** p <0.01, *** p <0.001 and n.s. = not significant)

To validate these findings in vivo, hMB wt and hMB JAK2 KO cells were transplanted into 8-
14 weeks old male NSG. Ten days after transplantation mice were treated i.p. with
alemtuzumab or PBS for the control group. Here, mice transplanted with JAK2 KO hMB
lymphoma cells showed an increased survival compared to mice transplanted with hMB NT
empty vector control cells (PBS JAK2 KO vs. PBS NT p = 0.013) (Figure 30). Moreover,
alemtuzumab treatment of JAK2 KO hMB transplanted mice induced a moderate but not
significant increase in survival (alemtuzumab JAK2 KO median = 28.5 days vs. PBS JAK2 KO
median = 24 days, p = 0.277). Additionally, one JAK2 KO hMB transplanted mouse treated
with alemtuzumab was alive until day 182 — the end of the experimental set up. This data shows

an additional effect of JAK2 KO hMB cells in vivo.
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Figu_re 30 Combination treatment of hMB JAK2 KO transplanted mice with alemtuzumab prolongs
f(LIa?/I%%k/Ieier analysis comparing the survival of male hMB non-target (NT) or hMB JAK2 KO transplanted NSG
m!ce _receiving alemtuzumab. PBS was used as control. The treatment was given i.p. 10 days after i.v. hMB cell
injection.

Since treating lymphoma cells and macrophages only with conditioned media of ibrutinib
treated hMB cells increased ADCP (Figure 12B), ADCP assays with conditioned media of
ruxolitinib (Figure 31A) or tofacitinib (Figure 31B) treated hMB lymphoma cells were
performed. Here, conditioned media of ruxolitinib and tofacitinib treated hMB could not
enhance ADCP. However, treating the co-culture with conditioned media generated from JAK2
KO hMB increased ADCP (Figure 31C). These data indicate that JAK2 KO hMB cells release

an acute secretory activating phenotype that increase ADCP.
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Figure 31 Conditioned media of JAK2 KO cells improve ADCP.

(A) Box plot showing ADCP of hMB “double hit” lymphoma cells and J774A.1 macrophages treated with
alemtuzumab and conditioned media of ruxolitinib (A) and tofacitinib (B) treated hMB cells and conditioned
media of hMB JAK2 KO cells (C) (N=2 biological replicates, n=10). Data are normalised to the co-culture without
treatment. Box plots show the median, the 25th and 75th quartiles, and the minimal and maximal value. Unless
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otherwise stated experiments were performed with three biological replicates using flow cytometry. (* p < 0.05,
*%% p <0.001 and n.s. = not significant)

To further analyse the impact of conditioned media used in Figure 31 on ADCP, tumour
supporting 1L-10 and anti-tumoral IL-6 and TNF-a was measured. Conditioned media of
ruxolitinib treated hMB cells presented a decreased expression of all cytokines (Figure 32). The
same effect was observed when analysing respective cytokines in conditioned media of
ibrutinib treated hMB cells (Figure 13). Moreover, checking the expression of cytokines
released from JAK2 KO hMB lymphoma cells revealed an increased expression of TNF- a
(Figure 32C).
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Figure 32 JAK2 inhibition and KO in B cells leads to a change of IL-10, IL-6 and TNF-a expression.

Box plots show the expression of IL-10 (A), IL-6 (B), and TNF-a (C) of hMB “double hit” lymphoma cells treated
with ruxolitinib and hMB JAK2 KO cells. Box plots show the median, the 25th and 75th quartiles, and the minimal
and maximal value. Experiments were performed with four biological replicates using ELISA. (* p < 0.05 and **
p<0.01)

Furthermore, analysing the expression of antibody antigens CD20 and CD52 on hMB
lymphoma cells under ruxolitinib and tofacitinib treatment, revealed no difference in the
number of positive cells or the MFI compared to the untreated control (Figure 33A). Moreover,
JAK2 KO hMB cells showed no change in the expression of CD20 (Figure 33B) whereas the
number of CD52 positive cells and the expression per cell (MFI) was significantly

downregulated compared to wt hMB.
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Figure 33 JAK2 inhibition in B cells does not alter the expression of CD20 and CD52.

(A) Box plots showing the expression of CD20 and CD52 of hMB “double hit” lymphoma cells treated with
ruxolitinib or tofacitinib. (B) Box plots showing the expression of CD20 and CD52 of hMB JAK2 KO lymphoma
cells. The x-axis displays the number of positive cells (left box plot) and the MFI (right box plot). Box plots show
the median, the 25th and 75th quartiles, and the minimal and maximal value. Experiments were performed with
five biological replicates using flow cytometry.

To examine the role of “don’t eat me” signals, the expression of CD47 and PD-L1 on hMB
cells under JAK2 inhibition and the expression of respective markers on hMB JAK2 KO cells
was measured (Figure 34). Treating hMB lymphoma cells with ruxolitinib or tofacitinib
revealed no altered expression of CD47 or PD-L1 (Figure 34A). However, the expression of
CDA47 in number of positive cells was slightly increased in JAK2 KO hMB (Figure 34B). In
contrast, the number of positive PD-L1 cells was strongly decreased in JAK2 KO hMB cells.
The expression of CD47 and PD-L1 per JAK2 KO hMB cell was unaltered compared to wt
hMB cells.
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Figure 34 JAK2 KO in B cells decrease the expression of PD-L1.

(A) Box plots showing the expression of CD47 and PD-L1 of hMB “double hit” lymphoma cells treated with
ruxolitinib or tofacitinib. (B) Box plots showing the expression of CD47 and PD-L1 of hMB JAK2 KO cells. The
x-axis displays the number of positive cells (left box plot) and the MFI (right box plot). Box plots show the median,

the 25th and 75th quartiles, and the minimal and maximal value. Experiments were performed with three biological
replicates using flow cytometry.

In conclusion, the synergistic effect of ibrutinib and monoclonal antibody therapy on ADCP is
caused by JAK2 off-target inhibition. Thereby, JAK2 influence hMB lymphoma cells due to
altered cytokine release and decreased PD-L1 expression. Moreover, the impact of JAK2

deficiency and combined monoclonal antibody therapy could improve in vivo overall survival
of NSG mice.

7.6.2 Pre-treatment of macrophages with JAK-inhibitors improve ADCP and change
macrophage polarisation and activity

To verify the role of macrophage effector cells on increased ADCP with JAK inhibition,
J774A.1 macrophages were pre-treated with ruxolitinib (Figure 35A) or tofacitinib (Figure
35B) and co-cultured with treatment naive hMB lymphoma cells and alemtuzumab. Pre-treating
macrophages with both JAK-inhibitors enhanced ADCP of lymphoma cells.
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Figure 35 JAK inhibition only in macrophages leads to an increase in ADCP.

Box plots showing ADCP of ruxolitinib (A) or tofacitinib (B) pre-treated J774A.1 macrophages co-cultured with
hMB “double hit” lymphoma cells, both treated with alemtuzumab. Data are normalised to the co-culture without
treatment. Box plots show the median, the 25th and 75th quartiles, and the minimal and maximal value.
Experiments were performed with at least three biological replicates using flow cytometry. (*** p <0.001)

Furthermore, to identify the mechanism of JAK inhibition on macrophages and the impact on
increased ADCP, J774A.1 macrophages were treated with ruxolitinib and the conditioned
media was analysed on secretory released cytokines performing an ELISA (Figure 36). Treating
macrophages with ruxolitinib decreased the expression of tumour supporting 1L-10 (Figure
36A) and increased the expression of anti-tumoral IL-6 (Figure 36B) and TNF-a (Figure 36C).
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Figure 36 JAK inhibition in macrophages leads to a change of IL-10, IL-6 and TNF-a.

Box plots show the expression of IL-10 (A), IL-6 (B), and TNF-a (C) of J774A.1 macrophages treated with
ruxolitinib. Box plots show the median, the 25th and 75th quartiles, and the minimal and maximal value.
Experiments were performed with three biological replicates using ELISA. (* p < 0.05, ** p <0.01 and *** p <
0.001)

Moreover, checking M1 and M2 polarisation markers on J774A.1 macrophages treated with
ruxolitinib showed a slightly decreased number of M1 CD80 positive macrophages (Figure
37A). However, there was no change in the expression of M1 marker CD86. Furthermore,

ruxolitinib increased the MFI of M2 marker CD206 (Figure 37B).
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Figure 37 JAK inhibition slightly affects macrophage polarisation.

Box plots showing M1 macrophage polarisation marker CD80 and CD86 (A) and M2 marker CD206 (B) of
J774A.1 macrophages treated with ruxolitinib. The x-axis displays the number of positive cells (left box plot) and
the MFI (right box plot). Box plots show the median, the 25th and 75th quartiles, and the minimal and maximal
value. Experiments were performed with three biological replicates using flow cytometry. (* p < 0.05)

Taken together, JAK inhibition influence ADCP in modifying the phagocytic activity of
macrophages and their release of cytokines.
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7.7 Resistance of TP53 deficient B cell lymphoma to chemoimmunotherapy is mediated

through EV release and PD-L1 expression

Independently of this thesis, we — the Prof. Pallasch laboratory — have evaluated the importance
of TP53 loss on macrophage phagocytic capacity under chemoimmunotherapy, identifying via
in vitro experiments and a multi-omics approach upregulation of PD-L1 on lymphoma B-cells.
Considering the loss of PD-L1 expression on JAK2 KO hMB cells, it was relevant to this thesis
to undertake in vivo experiments to validate these findings, since at least within lymphoma B
cells PDL-1 might represent a central mechanism of inhibiting macrophage phagocytic

capacity.

Chemoimmunotherapy is one standard treatment for B cell malignancies [14]. Thereby, one
important mechanism is the induction of tumour cell clearance by macrophage activation [96],
[234], [235]. However, resistance to chemoimmunotherapy occurs — mainly induced by
additional mutations like the loss of TP53 [195], [196]. Recently, we demonstrated that the loss
of TP53 in B cell lymphoma leads to a reduced macrophage phagocytic function by repressing
genes responsible for the phagocytosis [231], [236]. Furthermore, we showed via proteomic
analysis that in TP53 B cell lymphoma the actin cytoskeleton formation and the release of EVs
is altered. Thereby, EVs secreted by TP53 deficient B cell lymphoma reduced anti-tumour

effector function of macrophages.

In order to validate the role of EVs on tumour cell clearance in TP53 B cell lymphoma in vivo,
the NSG mouse model was used. Therefore, TP53 B cell lymphoma with a KO in RAB27A were
generated — losing the ability to release EVs [237]. For the in vivo experiments,
shTP53/RAB27A-KO hMB cells and shTP53/RAB27A-wt hMB cells were transplanted into 8-
14 weeks old NSG mice. Ten days after transplantation mice were treated i.p. with CTX and
alemtuzumab or PBS as control. Here, mice transplanted with RAB27A-KO cells (green lines)
exhibited a significant longer overall survival compared to RAB27A-wt mice (black lines)
(Figure 38). Moreover, mice transplanted with shTP53/RAB27A-KO hMB treated with
chemoimmunotherapy (green dashed line) revealed a significant longer survival than mice
transplanted with shTP53/RAB27A-wt hMB treated with chemoimmunotherapy (black dashed
line, RAB27A KO + CTX + alemtuzumab vs. RAB27A wt + CTX + alemtuzumab p < 0.0001).
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Figure 38 EV secretion from TP53 deficient lymphoma B cells reduce overall survival and response to
chemoimmunotherapy.

Kaplan-Meier analysis comparing the survival of shTP53/RAB27A-KO or wt hMB transplanted NSG mice
receiving CTX and alemtuzumab in combination therapy. PBS was used as control. The treatment was given i.p.
10 days after i.v. hMB cell injection. Data were performed together with E. Izquierdo.

The next step was to understand the mechanism behind the reduced anti-tumour effector
function of macrophages induced by EVs derived from TP53 deficient B cell lymphoma. Here,
we showed that EVs derived from TP53 deficient B cell lymphoma express high levels of PD-
L1 [231]. Moreover, blocking respective PD-L1 with atezolizumab restores the
chemoimmunotherapy induced phagocytic capacity of macrophages [231]. To underline the in
vitro generated data in vivo, shTP53 deficient hMB cells were transplanted into 8-14 weeks old
mice and treated after ten days with CTX, alemtuzumab and anti-PD1 (aPD1, GS-696882)
antibody to block the PD-L1/PD1 axis (Figure 39). NSG mice that got the triple therapy (orange
line) revealed a significantly prolonged survival compared to NSG mice only treated with the
combination of CTX and alemtuzumab (grey line, aPD1 + CTX + alemtuzumab vs. CTX +
alemtuzumab p = 0.023).
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Figure 39 Blocking PD1 improves CTX and alemtuzumab combination therapy of NSG mice transplanted
with TP53 deficient B cells.

Kaplan-Meier analysis comparing the survival of shTP53 transplanted NSG mice receiving anti-PD1 (aPD1), CTX
and, alemtuzumab in combination therapy. PBS was used as control. The treatment was given i.p. 10 days after
i.v. hMB cell injection. Data were performed together with E. Izquierdo.

Moreover, we generated a shTP53 hMB cell line with a PD-L1 KO [231]. Respective cell line
was transplanted into NSG mice and treated with CTX and alemtuzumab or PBS as control
(Figure 40). In general, mice transplanted with shTP53/PD-L1-KO hMB cells (orange lines)
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showed a significant longer overall survival than mice transplanted with shTP53/PD-L1-wt
hMB (black lines). Notably, the overall survival of mice treated with CTX and alemtuzumab
was highly increased in shTP53/PD-L1-KO lymphoma (orange dashed line) compared to
shTP53/PD-L1-wt lymphoma (black dashed line, PD-L1 KO + CTX + alemtuzumab vs. PD-
L1 wt + CTX + alemtuzumab p = 0.005).
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Figure 40 NSG mice transplanted with TP53 and PD-L1 deficient B cells improve CTX and alemtuzumab
combination therapy.

Kaplan-Meier analysis comparing the survival of shTP53/PD-L1-KO or wt hMB transplanted NSG mice receiving
CTX and alemtuzumab in combination therapy. PBS was used as control. The treatment was given i.p. 10 days
after i.v. hMB cell injection. Data were performed together with E. Izquierdo.

Taken together, the in vivo data demonstrated the resistant mechanism from TP53 deficient
lymphoma to chemoimmunotherapy to be mediated due to EVs. In detail, this resistance is
dependent on the expression of PD-L1 in shTP53 lymphoma and can be supressed by
combining chemoimmunotherapy with PD-1/PD-L1 inhibition.

73



Results

7.8 JAK2 inhibition mediated increase in ADCP is independent of EVs

Taken into account, that EVs isolated from shTP53 lymphoma cells inhibited macrophage
phagocytic capacity and JAK2 inhibition in lymphoma cells increased ADCP, the role of EVs
derived from hMB JAK2 KO cells on macrophage-mediated ADCP was examined. Therefore,
EVs from JAK2 KO and NT hMB cells were isolated and co-cultured with alemtuzumab, hMB
cells, and J774A.1 macrophages. Neither EVs derived from NT hMB cells, nor EVs derived
from JAK2 KO hMB cells improved ADCP (Figure 41A). Moreover, EVs of both lymphoma
lines showed no toxicity to hMB cells (Figure 41B).
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Figure 41 JAK?2 inhibition mediated increase in ADCP is independent of EVs.

(A) Box plot showing ADCP of hMB “double hit” lymphoma cells and J774A.1 macrophages treated with
alemtuzumab and EVs generated from hMB, hMB JAK2 KO cells and cells with the non-target (NT) control. Data
are normalised to the respective co-culture without treatment. (B) Box plot showing GFP* hMB cells treated with
EVs generated from hMB, hMB JAK2 KO cells and hMB cells with the non-target (NT) control. Box plots show
the median, the 25th and 75th quartiles, and the minimal and maximal value. Experiments were performed with
three biological replicates using flow cytometry. (n.s. = not significant)
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8 Discussion

In B cell malignancies inhibition of the BCR signalling pathway using BTK-inhibitors like
ibrutinib became a very important therapeutic strategy [56]. Additional combination of small
molecule inhibitors with monoclonal antibodies have been used in clinical trials with the
molecular understanding of their synergistic interaction lagging behind [211]-[214]. The
mechanisms of beneficial treatment combination need to be addressed not only on the tumour
cell side but also in context of the TME. Here, phagocytosis of antibody-opsonized tumour cells
by macrophages play a major role in the treatment of cancer with immunotherapeutics [144],
[163], [164]. Accordingly, Pallasch et al. could demonstrate that treatment of leukaemia bearing
mice with anti-CD52 antibody alemtuzumab induce tumour cell clearance through activation
of macrophage effector cell function and induction of phagocytosis [96].

Therefore, the work of this thesis clarifies the important role of macrophages in the tumour
microenvironment and their ability to induce phagocytosis of tumour cells influenced by

combination therapy with small molecule inhibitors and monoclonal antibodies.

8.1 Ibrutinib enhances macrophage-mediated ADCP of lymphoma cells

Since, BTK plays a major role in the BCR signalling pathway which promotes the proliferation
and survival of B cells, the inhibition of BTK using ibrutinib was introduced as frontline therapy
for patients with relapsed CLL or small lymphocytic lymphoma (SLL) [206], [212], [238]-
[246]. Moreover, ibrutinib was tested in clinical trials to improve chemoimmunotherapy such
as R-CHOP or bendamustin and rituximab or ofatumumab [209], [214], [247]. Because
chemotherapy shows high side effects in patients, clinical trials were initiated using
combinations such as ibrutinib and anti-CD20 antibody rituximab [211], [212], [248], [249].
Here, the most recent phase Ill clinical trial of Shanafelt et al. demonstrated improved
progression free survival (PFS) in CLL patients treated with ibrutinib and rituximab compared
to patients who received FCR chemoimmunotherapy [211]. Likewise, Dimopoulos et al.
showed a higher PFS with ibrutinib and rituximab combination in patients suffering from
Waldenstrom’s macroglobulinemia [248]. Although, Woyach et al. and Burger et al. revealed
no benefit in PFS treating CLL patients with ibrutinib and rituximab combination [212], [249],
Burger et al. exhibited that patients receiving the combination therapy showed a faster
remission and achieved lower residual disease levels [249]. Taken together, these clinical trials
demonstrate that the understanding of molecular mechanisms in combination therapies like
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ibrutinib and monoclonal antibodies is important to investigate therapeutic strategies.
Moreover, understanding the molecular mechanisms and targeting more specifically could help

in overcoming treatment resistance or preventing side effects.

The work of this thesis has identified a synergistic interaction between monoclonal antibodies
and ibrutinib leading to increased macrophage-mediated ADCP in B cell lymphoma (Figure 8).
Already in the 1980s, researchers demonstrated that monoclonal antibodies stimulate
macrophage infiltration and macrophage-mediated destruction of tumours in vitro and in vivo
[250]-[252]. Subsequently, more recent studies exhibited that anti-CD20 and anti-CD52
antibodies induce macrophage-mediated ADCP in leukaemia and lymphoma [96], [253]-[259].
Here, Church et al. observed the highest increase in phagocytosis using the anti-CD52 antibody
alemtuzumab [253]. However, previous studies have provided conflicting results about the
influence of monoclonal antibodies in combination with ibrutinib on macrophage-mediated
phagocytosis [260]. On the one hand combination of ibrutinib with anti-CD38 antibody
daratumumab increased ADCP in CLL cells [261]. Moreover, TG-1701 — a novel irreversible
BTK-inhibitor — supported anti-CD20-mediated ADCP of ibrutinib resistant mantle cell
lymphoma [262]. On the other hand combination of ibrutinib with anti-CD20 antibodies
impaired ADCP even though, Borge et al. still observed an increased binding of rituximab
opsonized CLL cells to ibrutinib pre-treated macrophages [263], [264]. These contrary results
should be independent of the antibody selection since the work of this thesis demonstrated that
the increase in ibrutinib’s ADCP can be mediated by targeting CD52 with alemtuzumab as well
as CD20 using rituximab and obinutuzumab (Figure 10). However, measuring phagocytosis in
co-culture systems is technically challenging and requires high levels of standardisation

regarding target and effector cell lines as well as suitable treatments.

Addressing the influence of ibrutinib and alemtuzumab combination on different target cell
lines, using hMB “double hit” lymphoma as well as primary CLL patient cells increased ADCP
(Figure 8A and Figure 9A). Importantly, pre-treatment of CLL patient cells showed an increase
in ADCP using low ibrutinib concentrations of 0.01 puM which corresponds to the dose of 420
mg ibrutinib daily used for patients [232]. In contrast, ADCP of hMB cells was improved with
increasing ibrutinib concentrations emphasising the different behaviour of hMB “double hit”
lymphoma and CLL patient cells. The better response of CLL patient cells to low ibrutinib
concentrations might be explained due to their high dependency on BCR signalling, whereas

hMB cells keep the ability to proliferate and avoid apoptosis due to overexpression of the MYC
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and BCL-2 oncogenes [3], [48]. Moreover, hMB cells can proliferate independently, whereas
primary CLL patient cells are strongly reliant on the TME and therefore challenging to keep in
culture [19], [43]. Additionally, performing ADCP assays with primary “double hit” lymphoma
cells to exclude the influence of origin being cell line derived or primary would give further
insights. However, acquiring primary cells from patients is difficult due to disease rarity and
high genetical aberrations.

Although Da Roit and Engelberts et al. as well as Borge et al. used CLL patient cells to perform
phagocytosis assays they could not detect any effect on ADCP [263], [264]. However, in
contrast to this work, they have used different effector cells that might explain the missing effect
in increased ADCP. Prior performing the experiments, they differentiated human monocytes
into macrophages thereby potentially affecting macrophage polarisation and subsequently
FcyR-induced phagocytic activity. In this work both murine J774A.1 macrophages and primary
peritoneal macrophages were used for ADCP assays in which both macrophage types showed
increased ADCP with ibrutinib combination (Figure 8A and Figure 9B).

In general, different types of macrophages can show different ability of phagocytic potential
[265]. Especially, the macrophage polarisation status and subsequent cytokine release altering
macrophage phenotype is one important factor (chapter 4.4.1.1) [106]. Furthermore, it was
reported that BTK is important for phagocytosis, therefore blocking BTK with ibrutinib should
antagonise ADCP by macrophages [263], [266], [267]. Nonetheless, the work of this thesis
observed that the ibrutinib-mediated increase in ADCP is independent on BTK in primary
peritoneal macrophages (Figure 21A). Moreover, kinase activity profiling of J774A.1
macrophages revealed limited effects under ibrutinib treatment (Figure 26). Considering the
findings of the literature, different types of macrophage effector cells could show diverse

dependency on BTK and its influence on phagocytic activity.

Emphasising the beneficial combination of ibrutinib and alemtuzumab in vitro, combination
therapy also improved survival of the humanised mouse model of MYC/BCL-2 “double hit”
lymphoma in vivo (Figure 11A) [226]. Since the used immune deficient NSG mice lack of
mature T cells, B cells, and NK cells, the main effector cells mediating tumour cell depletion
display macrophages [268]. Moreover, it was shown that alemtuzumab binds to the vast
majority of tumour cells in different compartments such as the spleen and bone marrow of NSG
mice and is dependent on the Fc-portion of alemtuzumab [96]. During the experiments, a
difference in the overall survival between male and female mice was observed. This effect could

be explained by the general lower weight of female mice causing a stronger tumour burden and
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disease progression. Additionally, female mice injected with hMB lymphoma cells displayed
bigger ovaries that contained high amounts of GFP* hMB cells of around 38 %. Therefore, in
the following experiments only male mice were considered.

Since B cells circulate between the bone marrow and lymphoid organs, the bone marrow and
spleen were analysed for remaining hMB cells influenced by therapy (Figure 11). Here,
combination treatment of ibrutinib and alemtuzumab as well as alemtuzumab mono therapy
vastly reduced hMB lymphoma in the spleen but not in the bone marrow. The different response
of the spleen and bone marrow was not influenced by a change in macrophage number but can
be explained by the circumstance that the bone marrow represents a niche being refractory
towards therapy. Here, Pallasch et al. supposed that the higher expression of Fc-y receptor 1B
in the bone marrow contributes to the different responses in various organ sites [96], [269].
However, Pallasch et al. could overcome therapy resistance of the bone marrow by combining
alemtuzumab with the cytotoxic agent CTX. Although, other studies observed that ibrutinib
induce an efflux of tumour cells from organ compartments into the blood in CLL patients [270],
this was not detected in the here used mouse model by weekly blood analysis.

Importantly, hMB cells harvested from the spleen showed a significant decrease in the
expression of “don’t eat me signal” CD47 only under combination therapy. This could explain
the beneficial effect of combination therapy in vivo since CD47 prevents phagocytosis of
macrophages by binding to the signal regulatory protein alpha (SIRPa) [143]. In general,
targeting CD47 with therapeutic antibodies becomes more and more relevant in cancer therapies
[271], [272]. Furthermore, combining anti-CD47 antibodies with rituximab revealed synergistic
effects in lymphoma and leukaemia models [255], [273] and would be interesting to test in the
humanised “double hit” lymphoma mouse model as well.

Regarding the “don’t eat me” signal PD-L1, Kondo and Shaim et al. measured a reduced PD-
L1 expression on CLL patient cells under ibrutinib treatment [53]. In the “double hit”
lymphoma model used in this work, no positive influence of PD-L1 expression on hMB cells
under ibrutinib or ibrutinib and alemtuzumab combination therapy was observed. Alemtuzumab
mono therapy even exhibited an increased PD-L1 expression. Since, Kondo and Shaim et al.
revealed a durable downregulation of PD-L1 after three month post treatment [53] the effect
might not be detected in the NSG mouse model since mice reached humane endpoint before a
possible recovery. Moreover, Breinholt et al. reported that TAMs exhibit the highest PD-L1
expression, whereas B cells rarely express PD-L1 especially in MYC/BCL-2 “double hit”
lymphoma [274]. In general, blocking the PD-1/PD-L1 axis with therapeutic antibodies alone
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or in combination with ibrutinib would be interesting to test as it showed already initial success
in B cell malignancies [222], [275]-[280].

To visualize the observed effects, in vitro phagocytosis could be detected by live cell imaging
as already shown for alemtuzumab mono therapy [96] and human derived macrophages.
Moreover, in vivo mouse numbers should be increased to improve reliability, and in vivo
phagocytosis could be measured by analysing F480/GFP double positive cells in the different
compartments. Additionally, to verify the macrophage-mediated effect of combination therapy
in vivo, clodronate containing liposomes could be used to deplete macrophages in transplanted
NSG mice [281]. For alemtuzumab mono therapy this was already shown in the “double hit”
lymphoma mouse model by Pallasch et al. [96]. A second mouse model like SCID-BEIGE mice
(C.B-17/lcrHsd-Prkdc*dLys"9) could be used to give further insights into tumour development
in different compartments by assessing tumour growth using bioluminescence imaging [164].
Another key model to test the influence of combination treatment would be the CLL Ep-TCL1
mouse model, since it reproduces leukaemia with a certain phenotype that is similar to the
human B-CLL including the responses of the TME [282]. Together with testing different animal
models, unravelling the molecular interactions of phagocytosis mediated by ibrutinib and
antibody combination is important to improve future therapies.

8.2 Ibrutinib increases ADCP via release of an acute secretory phenotype of lymphoma
target cells that polarises and activates macrophages

Phagocytosis can be triggered and improved through a variety of mechanisms including
macrophage polarisation, cell surface marker expression of “don’t eat me” signals or antigens,
cytokine release, exosomes, hypoxia and opsonins [107], [139], [140], [283], [284]. In order to
get a better overview of the individual inhibitors influencing ADCP as wells as cytokine and

surface marker expression Figure 42 summarizes the most important results of this work.
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Figure 42 Overview of the influence of inhibitors on ADCP, cytokine release, and cell surface marker
expression.

(Upper box) Ibrutinib pre-treated macrophages co-cultured with treatment naive hMB cells revealed no increase
in ADCP. Here, ibrutinib did not influence the expression of M1 and M2 cell surface markers but enhanced the
release of IL-10 by macrophages. In contrast, ibrutinib pre-treated hMB cells co-cultured with treatment naive
macrophages increased ADCP. Likewise, conditioned media of ibrutinib treated hMB cells increased ADCP
showing an overall decreased cytokine expression. Respective conditioned media of ibrutinib treated hMB cells
enhanced the release of TNF-a and IL-6 by macrophages. Treatment of hMB cells with ibrutinib did not influence
the expression of the immune checkpoints CD47 and PD-L1 nor of the antibody markers CD20 and CD52.
Importantly, macrophages and hMB cells with a BTK KO/kd did not affect ADCP. (Middle box) Ruxolitinib pre-
treated macrophages co-cultured with treatment naive hMB cells enhanced ADCP and influenced the cell surface
marker expression as well as the cytokine release of macrophages. Similarly, ruxolitinib pre-treated hMB cells co-
cultured with treatment naive macrophages increased ADCP and influenced the cytokine release of hMB cells.
However, ruxolitinib did not influence the immune checkpoint and antibody marker expression of hMB cells.
Moreover, conditioned media of ruxolitinib treated hMB cells revealed no influence on ADCP. (Lower box) hMB
cells with a KO in JAK2 co-cultured with wt macrophages increased ADCP and influenced the cytokine release
as well as the expression of immune checkpoints and antibody markers of hMB cells. Furthermore, conditioned
media of JAK2 KO hMB cells enhanced ADCP of wt hMB cells. Green coloured shapes indicate an enhanced
effect on ADCP, grey coloured shapes indicate no effect on ADCP, bold arrows describe an up- or down-regulation
of cell surface marker expression and cytokine release.

In our ADCP assays, ibrutinib improved ADCP by directly affecting the hMB target cells
(Figure 12A). Treatment of hMB cells with ibrutinib led to a decreased release of the cytokines
IL-10, TNF- o, and IL-6 (Figure 13A-C). In general, patients suffering from CLL show
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increased cytokine levels that support tumour growth and development [285]. In line with the
results of this work Niemann et al. reported a decrease of respective cytokine levels such as IL-
10 and TNF-a. under ibrutinib treatment suggesting ibrutinib to inhibit the tumour supportive
role of the TME [286]. However, it was reported that 1L-10 secreted from B cell lymphoma
stimulates macrophage-mediated phagocytosis of rituximab-opsonized B-CLL cells [287].
Moreover, others reported that TNF-a and IL-6 also positively influence the phagocytic activity
of macrophages [288], [289]. Consequently, the observed reduction of respective cytokines
under ibrutinib treatment should negatively influence phagocytosis in this set up. Nevertheless,
using only the conditioned media of ibrutinib treated hMB cells increased ADCP (Figure 12B)
and stimulated macrophage polarisation by enhancing the secretion of pro-inflammatory TNF-
a and IL-6 by macrophages (Figure 13D-F). In addition, with the observed effect of conditioned
media of ruxolitinib treated hMB cells that exhibited a similar cytokine secretion profile as
ibrutinib treated hMB cells (Figure 32) but did not increased ADCP (Figure 31) the effect seems
to be mediated through independent secretory components (Figure 42). Therefore, performing
a screening of the secretory elements from ibrutinib treated lymphoma cells using multiple
cytokine arrays would give further insights. Moreover, identifying changed pathways of
macrophages treated with conditioned media from ibrutinib treated and untreated lymphoma
cells using proteomic analysis would further clarify the influence of soluble factors on

macrophage polarisation.

Besides the activation of macrophages via secretory released factors, direct activation by
reprogramming macrophage phenotypes was already initiated using radio- or chemo- and
immunotherapy [284]. There are two strategies to reprogram macrophages: First, blocking M2
stimulating factors via inhibition of STAT3 and 6 [290]-[293] and second, inducing M1
activating factors via stimulation of STAT1, NF«B, and CD40 or PI3Ky deletion [284], [294]-
[300]. Nevertheless, polarising macrophages simply towards an M1-like phenotype does not
necessarily have to induce phagocytosis. Although M1-like macrophages are meant to act anti-
tumoral and M2-like macrophages pro-tumoral. Amongst others, Leidi et al. demonstrated that
M2 macrophages stimulate rituximab-opsonised leukaemic cells more efficiently than M1
macrophages [287], [301], [302]. Here, stimulation of macrophages with the M2-associated
cytokine IL-10 increased their phagocytic ability. In contrast, stimulation with the M2-
associated cytokine IL-4 decreased their phagocytic capacity.

In this work direct treatment of macrophages with ibrutinib revealed no increase in ADCP and

did not change the expression of M1 or M2 polarisation markers on macrophages (Figure 17).
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However, ibrutinib changed the cytokine secretion profile slightly towards an M2-like
phenotype via upregulation of IL-10 (Figure 16). In line with these findings three independent
studies revealed similar impacts on macrophage polarisation under ibrutinib treatment. First,
Colado et al. exhibited that ibrutinib impairs human macrophage polarisation towards M1
[303]. Second, Fiorcari and Maffei et al. exhibited an increased IL-10 release of ibrutinib
treated nurse-like cells protecting CLL cells from apoptosis and phagocytosis [304]. And third,
patients getting ibrutinib treatment showed an enhanced expression of the M2 marker CD206
in monocytic populations in peripheral blood after one month. In contrast, another study
reported a reprogramming of TAMs towards an M1-like phenotype under ibrutinib treatment
in pancreatic cancer [305]. In summary, the findings observed here and the current literature
indicate that every factor influencing phagocytosis needs to be considered separately and in a

continuum of the macrophage polarisation profile.

Besides ibrutinib treatment, monoclonal antibodies per se can also lead to a release of cytokines
influencing treatment response [306]. Therefore, future experiments could include the influence
of monoclonal antibodies on cytokine secretion and macrophage polarisation. Moreover, the
impact of ibrutinib on further cytokines and polarisation markers like TGF-p or CD163 could
be investigated.

Since soluble factors and macrophage polarisation might display only a part of the mechanistic
interactions of ibrutinib and monoclonal antibodies other factors like antigen expression were
addressed. It was reported that BCR-inhibitors including ibrutinib downregulate the expression
of CD20 on tumour cells leading to decreased antibody binding [307], [308]. However, the
influence of ibrutinib on CD20 and CD52 expression on hMB lymphoma cells was unaffected
(Figure 14A). Besides, it was reported that B cells expressing high or low CD20 levels exhibited
no difference in macrophage-mediated phagocytosis of rituximab-opsonised B cells [287].

Likewise, the expression of “don’t eat me” signals CD47 and PD-L1 on hMB cells were not
changed under ibrutinib treatment in vitro (Figure 14B). Studies have reported that on the one
hand ibrutinib reduced the expression of PD-L1 on CLL patient cells mediated through STAT3
inhibition [53] and on the other hand increased PD-L1 expression on CLL cells [309].
Incorporating the in vivo results, the expression of CD47 on hMB cells seems to be only
influenced under combination therapy of ibrutinib plus alemtuzumab. This result demonstrate
the importance of analysing the expression of immune checkpoints like PD-L1 and CD47 in

future clinical studies.
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8.3 Ibrutinib’s increase in ADCP is mediated via off target effects involving JAK2

For the first time, the work of this thesis demonstrated that the synergy of ibrutinib with
monoclonal antibodies leading to increased ADCP was not primarily mediated by BTK
inhibition but rather by targeting off-target kinases such as JAK2 (chapter 7.4-7.6). Using
JAK2-inhibitors instead of ibrutinib could recapitulate the increase in ADCP, identifying the
JAK/STAT signalling pathway as an important mediator for macrophage-mediated

phagocytosis synergising with monoclonal antibodies.

Although, combination therapy of the more specific BTK-inhibitor acalabrutinib with
obinutuzumab showed initial success in CLL patients [310], [311], this work revealed no
synergistic effect in vitro as well as in vivo using acalabrutinib or tirabrutinib in combination
with monoclonal antibodies (Figure 18, Figure 19, and Figure 20). Besides, acalabrutinib
increased the expression of PD-L1 on B cell lymphoma cells preventing macrophage-mediated
phagocytosis as shown in this thesis (Figure 19B) and by M. Schwarzbich [309]. One
explanation for the different response of acalabrutinib plus monoclonal antibodies in CLL
patients could be the lower dependency of the here used aggressive “double hit” lymphoma cell
line on BTK and subsequently sustained BCR signalling. Moreover, the effect of acalabrutinib
with obinutuzumab combination therapy in CLL patients might be mediated through ADCP-
independent mechanisms [312].

Addressing possible off-targets of ibrutinib, Berglof et al. reviewed a set of kinases holding a
cysteine residue in the ATP-binding site that correlates with cysteine 481 of BTK binding to
ibrutinib [233]. Furthermore, using differential kinobeads profiling identified TEC kinase
family members including TEC and BLK as the most potently bound off-target kinases [313].
These off-targets have been reported to play a role in many B cell malignancies and the TME
synergising with BTK inhibition or acting independently [233]. For example, it has already
been shown that ibrutinib inhibits ITK that further abrogate the formation of Th2 cells and
potentiate the anti-tumour immune responses of Thl cells [314], [315].

Many of the known ibrutinib off-target kinases such as BMX, EGFR, or JAK2 and 3 were
identified in this work in “double hit” lymphoma cells as well as CLL patient cells using the
PamStation platform (Figure 24 and Figure 25). Here, JAK2 and 3 exhibited the most

significantly changed target peptides under ibrutinib treatment compared to second generation
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BTK-inhibitors. In contrast, the number of significantly altered peptides belonging to the
kinases BMX or EGFR were similar in all three BTK-inhibitors. Since second generation BTK-
inhibitors revealed no increase in ADCP, this could explain why the inhibition of BMX and
EGFR showed no additional effect on ADCP as well (Figure 27). However, this thesis only
revealed an increase in macrophage-mediated ADCP via inhibition of JAK — specifically JAK2
(Figure 27 and Figure 29). The special role of JAK2 was further confirmed as it was measured
as an ibrutinib off-target in hMB as well as CLL patient cells, whereas off-target JAK3 was
only observed in hMB cells treated with ibrutinib (Figure 24 and Figure 25).

Kinase activity profiling of ibrutinib treated macrophages barely influenced peptide
phosphorylation (Figure 26) supporting ibrutinib’s influence on ADCP mainly via targeting
lymphoma cells as already discussed in chapter 8.2.

Comparing the volcano plots of hMB treated cells, ibrutinib and tirabrutinib showed a primarily
downregulation of peptide phosphorylation whereas acalabrutinib induced and an up- and
downregulation. These results underline that BTK-inhibitors can show different off-target
profiles and therefore potentially act in a different way. Nevertheless, increasing the number of
replicates would give further clarification. Additionally, using other methods such as proteomic
analysis, RNA-sequencing, or microarrays would increase and clarify the spectrum of off-target
inhibition and related pathways. The better ibrutinib’s influence on ADCP and off-target
inhibition is understood, the more precisely ADCP can be achieved for therapy of B cell

malignancies.

In line with the results of this thesis, it has already been shown that ibrutinib modulates the
TME through JAK2 downstream target STAT3 and mediates the suppression of B cell function
in CLL [53]. STATS3 signalling induced by the prognostic CLL biomarker B.-microglobulin
was also suggested to support the TME and therefore the tumour through elevated MDSC levels
[316]. In general, signalling cascade via I1L-6, JAK2, and STAT3 was reported to be active in
many types of cancer [317]-[319] showing a correlation between increased levels of IL-6 and
shorter survival of CLL patients [318]. Dysregulation of the JAK/STAT signalling was also
shown by genetic alterations in multiple genes including, STAT3/5B/6, JAK1/2, and protein
tyrosine phosphatase non-receptor type 1 (PTPN1) in classical Hodgkin lymphoma [320]. In
addition, MYC alterations in plasmablastic lymphoma cooperated with dysregulation of the
JAK/STAT signalling pathway [321]. It was further reported that stimulation of the BCR in
CLL via anti-lgM antibodies activates the JAK2/STATS3 signalling pathway [322]. However,
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in contrast to ibrutinib second generation BTK-inhibitors showed no influence on STAT3
phosphorylation (Figure 28) facilitating ibrutinib’s influence through off-target inhibition.

To further validate that the increase in ADCP with JAK-inhibitors is mediated through the
deactivation of the IL-6/JAK2/STAT3 signalling, tocilizumab could be used. Tocilizumab is a
humanised monoclonal antibody that binds to the IL6R and therefore blocks the stimulation via
IL-6 and downstream activation of JAK2 and STAT3 and tocilizumab is already used as

therapeutic antibody for rheumatoid arthritis [323].

Using JAK-inhibitors such as tofacitinib showed already proven effects in rheumatoid arthritis
and is approved by the FDA (Food and Drug Administration) [324]-[326]. Following, JAK-
inhibitors are investigated as treatment options for B cell malignancies. Here, Hofland and de
Weerdt et al. demonstrated that inhibition of JAK blocked the proliferation of CLL cells [327].
Moreover, it was shown that ruxolitinib improved disease-related symptoms in CLL patients,
induced apoptosis, and decreased lymph node size [328], [329]. However, the concentrations
of JAK-inhibitors used for this thesis did not lead to increased apoptosis and showed no toxicity
on hMB lymphoma cells (Figure 45). Ruxolitinib was also tested in a phase Il clinical trial for
CLL patients but was stopped after high incidences of anaemia and no evidence of reduced
lymphocytosis [329].

As another treatment strategy, direct inhibition of STAT3 was investigated for lymphoma and
leukaemia and revealed tumour regression due to cell cycle arrest or apoptosis [328], [330],
[331]. It was shown that active STAT3 increase the transcription of MYC and anti-apoptotic
BCL-2, therefore regulating proliferation and apoptosis of B cells [161], [332]. In contrast,
Rozovski et al. reported that at very high levels constitutively activated STAT3 can also lead
to apoptosis of CLL cells due to activation of caspase-3 that plays a role in apoptosis [333].
Nevertheless, due to the promising effects of JAK/STAT pathway inhibition in B cell

malignancies, combinatorial treatment options should be further investigated in clinical trials.

Overall, besides JAK2 further kinases could play a supportive role in ADCP such as LYN or
BLK. The kinase activity of LYN in the TME was already reported to play a role in CLL
progression [334]. Here, macrophages with a KO in LYN showed reduced nursing capacity for
CLL cells. This effect was mainly mediated through direct cell contacts. Likewise, it was
reported that reduced BLK expression in C57BL/6-lpr/lpr mice enhance the production of
proinflammatory cytokines [335] potentially stimulating the phagocytic capacity of
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macrophages. Performing ADCP assays with inhibitors for LYN or BLK might reveal
additional kinases that influence macrophage-mediated ADCP.

8.3.1 Increased ADCP of JAK2 KO hMB cells is mediated via release of an acute secretory
phenotype and downregulation of PD-L1

The mechanism of increased ADCP with JAK — specifically JAK2 — inhibition was mediated
through hMB target cells as well as macrophage effector cells (Figure 29 and Figure 35;
overview Figure 42). Here, hMB JAK2 KO target cells mediated ADCP via an acute secretory
phenotype showing an increased expression of pro-inflammatory and anti-tumoral TNF-a
(Figure 31 and Figure 32). This effect was not observed using the JAK-inhibitors ruxolitinib
and tofacitinib that led to an overall decreased cytokine expression.

Decreased expression of pro-inflammatory cytokines such as IL-6 or TNF-a under ruxolitinib
and tofacitinib treatment was also reported by others [328], [336], [337]. Here, the different
reactions of JAK2 KO and JAK2 inhibition on cytokine secretion could be explained due to
long-term effects triggered by the KO but not the inhibitors. Moreover, inhibitors show off-
target effects. For example, ruxolitinib binds to other JAK family members like JAK1 thereby
blocking the release of pro-inflammatory cytokines [338]. Since ibrutinib also mediated ADCP
via the release of an acute secretory phenotype, once more the importance of soluble factors on

influencing macrophage phagocytic activity is emphasised.

Besides the changed cytokine secretion, JAK2 KO hMB cells showed a slight increased
expression of CD47 (Figure 34). However, since the expression of CD47 on wt hMB cells was
already nearly 100 %, the increased CD47 expression on JAK2 KO hMB cells might not affect
phagocytosis in this set up.

Interestingly, JAK2 KO lymphoma cells exhibited a strong decrease of PD-L1 expression that
might further influence macrophage phagocytic activity. Although, ruxolitinib and tofacitinib
revealed no influence on PD-L1 expression after 17 h, Green et al. exhibited a reduction of the
PD-L1 counterpart PD-1 ligand transcription after 24 h in Hodgkin lymphoma cells using
JAK2-inhibitors [339]. Moreover, recent studies showed a correlation of JAK2 activity and
increased PD-L1 expression in tumours [339]-[341]. Here, loss-of-function mutations in
JAK1/2 and the subsequent lack of PD-L1 expression led to a resistance towards anti-PD1
antibody therapy [341]. As reported by Kondo and Shaim et al., JAK2 downstream target and
transcription factor STAT3 mediates the expression of PD-L1 [53]. They also reported that
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ibrutinib decrease the expression of PD-L1 through STAT3 [53]. Although in this work
ibrutinib and JAK-inhibitors revealed no effect on PD-L1 expression, JAK2 KO did. It can be
hypothesised that the inhibition of downstream STAT3 via ibrutinib and JAK-inhibitors was
too short or week to influence PD-L1 expression.

To further examine the influence of PD-L1 on increased ADCP, the PD-1/PD-L1 axis could be
blocked using anti-PDL1 antibody atezolizumab or anti-PD1 antibody GS-696882. In general,
blocking PD-L1 in Ep-TCL1 mice was shown to prevent CLL development [278]. Likewise,
PD-1/PD-L1 block increased macrophage-mediated phagocytosis in vivo suggesting the effect
to be dependent on blocking PD-1 of TAMs [140]. Furthermore, it was reported that TAMs
display the main source of PD-L1 expression [274] mediated via IL-10 [118]. Therefore,
checking the influence of JAK2 inhibition or JAK2 KO on the expression of PD-1/PD-L1 on
macrophages would give further insights.

Interestingly, JAK2 KO hMB lymphoma cells revealed a decreased expression of CD52 (Figure
33) hypothesising alemtuzumab treatment to increase phagocytosis despite very low levels of

CD52 expression.

The beneficial combination of JAK2 deficient lymphoma target cells combined with
monoclonal antibody treatment was also observed in vivo exhibiting increased survival (Figure
30). Likewise, Hao et al. revealed a decreased growth of Hodgkin lymphoma and mediastinal
large B cell lymphoma with selective inhibition of JAK2 in vivo [342]. Here, additional
treatment with monoclonal antibodies could further increase the effect of JAK2 inhibition.
Supporting the benefit of JAK inhibition and antibody treatment, tofacitinib showed an
increased delivery of antibody-based agents to solid tumours and a reduction of tumour-
associated inflammatory cells [336]. Moreover, it was reported that inhibition of the JAK/STAT
pathway led to CLL cell death unaffected by the protective bone marrow microenvironment
suggesting a combination therapy of ibrutinib plus JAK/STAT-inhibitors [318], [337].

Although, complete KO of JAK2 in a mouse model resulted in embryonic lethality at day 12.5
[343], other mouse models like the EUTCL1 model could be tested for JAK2-inhibitor and

alemtuzumab combination therapy.
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8.3.2 Increased ADCP with JAK inhibition in macrophages is mediated through macrophage

activation and polarisation

In contrast to ibrutinib, JAK inhibition in macrophages using ruxolitinib and tofacitinib
increased ADCP by affecting macrophage polarisation. Here, ruxolitinib slightly decreased the
number of CD80 positive macrophages and increased the MFI of CD206 (Figure 37). CD80 is
a known M1 macrophage polarisation marker [344]. Although many studies showed the
importance of CD80 expression on influencing B cell activity, nothing is known about the its
role on macrophage activation [345]. CD206 is an M2 associated polarization marker that
recognises mannose glycoproteins of pathogens [346]. Therefore increased CD206 expression
can lead to increased phagocytosis. Besides cell surface marker expression, macrophages
exhibited a decreased expression of IL-10 and increased expression of TNF-o and IL-6 under
ruxolitinib treatment (Figure 36). Since, IL-10 was reported to positively influence macrophage
phagocytosis, the here observed increase in ADCP could be supported via IL-6 production that
further upregulates the expression of CD206 [288]. Moreover, the increased production of
TNF-a can upregulate the phagocytic activity of macrophages [289].

In general, for macrophage polarisation and cytokine production the JAK/STAT signalling
pathway plays a major role. Activation of the JAK/STAT pathway leads to the transcription of
either anti- or pro-inflammatory genes influencing macrophage activity and cytokine
production [147], [148] (chapter 4.4.1.3). The JAK/STAT signalling cascade via I1L-6, JAK2,
and STAT3 was described to be active in many types of cancer including CLL [317]-[319].
Ruxolitinib as well as tofacitinib seem to inhibit the IL-6/JAK2/STAT3 signalling in
macrophages leading to less anti-inflammatory and more pro-inflammatory cytokine
production. This effect was also observed by Chen et al. demonstrating a reduced anti-
inflammatory, M2 polarisation of macrophages under ruxolitinib treatment in a multiple
myeloma mouse model [347]. The M2 polarisation was documented via increased expression
of the M1 markers CD86 and iNOS as well as decreased expression of the M2 markers Argl
and CD36. Moreover, blocking the M2 phenotype of TAMs via JAK2 downstream targets
STAT3 and STATG using inhibitors like sorafenib, resveratrol, or fenretinide revealed tumour
regression and inhibited angiogenesis [290]-[293]. In contrast, studies also reported that
deletion of STAT3 or inhibition of the JAK/STAT pathway via ruxolitinib in macrophages
promotes therapeutic resistance via increased expression of the pro-tumorigenic factor
cyclooxygenase-2 (COX-2) [348].
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8.4 Chemoimmunotherapy resistance of TP53 deficient B cell lymphoma is mediated
through secretion of EVs and increased PD-L1 expression

Interestingly, we also observed in other projects of the Prof. Pallasch laboratory that PD-L1
plays an important role on treatment response in lymphoma and leukaemia. Previously, Pallasch
et al. reported that chemoimmunotherapy activates macrophage phagocytic capacity through an
acute secretory activating phenotype [96]. Afterwards, we demonstrated that the loss of TP53
prevents the chemoimmunotherapy-induced phagocytic capacity due to increased release of
EVs and PD-L1 expression of shTP53 hMB lymphoma cells [231]. Subsequently, the work of
this thesis further validated that the resistant mechanism from shTP53 lymphoma to
chemoimmunotherapy is also mediated by EVs in vivo (Figure 38). Furthermore, the in vivo
experiments demonstrated that the expression of PD-L1 in shTP53 lymphoma can be
suppressed by combining chemoimmunotherapy with PD-1/PD-L1 inhibition leading to
prolonged overall survival (Figure 39 and Figure 40).

In general, the loss of TP53 is one of the most important resistant mechanism towards
chemoimmunotherapy in B cell malignancies [35], [349]. TP53 plays a major role in the DDR
pathway that regulates cell cycle arrest and apoptosis [64], [65]. Therefore, mutations in the
TP53 gene leads to increased proliferation and tumorigenesis. Moreover, others reported that
loss of TP53 influence the innate immune system promoting a pro-tumoral TME [66], [231],
[350].

In line with the findings of this thesis, the influence of TP53 on the TME can be conciliated
through the release of exosomes that communicate with adjacent cells and cells of the immune
system [283], [351]. It was described that cancer cells with a mutation in TP53 release EVs
including the mutated TP53 protein and subsequently convert fibroblasts into CAFs promoting
tumour growth [352]. Besides tumour cells, tissue-infiltrating macrophages were also reported
to secrete high amounts of EVs after DNA damage [353]. The important role of EVs was
already investigated while observing that EVs derived cancer cells support tumour growth by
polarising macrophages towards an tumour supportive M2-like phenotype [354], [355].
Likewise, miR-1246-enriched exosomes derived from TP53 mutated cancer cells were taken
up by macrophages leading to an M2 polarisation [356].

Importantly, Chen et al. also showed that EVs derived from metastatic melanoma carry the
immune checkpoint ligand PD-L1 that subsequently suppress the immune system [357].
Likewise, Haderk et al. demonstrated that CLL-derived exosomes modulate PD-L1 expression
and cytokine release such as IL-6 on monocytes [358]. Furthermore, PD-L1 was increased in a
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murine DLBCL model with lost TP53 causing immune evasion [359]. Subsequently, blocking
PD-1 activated immune cells like T cells and improved overall survival of respective mice.
Moreover, the upregulation of PD-L1 by lost TP53 and the following immune evasion was also
described in other types of cancer such as lung cancer [360]. Monitoring tumours for TP53
mutations and PD-L1 expression could improve treatment strategies using immune checkpoint
inhibitors as already shown in non-small-cell lung cancer [361], [362].

In general, targeting immune checkpoints like PD-1/PD-L1 with antibodies can reprogram the
immune system and mediate cancer regression [363]. As observed in this work, one important
effect of blocking PD-1/PD-L1 is to activate the phagocytic capacity of TAMs and repress
tumour immunity [140]. Moreover, patients with DLBCL and high expression of PD-L1 on
macrophages or T cells revealed significantly poorer survival after chemoimmunotherapy
[364]. Therefore, in line with the findings of this thesis treatment strategies using anti-PD-L1
antibodies in combination with chemoimmunotherapy should be investigated for patients with
a mutation in TP53 and resulting expression of PD-L1.

Although EVs derived from JAK2 KO “double hit” lymphoma cells revealed no influence on
ADCP (Figure 41), EVs derived from shTP53 lymphoma with an additional KO in JAK2 might
support ADCP since JAK2 KO lymphoma showed less PD-L1 expression (Figure 34B).
Therefore, the role of JAK2 inhibition on TP53 deficient lymphoma cells and the influence on
chemoimmunotherapy resistance should be evaluated. Moreover, it could be tested if NSG mice
engrafted with shTP53 lymphoma cells and additional KO in JAK2 could overcome the TP53-
mediated resistance towards chemoimmunotherapy. In the future, clinical trials could further
investigate the combination of JAK2-inhibitors and chemoimmunotherapy in patients with
mutated TP53.
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9 Conclusion and Outlook

In conclusion, the combination of ibrutinib and monoclonal antibody therapy in B cell
malignancies synergistically interacted with each other increasing macrophage-mediated
ADCP. This increase was independent of the inhibition of BTK. Subsequently, this thesis
demonstrates ibrutinib’s off-target JAK2 to mediate the increase in ADCP via inhibition of the
JAK/STAT signalling pathway — to be more precise via the inhibition of downstream
phosphorylation of STAT3 leading to altered transcription of macrophage phenotype genes
[147]. Moreover, JAK2 deficient B cells showed a decreased PD-L1 expression and an altered
cytokine release that further contributed to increased ADCP and stimulated anti-tumour
responses in the TME.

Besides the macrophage immune response, combination therapy of JAK2 inhibition and
monoclonal antibodies should be further investigated on other cells of the TME such as T cells,
MDSCs, or CAFs. Here, the role of PD-L1 expression on T cells was already reported
influencing neighbouring macrophages and effector T cells in cancer [365]. Therefore,
inhibition of the JAK/STAT signalling pathway via JAK2 or STAT3 inhibition might play an
important role for T cell activation as well. Subsequently, other mechanisms like T cell-
mediated cytotoxicity, chemokine, and interleukin release could contribute to therapeutic
response of B cell lymphoma. Therefore, future clinical trials should consider combination
therapies of JAK/STAT signalling inhibitors such as ruxolitinib with monoclonal antibodies as
new potential treatment strategies for B cell malignancies activating macrophage immune

response.

The important role of PD-L1 on treatment response in lymphoma and leukaemia was also
observed in TP53 mutated lymphoma inducing resistance towards CIT. The work of this thesis
demonstrated that the resistance of TP53 mutated lymphoma cells towards CIT is induced via
the release of extracellular vesicles and PD-L1 expression in vivo. Therefore, combining CIT
with PD-1/PD-L1 checkpoint inhibitors would investigate treatment responses of lymphoma
patients with an additional mutation in TP53. Here, clinical trials investigated already the
combination of R-CHOP with pembrolizumab in PD-L1 expressing DLBCL tumours showing
improved PFS [366]. In general, future clinical trials should include monitoring the expression
of immune checkpoints and EVs regarding possible treatment resistances and to improve

individual treatment strategies.
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Figure 43 Toxicity of ibrutinib and concentration dependent ADCP response of alemtuzumab.

(A) Viability of GFP*hMB “double hit” lymphoma cells co-cultured with J774A.1 macrophages. (B) ADCP assay
with co-culture of hMB lymphoma cells and J774A.1 macrophages treated with different concentrations of
alemtuzumab. (C) Viability of GFP* hMB lymphoma cells treated with ibrutinib and alemtuzumab in combination
or alone. (D) Toxicity staining of ibrutinib treated J774A.1 macrophages with Zombie staining. 10 % DMSO
concentration was used as a negative control. All bar graphs display the average and SEM. Data were performed
together with L. Maller and S. Henschke. (* p <0.05, ** p <0.01 and *** p <0.001)
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Figure 44 Toxicity of acalabrutinib and western blot of h(MB BTK kd.

(A) Toxicity staining of acalabrutinib treated hMB “double hit” lymphoma cells with 7AAD. 10 % DMSO
concentration was used as a negative control. (B) Toxicity staining of acalabrutinib treated J774A.1 macrophages
with Zombie staining. 10 % DMSO concentration was used as a negative control. (C) Viability curve of GFP*
hMB lymphoma cells treated with Tirabrutinib. Tirabrutinib was diluted in DMSO. Therefore, toxicity of DMSO
of 100 puM inhibitor concentration was used as a control. Additionally, 20 % DMSO concentration was used as a
negative control. (D) Western blot of BTK expression in mMCHERRY *-sorted empty vector control versus BTK
vector infected hMB cells. GAPDH serves as loading control. hMB cells showed a knock down of 85 %. All bar
graphs display the average and SEM. Data (A) and (B) were performed by S. Henschke.
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Figure 45 Toxicity of TEC kinase inhibitors and western blot of hMB JAK2 KO.

(A-F) Viability curve of GFP* hMB “double hit” lymphoma cells treated with (A) CHMFL-BMX-078, (B)
erlotinib, (C) entospletinib, (D) ruxolitinib, (E) tofacitinib and (F) SP600125. All inhibitors were diluted in DMSO.
Therefore, toxicity of DMSO of 100 uM inhibitor concentration was used as a control. Additionally, 20 % DMSO
concentration was used as a negative control. (G) Western blot of JAK expression in mCHERRY *-sorted empty
vector control versus JAK2 KO vector infected hMB cells. GAPDH serves as loading control. (H) Basal
phagocytosis of GFP*hMB JAK2 KO and NT cells co-cultured with J774A.1 macrophages. Viability curves show
the mean and SEM. Box plots show the median, the 25th and 75th quartiles, and the minimal and maximal value.
(n.s.=not significant)
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10.2 List of abbreviations

7TAAD 7-Aminoactinomycin D

ACK Ammonium-chloride-potassium
ADCC Antibody-dependent cell-mediated cytotoxicity
ADCP Antibody-dependent cellular phagocytosis
AKT Protein kinase B

ALK Anaplastic lymphoma kinase

ALL Acute lymphocytic leukaemia
AML Acute myeloid leukaemia

APC Allophycocyanin

aPD1 Anti-PD1

APRIL A proliferation-inducing ligand
Argl Arginase 1

BAFF B cell activating factor

BCL B cell lymphoma gene

BCM B cell medium

BCR B cell receptor

BLK B lymphocyte kinase

BLNK B cell linker protein

BMX Bone marrow kinase on chromosome X
BSA Bovine serum albumin

BTK Bruton’s tyrosine kinase

BV Brilliant violet

CaCl» Calcium Chloride Dihydrate

CAF Cancer-associated fibroblast
CART Chimeric antigen receptor T

CCD Charge coupled device

CD Cluster of differentiation

CHK?2 Checkpoint kinase 2

CLL Chronic lymphocytic leukaemia
CLL-IPI CLL International Prognostic Index
CML Chronic myeloid leukaemia
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COX-2 Cyclooxygenase-2

CRISPR Clustered regularly interspaced short palindromic repeats
CSF-1 Colony stimulating factor 1

CTX Cyclophosphamide monohydrate

CXCL C-X-C motif chemokine

DDR DNA damage response

DLBCL Diffuse large B cell lymphoma

DMEM Dulbecco’s Modified Eagle Medium

DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

ECM Extracellular matrix

EDTA Ethylenediaminetetraacetic acid

EGF Epidermal growth factor

EGFR Epidermal growth factor receptor

ELISA Enzyme-linked immunosorbent assay

ERK Extracellular signal-regulated kinase

EV Extracellular vesicle

Fab Antigen-binding fragment

FBS Fetal bovine serum

Fc Crystallisable fragment

FcR Fc receptors

FCR Fludarabine, cyclophosphamide, and rituximab
FDA Food and Drug Administration

FGF Fibroblast growth factor

FITC Fluorescein isothiocyanate

GAPDH Glyceraldehyde 3-phosphate dehydrogenase
GFP Green fluorescent protein

GM-CSF Granulocyte-macrophage colony-stimulating factor
HBS HEPES buffered saline

HGBCL High-grade B cell lymphoma

hMB Humanised MYC/BCL-2 “double hit” lymphoma
HSC Haematopoietic stem cell

i.p. Intra peritoneal
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(A" Intravenous

IFN Interferon

IFNAR Interferon-o/P receptor

IFNGR Interferon-gamma receptor

IGF Insulin-like growth factor

IGHV Ig heavy chain variable region

IL Interleukin

IL10R IL-10 receptor

IL4AR IL-4 receptor

IL6R IL-6 receptor

IMDM Iscove’s Modified Dulbecco’s Medium
iINOS Inducible nitric oxide synthases

ITAM Immunoreceptor tyrosine-based activation motif
JAK Janus kinase

IJNK C-Jun N-terminal kinase

kd Knock down

KO Knock out

LPS Lipopolysaccharide

MAPK Mitogen-activated protein kinase
MDM2 Mouse double minute protein 2

MDSC Myeloid-derived suppressor cell

MFI Median fluorescence intensity

MHC Major histocompatibility complex
M-MDSC Monocyte-related myeloid-derived suppressor cell
mTOR Mechanistic target of rapamycin

NF«xB Nuclear factor kappa-light-chain-enhancer of activated B cells
NK cells Natural killer cells

NO Nitric oxide

NSG NOD.Cg-Prkdc®d|12rg™MWil/Sz]

P/S Penicillin/Streptomycin

PBS Phosphate buffered saline

PD-1 Programmed cell death protein 1
PD-L1 Programmed cell death ligand 1
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PE Phycoerythrin

PEG Polyethylenglykol

PFS Progression free survival

PI3K Phosphatidylinositol-3-kinase

PIP2 Phosphatidylinositol-4,5-bisphosphate

PIP3 Phosphate-idylinositol-3,4,5-triphosphate

PKC Protein kinase C

PLCy2 Phospholipase gamma 2

PRB Retinoblastoma protein

PTK Protein tyrosine kinase

PTPN1 Protein tyrosine phosphatase non-receptor type 1

R-CHOP Rituximab, cyclophosphamide, hydroxydaunorubicin, vincristine, and
prednisone

RIPA Radioimmunoprecipitation assay

RNA Ribonucleic acid

ROS Reactive oxygen species

RPMI Roswell Park Memorial Institute

RT Room temperature

SD Standard deviation

SDS Sodium dodecyl sulphate

SDS-Page SDS polyacrylamide gel electrophoresis

SIRPa Signal regulatory protein a

SLL Small lymphocytic lymphoma

SNARE N-ethylmaleimide-sensitive-factor attachment receptor

SOCS Suppressor of cytokine signalling

STAT Signal transducer and activator of transcription

STK Serine/threonine kinase

SYK Spleen tyrosine kinase

TAM Tumour associated macrophage

TBS Tris buffered saline

TBS-T Tris buffered saline with Tween-20

TGF-p Transforming growth factor-3

Thecells T helper cells
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TK Tyrosine kinase

TLR Toll-like receptor

TME Tumour microenvironment

TNF-a Tumour necrose factor-o

Treg cells Tegulatory T cells

TVA Tierversuchsantrag

TYK2 Tyrosine kinase 2

VEGF Vascular endothelial growth factor
ZAP-70 Zeta-chain-associated protein kinase 70
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