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1. Summary
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1.2. Abstract

Chronic lymphocytic leukemia (CLL) is characterized by abnormal proliferation of
monoclonal B lymphocytes. A hallmark of CLL is the strong dependency of the malignant
B cells on the interactions with the tumor microenvironment. CLL cells have established

various strategies to escape the endogenous anti-tumor immune response.

One key mechanism that is known to regulate T cell-mediated immune responses is the
PD-1-PD-L1/2 immune checkpoint axis. The PD-1 receptor is located on the surface of
effector T cells, and upon binding to its cognate ligands PD-L1 or PD-L2, activation of the
T cell is suppressed.

It has been shown that PD-1 and PD-L1 might be upregulated on T cells and CLL cells,

respectively, in this malignancy as a way of escaping the immune system.

The B cell receptor (BCR) signaling pathway is crucial for B cell survival and function. In
aberrant cells such as CLL, it contributes importantly to anti-apoptotic, pro-survival
signaling. Some recent evidence could show that the BCR signaling pathway might
regulate PD-L1 expression, for example, in diffuse large B cell ymphoma. Preliminary data
from our group suggested that BCR-inhibition could lead to a decrease in PD-L1 surface
levels.

Based on these findings, this study aims to investigate the potential regulation of the PD-
1-PD-L1/2 immune checkpoint axis by the BCR signaling pathway, focusing on CLL cells.
The central element of this work is to analyze the effects of various BCR kinase inhibitors
on a wide range of B cell lines as well as primary CLL cells. Flow cytometry was used as
the main readout assay for PD-L1 expression. In those experiments, a reduction of PD-L1
surface levels could often be observed, but with considerable variation depending on the
cell line, inhibitor, and treatment timepoint. Effects of BCR inhibition on PD-L1 varied even
in the different biological replicates, suggesting very dynamic regulation of PD-L1
expression and instead seems to contradict a clear, one-dimensional way of regulation by
the BCR pathway.

However, we found that the SRC-kinase inhibitor dasatinib exerted a consistent and
significant downregulation of PD-L1 expression.

Furthermore, it was examined whether a stimulation of the BCR-pathway with
Immunoglobulin M (IgM) could increase PD-L1 surface levels. Also in this experimental
set-up, targeting the BCR-pathway had no clear impact on PD-L1.

Taken together, a clear mechanism that links BCR inhibition to a reduction of PD-L1
surface levels could not be found, but we identified dasatinib as a substance which could

possibly have synergistic effects with PD-1 inhibitors. This effect is probably independent
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from the BCR-pathway and related to other targets of this kinase inhibitor. The results of
this work thus led to a research project further investigating the influence of dasatinib on

PD-L1 expression.

Furthermore, additional data using patient-derived primary CLL cells suggest that PD-L1
surface levels, in contrast to previous publications, might not be significantly higher than

on healthy B cells.

1.3. Zusammenfassung

Die chronische lymphatische Leukdmie (CLL) ist charakterisiert durch eine abnormale
Proliferation monoklonaler B-Lymphozyten. Diese maligne Erkrankung ist, wie viele
andere, in hohem Male abhangig von ihrem Tumormikromilieu. Normalerweise attackiert
und zerstort das Immunsystem korperfremde, bdsartige Zellen. CLL-Zellen sind jedoch in
der Lage, die Immunantwort auf vielfaltige Art und Weise zu unterdriicken.

Ein Schlisselmechanismus, der die Immunantwort im Allgemeinen kontrolliert, ist die PD-
1-PD-L1/2-lImmuncheckpoint-Achse. Der PD-1-Rezeptor befindet sich auf T-Zellen und
durch die Bindung einer seiner Liganden PD-L1 oder PD-L2 wird die Aktivierung der T-

Zelle unterdruckt.

Die Rolle dieser Immuncheckpoint-Achse bei CLL ist noch wenig verstanden. Es konnte
bereits gezeigt werden, dass PD-1 und PD-L1 hochreguliert sein kdnnten und so auch in
dieser Erkrankung einen Mechanismus darstellen, um sich einem Angriff durch das
Immunsystem zu entziehen.

Der B-Zell-Rezeptor (BZR) Signalweg ist essenziell fir das Uberleben und die
Funktionstlichtigkeit der B-Zelle. In aberranten Zellen gibt er Signale ab, die die Apoptose

unterdriicken und das Uberleben der Zelle férdern.

In neuen Publikationen konnten Hinweise darauf gefunden werden, dass der BZR-
Signalweg die PD-L1 Expression regulieren kénnte, z.B. bei dem diffus-grof3zelligen B-
Zell-Lymphom. In unserer Gruppe haben einige vorlaufige Daten darauf hingedeutet, dass
BZR-Inhibition zu einer Reduktion der PD-L1 Oberflachenexpression flihren konnte.

Basierend auf diesen Daten wurde die zentrale Hypothese dieser Arbeit generiert. Das
Ziel der Studie ist die potenzielle Regulierung der PD-1-PD-L1/2 Immuncheckpoint-Achse
durch den BZR-Signalweg zu untersuchen, mit Fokus auf die CLL als Krankheitsbild. Das
zentrale Element dieser Arbeit ist es, den Effekt diverser BZR-Inhibitoren auf eine Reihe
verschiedener B-Zelllinien sowie CLL-Patientenzellen zu analysieren. Zur Messung der
PD-L1 Expression wurde hauptsachlich die Durchflusszytometrie verwendet. In diesen

Experimenten konnte oft eine Reduktion der PD-L1 Expression beobachtet werden,
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jedoch mit einer sehr groRen Variation abhangig von der Zelllinie, spezifischem Inhibitor
und Zeitpunkt. Selbst in den verschiedenen biologischen Replikaten konnte der Effekt
nicht zuverlassig reproduziert werden, was eine sehr dynamische Regulation der PD-L1
Expression vermuten lasst. Eine klare Regulierung hauptsachlich durch den BZR-

Signalweg erscheint hierdurch eher unwahrscheinlich.

Wir konnten jedoch zeigen, dass der SRC-Kinase-Inhibitor Dasatinib zu einem
konsistenten und signifikanten Abfall der PD-L1 Expression flihrte.

AuRerdem wurde untersucht, ob eine Stimulation des BZR-Signalwegs durch
Immunglobulin M (IgM) zu einer Erhéhung der PD-L1 Expression flhrt. Auch in diesem
Experiment konnte kein direkter Einfluss des BZR-Signalwegs auf PD-L1 beobachtet
werden.

Insgesamt konnte kein eindeutiger Mechanismus gefunden werden, der die BZR-Inhibition
mit einer Reduktion der PD-L1 Expression verbindet. Wir konnten aber Dasatinib als
Substanz identifizieren, die méglicherweise eine Synergie mit PD-1-Inhibitoren aufweisen
konnte. Dieser Effekt ist wahrscheinlich unabhangig vom BZR-Signalweg, sondern auf
andere Angriffspunkte dieses Kinase-Inhibitoren zuriickzuflihren. Die Ergebnisse dieser
Arbeit fihrten zu einem nachfolgenden Projekt, in dem der Einfluss von Dasatinib auf die

Expression von PD-L1 weiter untersucht wurde.

Zudem geben Durchflusszytometrie-Analysen von CLL-Patientenzellen einen Hinweis
darauf, dass PD-L1 Level hier oft nicht signifikant héher sind als auf gesunden B-Zellen,

anders als dies in den bisherigen Publikationen angenommen wurde.
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2. Introduction

2.1. Chronic lymphocytic leukemia (CLL)

2.1.1. Definition
CLL is characterized by excessive clonal proliferation of mature CD19°CD5" B cells. These

cells usually accumulate in the blood, lymph nodes, bone marrow, and spleen. '

2.1.2. Epidemiology, Symptoms & Classification

CLL is the most common leukemia in western countries and usually occurs in elderly
patients with a median age of 67-72 years. In the U.S., there is an age-adjusted incidence
of 4.1/100 000 inhabitants per year. ? Given the current demographic changes, a worldwide

increase in morbidity and mortality can be expected in the upcoming years.

At clinical manifestation, CLL patients can present with B-symptoms which comprise fever,
night sweat, and weight loss. Furthermore, swelling of lymph nodes, enlargement of the
spleen and liver, and frequent infections due to impaired immune function can occur. '

A severe complication of CLL with a very negative impact on survival is the Richter’s
Transformation (RT). This describes the transformation of the disease into a highly
malignant Non-Hodgkin lymphoma (NHL) and can be observed in < 5% of the patients. 3
For the classification of CLL, the two staging systems of Rai * and Binet ° are commonly
used (Table 1, Table 2). ' According to the modified Rai staging system, a low-risk disease
is defined as a lymphocytosis with more than 30% lymphoid leukemic cells in the blood
and/or bone marrow. Patients who additionally show lymphadenopathy, splenomegaly,
and/or hepatomegaly are classified as intermediate risk. If disease-related anemia
(Hemoglobin <11 g/dl) or thrombocytopenia (<100 x 10%1) occur, the patient is considered
as high risk. The Binet staging system includes the hemoglobin (Hb) level, thrombocyte
count, and the number of areas with enlarged lymph nodes or organs. In particular, head
and neck, axillae, groins, spleen as well as the liver represent the five different areas
affected most. Binet A is defined as Hb >10 g/dl, platelets >100 x 10%1, and up to two areas
affected. In contrast, Binet B signifies 3 or more areas of enlargement, and stage C implies
a Hb <10 g/dl or platelets <100 x 10°%1.

Table 1: Rai Staging System

Low Risk Lymphocytosis >30% of lymphoid
leukemic cells in the blood and/or bone

marrow
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Intermediate Risk Additional  enlargement of lymph

nodes/spleen/liver

High Risk Hb < 11 g/dL or platelets < 100 x 10%/L

Table 2: Binet Staging System

A < 2 lymph node areas/organ systems
enlarged

B >2 lymph node areas/organ systems
enlarged

C Hb < 10 g/dL or platelets < 100 x 10%/L

Due to the scientific advances in CLL research, specific genetic and biological prognostic
factors have complemented the two-staging systems. This has led to the establishment of
the CLL International Prognostic Index (CLL-IPI, Table 3), which comprises the presence
of TP53 deletions or mutations, the immunoglobulin heavy chain variable region (IGHV)
mutational status, the serum level of B.-microglobulin, the clinical status, as well as the
age of the patient. ® By using a weighted grading of all these factors, four risk groups can
be distinguished, which show a significant difference in overall survival and require
differential treatment regimes.

Table 3: CLL-IPI

Risk group Treatment recommended
Low risk No treatment
Intermediate risk No treatment, except for highly

symptomatic patients

High risk Treatment, except for asymptomatic
patients
Very high risk Treatment, if possible with novel agents or

enrollment in new clinical trials

2.1.3. Pathogenesis

Leukemogenic transformation of B cells in CLL is associated with recurrent chromosomal
aberrations such as deletion 13q, deletion 11q, deletion 17p, or trisomy 12. 7 The most
frequent alteration, del(13q74), can be detected in approximately 55% of CLL patients. It
is usually associated with a mild course of the disease. Moreover, del(11q) is found in 25%

of chemotherapy-naive patients with advanced and 10% with early-stage disease. This
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region carries the gene locus for the DNA damage response kinase ATM, while the loss
of this area leads to a less effective repair of DNA mutations. These patients usually show
a high-risk form of the disease. Trisomy 12 can be detected in 10-20 % of the cases, but
the underlying mechanisms of this aberration are not well-understood so far. The least
favorable genomic alteration, occurring in 5-8% of all CLL patients, is del(17p). Often, band
13 is affected, where TP53 is located. The loss of this tumor suppressor gene leads to
severe defects in cell cycle arrest, DNA-damage response, and the induction of apoptosis
and is associated with poor prognosis. Furthermore, an unmutated IgHV gene,

corresponding to the status found in naive B cells, correlates with a more severe disease.’

Besides, additional mutations can largely determine the clinical disease course.
Particularly, genes affecting RNA procession and export, MYC activity, MAPK signaling,
and DNA damage response and repair are involved. ’

Aside from tumor cell-intrinsic factors, the tumor microenvironment plays a crucial role in
CLL progression. & A variety of different bystander cell types support the proliferation and
survival of CLL cells, including, for example, mononuclear cells that differentiate into
“nurse-like” cells. ® Furthermore, an immunosuppressive milieu prevents immune cells
such as T cells from attacking the leukemic cells. In addition, the direct interaction with
leukemic cells induces changes in gene expression in both CD4 and CD8 positive T cells.
This leads to alterations in pathways involved in cytotoxicity, vesicle trafficking, and
cytoskeleton formation. '° Additionally, soluble factors produced by CLL cells, such as IL-

10, inhibit T cell activation, expansion, and function as well as antigen response. "

2.1.4. Diagnostics

The peripheral blood count is a central diagnostic tool in CLL. Over 5000 B lymphocytes/pl
for more than 3 months are a criterion for diagnosis. Furthermore, flow cytometry is used
to confirm the clonality of the cells. Other alterations which can potentially be observed in
the peripheral blood are anemia, thrombocytopenia, and granulocytopenia due to bone
marrow failure. "2

In blood smear analysis, much higher numbers of mature and small lymphocytes can be
found compared to healthy individuals. In addition, the so-called Gumprecht nuclear
shadows can be frequently observed, which derive from fragile CLL cells that have been
destroyed during sample preparation. "2

Immunophenotyping is also routinely performed. Typically, the co-expression of the T cell
antigen CD5 and the B cell antigens CD19, CD20, and CD23 can be found on the surface
of the malignant CLL cells. Furthermore, each CLL cell clone is restricted to express either

kappa or lambda light chains. '
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Further diagnostic tools include FISH-analysis for chromosomal aberrations and the
molecular analysis of the IGHV mutation status. Bone marrow cytology and histology are

usually not required for diagnosis. '

2.1.5. Therapy

As the CLL-IPI score (Table 3) indicates, patients at early stages or with asymptomatic
disease should not receive any treatment and follow a “Watch and Wait” procedure.
Requirement for treatment is indicated by the first occurrence or rapid progression of
symptoms, such as bone marrow failure or an increase in lymphocytosis of more than 50%

over 2 months. &

Nowadays, a wide range of pharmaceutics is used in CLL treatment. First, there are the
classic cytostatic agents, including alkylating chemotherapeutics such as chlorambucil,
purine analogs, and bendamustine. ' Furthermore, monoclonal antibodies play an
important role in treatment regimens, especially anti-CD20 antibodies like rituximab which
is often combined with chemotherapy. '°

Another emerging drug class targets the B cell receptor signaling pathway, which is one
of the most active pathways in CLL cells. '® Different effector kinases of this complex
signaling network can be inhibited, thus reducing pro-survival and anti-apoptotic signaling
of the CLL cells. Important agents are, for example, idelalisib targeting the
phosphatidylinositol 3-kinases (PI3Ks) or ibrutinib inhibiting Bruton’s tyrosine kinase
(BTK). ' Besides the BCR inhibitors, the BCL-2 inhibitor venetoclax is used to induce
apoptosis of CLL cells. '8

Immunomodulatory drugs like lenalidomide represent another option for CLL patients in

consolidation therapy but are currently only administered within clinical trials *°.

The immune checkpoint blocking antibody pembrolizumab, targeting the programmed
death 1 (PD-1) receptor, has also been investigated to treat CLL patients. However, in a
clinical trial by Ding et al., none of the 16 enrolled CLL patients with relapsed disease
responded to treatment. In contrast, 4 out of 9 patients with Richter’s transformation (RT,
44%) showed an objective response. Higher PD-L1 levels and a tendency towards

increased PD-1 expression were observed in those responders before treatment. %

Recently, also chimeric antigen receptor (CAR) T cells have been tested in CLL. 2" %2

Efficacy of the treatment varied immensely between the different clinical trials, with a rate
of complete remissions (CR) ranging from 0 to 60% in studies with CAR T cells targeting
CD19. Compared to other B cell malignancies, the response rates were rather low. 2
Interestingly, a concurrent administration of ibrutinib with CAR T cells showed promising

results in two clinical trials. 2+ 2°
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As a general principle in CLL therapy, combining the different agents mentioned above is
vital to make treatment more effective. In patients with del(17p) or p53 mutation, ibrutinib
or venetoclax + obinutuzumab or idelalisib + rituximab are the current first-line therapies.
Patients without those genetic alterations receive different regimes depending on their
fitness. Fludarabine + cyclophosphamide + rituximab (FCR) or ibrutinib monotherapy are
preferred for fit patients. Unfit patients should be treated with venetoclax + obinutuzumab
or chlorambucil + obinutuzumab or ibrutinib monotherapy. In relapsed patients, other
therapeutic regimens, including allogeneic stem cell transplantation, should be

considered. '

All'in all, to further improve treatment in CLL and overcome the acquisition of resistance

mechanisms, further preclinical and clinical studies remain imperative.
2.2. The B cell receptor (BCR) signaling pathway

2.2.1. Physiological role & function

The BCR is a transmembrane protein complex that is crucial for the development and
function of each B lymphocyte. % It consists of a pair of heavy- and light-chain
immunoglobulins, forming a unique antigen-binding site (epitope). 2 During the transition
from the pro- to the pre-B cell stage, the immunoglobulin heavy chain variable, diversity
and joining genes are rearranged. This is called VDJ recombination. After splicing, this
creates a functional immunoglobulin p heavy chain which is coupled with the surrogate
light chain A5 and VpreB. Thus, the pre-BCR is generated and its signaling leads to the
arrangement of immunoglobulin light chain V and J sequences with K or A constant regions
(Ck, CA). This forms the IgM on immature B cells. Additionally, IgD is generated by splicing
the heavy chain VDJ locus to the @ constant region (Cd) and is then co-expressed with
IgM. The further development of the B cell moves from the bone marrow to the secondary
lymphoid organs (SLOs). Here, somatic hypermutation occurs. This process adds
mutations to the immunoglobulin heavy and light chain V region (IGHV, IGLV) and implies
a further diversification of the immunoglobulin repertoire. To create IgA, IgG or IgE, the p
constant region needs to be replaced by the respective constant region specific for each
immunoglobulin, which is called class switch. B cells can furthermore develop into memory
B cells or plasma cells, which are able to secrete specific antibodies. 2°

Upon antigen binding to the BCR, a cascade of downstream kinases and phosphatases is
activated (Figure 1). ?® First, the tyrosine kinase LYN phosphorylates the immunoreceptor
tyrosine-based activation motif (ITAM) of the CD79a CD79B heterodimer, allowing the
spleen tyrosine kinase (SYK) to bind. Together with BTK, it activates B cell linker protein

(BLNK), which connects this cascade to more distal signaling effectors. Above that, the
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activation of BTK is dependent on the phosphorylation of PI3K via SYK. PI3K can also be
activated directly by LYN, but in this case the response is weaker. Downstream pathways
then mobilize calcium and activate RAS and MAPK, which play an important role in
regulating cell proliferation and survival. ?° Furthermore, phospholipase C y 2 (PLCy2),
protein kinase C [ (PKCB) and caspase recruitment domain-containing protein 11
(CARD11) activate the Nuclear factor-kB (NF-kB) pathway. This family of transcription
factors also promotes cell proliferation and survival and coordinates differentiation as well

as inflammatory and immune responses. 3 %%

In addition, negative feedback loops are also vital to regulate BCR signaling. Here, LYN
plays a dual role in positive and negative signaling events downstream of the BCR-

pathway by phosphorylating both effector kinases and phosphatases. *2

Furthermore, a variety of co-stimulating and co-inhibitory factors contributes to the
complexity of the BCR signaling network. For example, CD19 takes part in the activation
of the PI3K/AKT pathway and thus promotes B cell survival. Via PI3Ko,
phosphatidylinositol-3,4,5-triphosphate (PIP3) is generated as a second messenger and
further recruits BTK and PLCy2. This results in a downstream activation of AKT and mTOR
which again facilitate cell survival, proliferation, and growth. * In contrast, the co-receptors
CD5 and CD22, together with phosphatases like SH2 domain-containing inositol 5’-
phophatase 1 and 2 (SHIP1 and SHIP2) inhibit the transcriptional changes in the nucleus
caused by BCR-activation. This results for instance in an upregulation of BCL6, which

serves as a repressor of transcription.

Of note, the processes described above also vary depending on maturation status of the
B cell. This includes the class switch from IgM/IgD to IgG, which for example leads to a
more intensified early antigen response. 3

In addition to this antigen-dependent activation, a tonic low-level BCR-signaling also
exists. % This could first be shown in a mouse model with ablation of the surface
immunoglobulin, which resulted in rapid apoptosis of the B lymphocytes. *°

All in all, the BCR is of vital importance in the maturation process of B cells, their
differentiation to plasma cells or memory B cells, and the specific antibody response to
foreign antigens. It promotes B cell activation, proliferation and survival and thus

aberrations in this pathway play a key role in the pathogenesis of B cell lymphomas. *'
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Figure 1: The B cell receptor signaling pathway: The complex downstream network following BCR-activation
is depicted. Kinases which represent current therapeutic targets are highlighted in red. Adopted from 28,

2.2.2. Role of the BCR in B cell malignancies

Due to frequent DNA modifications in the germinal center, such as somatic hypermutation,
B cells are prone to develop not only favorable DNA mutations but also those that might
eventually lead to malignant transformation. Moreover, aberrant cells tend to maintain IgM
expression instead of 1gG. *® Subsequently, pro-survival signaling cascades downstream
of CD79a and CD79p lead to Nf-kB activation. *'

In CLL, the Ig shows an unusual structure, while predominantly IgM and IgD are
expressed. Furthermore, the IGHV mutation status is a central prognostic marker. '3’
Surprisingly, when comparing different CLL patients, very similar BCR Igs have been
found, hinting at common antigens or specific features of these BCRs that might play a
role in the CLL pathogenesis. *** However, mutations in BCR-associated proteins are
rarely found. *>*" In contrast, it was shown that the tyrosine kinase LYN is upregulated in
many patients, which leads to increased inhibition of apoptotic signals. ** Another key
contributor to activating the BCR pathway and avoiding apoptosis is PI3K, mediated
through adaptor proteins such as GRB2-associated binding protein 1 (GAB1). ¥
Furthermore, expression of zeta-chain (TCR)-associated protein kinase 70 kDa (ZAP-70),
which is a protein normally found in T cells and not in healthy B cells, is associated with

unmutated IGHV and has a negative prognostic impact for CLL patients. 344
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Taken together, inhibiting essential molecules of the BCR signaling network is an effective

therapeutic approach for the treatment of various lymphoma entities including CLL.

2.2.3. Small-molecule inhibitors of BCR-kinases

The development of small-molecule inhibitors targeting essential kinases of the BCR-
pathway has revolutionized the treatment of B cell malignancies. The following section will
give a short overview of the function, and clinical use of the BCR-inhibitors studied in this

work.

An inhibitor commonly used in the clinic is ibrutinib, which blocks the kinase BTK. This
leads to decreased B cell survival and reduces signaling of multiple cell surface receptors.
4546 The first clinical studies in which the efficacy of ibrutinib could be shown were
published in 2013 by Byrd et al. *” and Advani et al. “®. After the RESONATE-2 trial *°,
ibrutinib became an essential agent in CLL first-line treatment and is often given as
monotherapy. '

Another irreversible BTK inhibitor is represented by acalabrutinib, which is supposed to
have higher selectivity than ibrutinib. A first study published in 2016 showed promising
results in patients with relapsed CLL. "*° In the phase Ill ELEVATE-TN trial (published in
2019), improved progression-free survival (PFS) could be observed for acalabrutinib
monotherapy and in combination with obinutuzumab compared to chlorambucil +
obinutuzumab in treatment-naive CLL patients. %' Also, the phase Il ASCEND trial
published in 2020 showed significantly longer PFS with acalabrutinib than idelalisib +
rituximab or bendamustine + rituximab in patients with relapsed or refractory CLL. *2
Other BTK-inhibitors studied in this work are spebrutinib and tirabrutinib, which are
currently evaluated in clinical trials. ** A phase Ib study comparing tirabrutinib vs tirabrutinib
+ entospletinib vs tirabrutinib + idelalisib was published in 2020. ** The different treatments
were tolerated well, but for the 53 patients enrolled in this study, no superiority of the

combination therapy could be observed.

Another important small-molecule inhibitor is idelalisib, which inhibits PI3Ké and thus
reduces survival signals, chemotaxis, and migration. Furthermore, secretion of
chemokines is decreased. > In 2014, a first phase | trial showed a good response in
relapsed and refractory CLL patients. °® Today, in combination with rituximab, idelalisib is
a first-line therapy option for patients with del(17p) or p53 mutation if there are
contraindications for ibrutinib. Moreover, it is a second-line option in refractory disease or
early progression. '

Another important molecule of the BCR-signaling cascade is SYK. The first agent which

has been developed for targeting SYK was fostamatinib. Furthermore, fostamatinib was
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also the first BCR-inhibitor ever investigated in a clinical trial. *" Although it showed
promising results, it was later overshadowed by the success of the BTK and PI3Ko-
inhibitors. 2° In contrast, entospletinib, a more selective inhibitor for SYK, has shown
remarkable clinical efficacy in a phase |l trial with relapsed or refractory CLL patients.
Another trial studied the combination of entospletinib with idelalisib, where an objective
response could be observed in 60% of CLL patients, but the trial had to be stopped due to

severe cases of pneumonitis. *°

Dasatinib is an unspecific inhibitor of multiple kinases and was initially developed to block
ABL. Thus, itis primarily used in chronic myelogenous leukemia (CML) since an overactive
fusion BCR-ABL kinase is the central driver of this disease. Furthermore, it is a therapeutic

option in Philadelphia chromosome-positive acute lymphoblastic leukemia (ALL). 8¢

Taken together, none of the small-molecule inhibitors mentioned above is entirely specific
for only one kinase, while the functional activity of their primary targets is not limited to the
BCR-pathway. This implies complex and multifaceted functional mechanisms for each of
the approved BCR-inhibitors, accompanied by interference with multiple off-target
molecules that can lead to undesirable toxicity. 2 Thus, a second generation of more

specific inhibitors is needed, which is currently under clinical investigation.

2.3. The PD-1-PD-L1/2 immune checkpoint axis

2.3.1. Physiological role

The interaction between programmed death protein 1 (PD-1; CD279) and its cognate
ligands PD-1 ligand 1 (PD-L1; CD274; B7-H1) and 2 (PD-L2; CD273; B7-DC) represents
a critical checkpoint axis to balance T cell mediated immune responses. 2 Upon ligand
binding, the PD-1 receptor, predominantly expressed on activated T cells, initiates
inhibitory signaling events that reduce T cell activity and proliferation while promoting self-
tolerance and homeostasis (Figure 2). % In addition, PD-1 can also be found on the
surface of natural killer (NK) T cells, B cells, activated monocytes, and dendritic cells
(DCs). 2 In contrast, PD-L1 is expressed on diverse hematopoietic and nonhematopoietic
cells, ®2 while the expression of PD-L2 is more restricted and can be induced, for example,
on DCs or macrophages.

Usually, T cells become activated after specific binding of the T cell receptor (TCR) to
peptide-major histocompatibility complexes (MHC) on the surface of antigen-presenting
cells (APCs) or malignant cells. In addition, T cell responses are tightly controlled by

various co-stimulatory or co-inhibitory signals. Regarding T cell inhibition by PD-1, PD-L1
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seems to be the dominant ligand compared to PD-L2 since PD-L1 antibodies are clinically

as effective as PD-1 antibodies.

PD-1, PD-L1, and PD-L2 are type 1 transmembrane proteins that belong to the
immunoglobulin superfamily. 8¢7 After PD-1 binds to its ligands, the cytoplasmic domain
undergoes conformational changes, allowing the recruitment of SRC-family kinases that
phosphorylate the intracellular tyrosine-based inhibitory motif (ITIM) and the
immunoreceptor tyrosine-based switch motif (ITSM) of the receptor. Afterward, the
cytoplasmic protein tyrosine phosphatases SHP-2 and SHP-1 can bind the ITIM and ITSM
motifs, leading to their activation. Subsequently, SHP-1 and SHP-2 counteract the TCR-
signaling cascade by dephosphorylating essential downstream kinases. This affects
various T cell effector functions, including proliferation, cytokine production, and survival.
66

Besides, there is accumulating evidence for reversed signaling through PD-L1, which, for
example, has been shown to provide pro-survival signals to tumor cells overexpressing

PD-L1 on their surface. 658
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Figure 2: The PD-1-PD-L1/2 immune checkpoint axis: After antigen presentation via the MHC and binding
to the TCR, the T cell is activated. Ligation of CD28 to CD80 or CD86 (B7) provides essential co-stimulatory
signals, whereas interaction of PD-1 and PD-L1/PD-L2 leads to inhibitory signal transduction reducing T cell
activity. Adopted from 2.
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2.3.2. Role of the PD-1 axis in the pathology of CLL

Cancer is often associated with the constant presence of tumor cell-derived neoantigens.
Moreover, chronic antigen exposure can put effector T cells into a so-called exhausted
state, characterized by progressive functional defects that can also be frequently observed
in CLL. %% Exhausted T cells show high expression of PD-1, which contributes to
maintaining the dysfunctional phenotype. "' Besides constant TCR-signaling, cytokines
such as IL-10 " and TGF-B " can further induce the expression of PD-1.

In addition to T cells, the expression of PD-1 on the surface of other immune cells has
been shown to play a functional role in cancer pathology. For example, it has been
observed that tumor cell phagocytosis can be increased by blocking PD-1 on the surface
of macrophages. "

In CLL patients, Brusa et al. have shown a significant increase of PD-1 on T cells
compared to healthy donor controls, as well as an upregulation of PD-L1. Notably, some
CLL cells also expressed PD-1, whereas healthy B lymphocytes were mostly PD-1
negative. Furthermore, in vitro activation of CLL cells with CpG + IL-2 led to a substantial

increase in surface PD-L1 levels. 7°

In contrast, Grzywnowicz et al. observed no significant differences in PD-L1 levels of
healthy donors compared to CLL patients. However, they found PD-1 surface expression
to be higher in CLL cells. Above that, they quantified the mRNA expression of PD-1 via
gRT-PCR and found an increased level of the full-length transcript in CLL cells. In contrast,
the level of the full-length PD-L1 transcript was similar to the healthy donors, while a
splicing variant lacking exon 2 was significantly higher in CLL. 7°

Additionally, Ramsay et al. could show that CLL cells use, among others, PD-L1 to impair
actin synapse formation in T cells. This immunosuppressive mechanism can also be found
in other lymphomas and solid cancers. Furthermore, they could show an upregulation of
immune-inhibitory ligands, including PD-L1 on B cells and PD-1 on T cells, in peripheral
blood and lymph node samples of CLL patients. Significantly increased expression was
associated with poor prognosis. "

All'in all, the PD-1-PD-L1/2 axis is supposed to be active in CLL, but more studies need to
be conducted in order to unravel the functional role in the pathogenesis and

pathophysiology of this disease.

2.3.3. Immune checkpoint blockade
In recent years, therapeutic antibodies blocking the interaction between PD-1 and its
ligands have achieved unprecedented success in treating various cancer entities because

of the long-lasting effect in the responsive subgroup. In 2010, a first phase | clinical trial
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reported the antitumoral activity of single-agent anti-PD-1 therapy in melanoma, colorectal
cancer, and renal cell carcinoma. ”” Since then, many more studies have followed, leading
to approvals of different anti-PD1 and PD-L1 blocking antibodies to treat various cancer
entities, including Hodgkin’s lymphoma as the first hematological malignancy. "® However,
often only a subgroup of patients shows a significant response, and there are also many
tumor types where the therapeutic activity is very limited. This led to comprehensive
investigations on how to predict the response to anti-PD-1 checkpoint blockade of a given
tumor. In addition to PD-L1 expression, many factors have been identified to contribute to
the success of immune checkpoint blockade (ICB) therapy. According to Sun et al., 2018,
those include “(1) the “foreignness” of the tumor, (2) the immune status of the patient, (3)
the presence and activity of the intratumoral T cell infiltrate, (4) the presence of other
inhibitory processes within the tumor, and (5) the sensitivity of tumor cells to tumor-specific
T cells at that site” ®. Here “foreignness” of the tumor refers to the mutational load leading
to the presentation of neoantigens. In this regard, it has been observed that microsatellite
instable-high (MSI-H) solid tumors, for instance, frequently respond well to PD-1/PD-L1
inhibition. %878 This type of tumor displays a difference in allele length of short, repetitive
DNA sequences compared to normal tissue. Together, the parameters mentioned above

determine whether ICB can restore effective anti-tumor immune responses.

Expression of PD-L1 on tumor cells as well as in the tumor microenvironment (TME) has

8687 which have

been shown to have a predictive value in many, 8% but not all studies,
been conducted so far. Interestingly, there are PD-L1 positive cancers that do not respond
to immune-checkpoint blockade, as well as PD-L1 negative cancers which do. % The
highly dynamic expression pattern of the PD-L1 protein might be a possible explanation
for these contradicting observations.

In CLL, data on treatment with PD-1 or PD-L1 antibodies are limited. In a phase Il clinical
trial, 2 pembrolizumab monotherapy was administered to 16 patients with relapsed
disease and 9 patients with Richter’'s Transformation. There was no response in the CLL
group, while there was 1 patient with complete remission (CR) and 3 patients with partial
remission (PR) in the RT group. Consistently, in another phase Il trial investigating the
combination of ibrutinib with the PD-L1 antibody nivolumab, the response rates in CLL
were similar to ibrutinib monotherapy, while for patients with RT there was a significant
benefit from the combination treatment. ¥ Consequently, PD-1 blockade has been
considered a treatment option in RT but does not seem to have any clinical activity in CLL.
However, the underlying reason for the lack of response in CLL patients is still unclear.
Interestingly, there are some studies pointing to a possible improvement of ICB-therapy in

CLL by combination with other agents.
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It has already been shown that the CD40-stimulation of CLL cells in co-culture with CD40L
expressing feeder cells stimulates the anergic T cells, which illustrates the immunogenic

potential of CLL cells. &

In an adoptive transfer mouse model of CLL, the combination of anti-PD-1 and anti-LAG3

immune checkpoint blockade has been shown to be superior to PD-1 monotherapy. %

Furthermore, in 2021 loannou et al. published a preclinical study demonstrating how the
immune-modulatory drug avadomide reinforces the efficacy of anti-PD-L1/PD-1 treatment
in CLL by inducing IFN signaling in T cells. '

Also in clinical trials, numerous combination therapies have already been tested or are
currently under investigation. This includes the BCR-inhibitors ibrutinib, acalabrutinib and
idelalisib as well as chemotherapy, radiotherapy, ipilimumab (anti-CTLA-4), rituximab
(anti-CD20), brentuximab-vedotin (anti-CD30 antibody-drug-conjugate), MEDI-551 (anti-
CD19), blinatumomab (bispecific anti-CD19/CD3 T engager), lenalidomide, AFM13
(bispecific anti-CD30/CD16A), varlilumab (anti-CD27) and many more. %

Taken together, those studies emphasize the potential of ICB in CLL despite poor
response rates in the first trials. Further investigations in this field are of vital importance

to discover new treatment options for CLL patients in the future.

2.4. Possible link between the BCR and the PD-1 pathway

The understanding of PD-L1 expression and regulation in B cell lymphoma is still limited.
Recently there have been studies suggesting an expressional regulation of PD-L1 by the
BCR pathway. One study, focusing on DLBCL, proposed a model in which the BCR
signaling cascade activates the transcription factor NFATc1. This in turn induces IL-10
secretion which activates JAK2/STAT3 signaling, and STAT3 finally increases the
expression of PD-L1 in the lymphoma cells. Consistently, they observed a decrease in PD-
L1 expression after BTK inhibition. % In another publication by Kondo et al., 2018, CLL
patient samples were analyzed for the expression of PD-L1 after ibrutinib treatment.
Interestingly, they observed a significant downregulation of PD-L1 on the surface of CD19*
B cells 3 months after initiation of treatment and identified STAT3 as an important mediator
of this effect. In addition, the IL-10 production was also reduced. Taken together, the
authors concluded that ibrutinib acts not only by direct BCR inhibition but also by modifying
the TME as an immune modulator. %

In summary, these studies provide new insights into the underlying mechanisms of
immune evasion in CLL and could hint at the possible clinical efficacy of combining PD-
1/PD-L1 antibodies with BCR-inhibitors.
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2. Introduction

2.5. Study aims

The regulation of PD-1 ligand expression is still poorly understood in CLL. Although it has
been shown that PD-1 and PD-L1 are frequently upregulated in this malignancy and thus
contribute to immune evasion, clinical trials investigating the use of PD-1 and PD-L1
antibodies did not show promising results. A more profound knowledge about this pathway
can help identifying novel strategies to improve the response to ICB therapy in CLL. This
study aims to investigate the potential link between the BCR pathway and the expression
regulation of PD-L1 and PD-L2. Based on previous findings, we hypothesize that the
overactivated BCR signaling in CLL cells leads to increased surface expression of PD-1
ligands, which reduces T cell response and thus promotes immune escape by the tumor

cells. To confirm our hypothesis, we want to address the following questions:

1. How does inhibition of the BCR pathway affect PD-L1 expression on CLL cell

lines?

2. What are the underlying mechanisms of this regulation?
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3. Materials & Methods

3. Materials & Methods

3.1. Materials

3.1.1. Technical devices

Name

5415 R

5810 R

Accu-jet pro

C200

CASY
H13220

JB Aqua 12 Plus

Lab Dancer

Macs Quant VYB

Macs Quant X

Mars Safety Class 2

Mastercycler epgradient S

Mili-Q

MR 3001

Mr Frosty

Description

Centrifuge

Centrifuge

Pipet filler

CO: Incubator

Cell counter

pH/ORP Meter

Water bath

Test tube shaker

Flow cytometer

Flow cytometer

Laminar Flow Hood

Thermocycler

Water purification system

Heater/Magnet stirrer

Freezing Container

Manufacturer
Eppendorf, Hamburg,

Germany

Eppendorf, Hamburg,

Germany

Brand, Wertheim,

Germany

Labortech, Géttingen,
Germany

OMNI

Hanna Instruments,
Woonsocket, RI, USA

Grant Instruments,
Shepreth, UK

IKA, Staufen, Germany
Miltenyi Biotech, Bergisch
Gladbach, Germany
Miltenyi Biotech, Bergisch
Gladbach, Germany

Labogene, Vassingerod,

Denmark

Eppendorf, Hamburg,

Germany

Milipore, Eschwege,

Germany

Heidolph, Schwabach,

Germany

Nalgene, Neerijse, Belgium
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3. Materials & Methods

Pipetus Pipet filler Hirschmann, Eberstadt,
Germany

Research® Pipettes (P10-1000) Eppendorf, Hamburg,
Germany

Scout Il Analytical Balance Ohaus, Pine Brook, NJ,
USA

SRT9 Tube roller Stuart, Staffordshire, U.K.

Telaval 31 Microscope Zeiss, Oberkochen,
Germany

Vibrax VXR Shaker IKA, Staufen, Germany

3.1.2. Disposable materials

Item

Cell scraper 25 cm

Cell strainer 25 ym

Experimental gloves

Experimental tubes 5, 15 and 50 ml
Falcon™ tissue culture flasks T25 and T75
Filtered pipet tips

Multiwell plates 6-,12-,24-,96-well
Parafilm

Petri dishes 10 cm

Pipet tips 10, 100 and 1000 pl

Safe-Lock Tubes “Eppi” 0.5, 1.5 and 2 ml
Serological pipettes 5, 10, 25 and 50 ml

Tissue culture dishes 10 cm

3.1.3. Chemicals and reagents
Reagent
Bovine serum albumin (BSA)
Dimethylsulphoxide (DMSO)
Ethanol

Manufacturer

Sarstedt, NUmbrecht, Germany

BD, Franklin Lakes, NJ, USA

Paul Hartmann, Heidenheim, Germany
Sarstedt, NUmbrecht, Germany
VWR International, Radnor, PA, USA
Sarstedt, NUmbrecht, Germany

PAA, Pasching, Austria

Pechiney Plastic Packaging, IL, USA
Corning, NY, USA

Sarstedt, NUmbrecht, Germany
Eppendorf, Hamburg, Germany
Sarstedt, NUmbrecht, Germany

PAA, Pasching, Austria

Manufacturer
PAA, Pasching, Austria
Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany

26



3. Materials & Methods

Flow Cleanse Solution

Flow Sheath Fluid

3.1.4. Buffer, media, and solutions
Solution

ACK lysis buffer

Cell culture growth medium supplements
Freezing medium

GibcoTM DPBS (Dulbecco’s phosphate-

buffered saline)

MACsQuant running buffer (1x)

MacsQuant washing solution (1x)

PBS (phosphate buffered saline)

3.1.5. Cell culture media
Name

GibcoTM DMEM
(Dulbecco’s Modified Eagle
Medium)

GibcoTM RPMI 1640
(Roswell Park Medium

Institute)

3.1.6. Kits
Name

Annexin V Apoptosis Detection Kit

3.1.7. Cell lines

Name

Manufacturer

Thermo Fisher Scientific,
Waltham, MA, USA

Thermo Fisher Scientific,
Waltham, MA, USA

Beckman Coulter, Brea, CA, USA
Beckman Coulter, Brea, CA, USA

Composition

150 mM NH4CI, 10 mM KHCOs, 0.1 mM
Na:EDTA

10% FBS, 1% Penicillin/Streptomycin
50% RPMI 1640, 40% FBS, 10% DMSO

Thermo Fisher Scientific, Waltham, MA,
USA (14190)

PBS, EDTA, stabilizer,

azide

0.09% sodium

Detergent and stabilizer

137 mM NaCl, 10 mM phosphate, 2.7 mM
KCl, pH 7.4

Catalog no.

41965

21875

Manufacturer

BD, Franklin Lakes, NJ, USA

Description
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3. Materials & Methods

DB

DOHH-2

HEK293

HT

JVM3

Karpas 422

L-540

Mec1

OSU-CLL

P30-OHKUBO

Human B lymphoblast cell line established
from ascites of a 45-year-old male with

large cell lymphoma

Human B cell lymphoma cell line
established from pleural effusion of a 60-
year-old male with refractory

immunoblastic B cell lymphoma

Human epithelial cell line established from

fetal embryonic kidney

Human B lymphoblast cell line established
from ascites of a 70-year-old male with

diffuse mixed lymphoma

Human EBV-transformed lymphoblast cell
line established from peripheral blood of a
male in his late 60’s with B-prolymphocytic

leukemia

Human B cell non-Hodgkin lymphoma cell
line established from pleural effusion of a
73-year-old female with DLBCL

Human Hodgkin lymphoma cell line
established from the bone marrow of a 20-

year-old female with Hodgkin lymphoma

Human chronic B cell leukemia cell line
established from peripheral blood of a 61-
year-old female with chronic B cell

leukemia

Human EBV-transformed chronic B cell
leukemia cell line established from
peripheral blood of a male of unknown age
with CLL

Human B cell precursor acute
lymphoblastic leukemia cell line
established from the bone-marrow of an
11-year-old female with acute

lymphoblastic leukemia (ALL)
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3. Materials & Methods

THP-1 Human monocyte cell line established
from pleural effusion of 37-year-old male
with histiocytic lymphoma

WSU-DLCL2 Human B cell lymphoma cell line
established from pleural effusion of a 41-
year-old male with B cell non-Hodgkin
lymphoma (B-NHL)

3.1.8. Software

Name Manufacturer
GraphPad Prism 9 GraphPad Software, San Diego, CA, USA
Kaluza Flow Analysis Beckman Coulter, Brea, CA,
USA
Microsoft Office Microsoft, Redmond, WA, USA
3.2. Methods

3.2.1. Cell culture experiments
3.2.1.1. Cell lines

All cell lines described above — except for HEK293 — were cultured in a T25 or T75 tissue
culture flask with Gibco™ RPMI 1640 medium (life technologies, 11875093) supplemented
with 10% heat-inactivated Gibco™ fetal bovine serum (FBS; life technologies, 10500056)
and 1% Gibco™ Penicillin-Streptomycin (pen-strep; life technologies, 15140122) and kept
at 37°C and 5% CO,. Cells were split every 48-72 hours, transferring 1*10° cells to a new
flask with fresh medium. The adherent HEK293 cells were cultured in a 10cm? dish with
Gibco™ DMEM Medium (life technologies, 11965092) supplemented with 10% heat-
inactivated FBS and 1% pen-strep. For splitting, cells were detached by incubating with
0.5% trypsin/EDTA (Thermo Fisher Scientific) for 5 minutes at 37 °C. Trypsin was
inactivated by adding culture medium. To count absolute cell numbers, the Macs Quant
VYB or X flow cytometers (Miltenyi Biotech) were used according to the manufacturer’s

instructions.
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3.2.1.2. In vitro stimulation of THP-1 monocytes

To prolong the ex vivo survival of primary human CLL cells, a co-culture system with THP-
1 feeder cells has been established in which the expression of PD-L1 and PD-L2 has been
monitored by flow cytometry over a period of up to ten days. Before co-culture, 3*10° THP-
1 cells were stimulated with 1 ng/ml phorbol-12-myristate-13-acetate (PMA; Sigma,
#P8139) on a 10 cm?dish for 48-72 hours to induce the differentiation into macrophages.
Afterwards, the cells were washed twice with PBS to remove dead cells. Subsequently,
the adherent cells were detached with trypsin/EDTA as described earlier (c.f. 3.2.1.1).
Afterwards 1*10° cells/well were distributed on a 24-well plate in 500 pyl RPMI 1640
medium supplemented with 10% FBS and 1% pen-strep and incubated overnight to attach
to the bottom of the well. The next day, primary patient derived CLL cells were added to

each well in a 1:5 ratio.

3.2.1.3. Primary CLL cells

Primary CLL cells were isolated from peripheral blood samples of CLL patients treated in
the University Clinic of Cologne.

For primary human B cell isolation, whole blood was distributed into 50 ml tubes with a
maximum volume of 15 ml per tube. Afterward, 50 pl RosetteSep® Human B Cell
Enrichment cocktail per ml blood were added and incubated at room temperature for 20
minutes. Subsequently, the samples were mixed with an equal volume of washing buffer
consisting of DPBS supplemented with 2% FBS. Next, the samples were transferred to a
new 50 ml tube containing a minimum of 10 ml of Lymphoprep™ without mixing the fluid
layers. Then, the samples were centrifuged for 20 minutes at 1200 g without brake.
Afterwards, the blood plasma was removed, and the enriched B cells were transferred to
a separate 50 ml tube. Washing buffer was added, and the tube was centrifuged for 10
minutes at 300 g with brake. The supernatant was discarded, and erythrolysis was
performed with ammonium chloride solution. Then, the enriched B cells were washed
again with washing buffer and centrifuged for 10 minutes at 300 g. After discarding the
supernatant, the cell pellet was resuspended in culture medium. Here RPMI 1640 Medium
GlutaMAX™ + 10% FBS + 1% Pen/Strep was used. Finally, cell concentration and viability
were determined by flow cytometry using Annexin V staining as a marker for apoptotic
cells.

For storage, the samples were kept at -150 °C. For thawing, cells were put into a 37 °C
water bath, washed twice with PBS, and suspended in RPMI 1640 medium supplemented

with 10% FBS and 1% pen-strep. All patient samples utilized in this work have been
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provided by the local bio bank of the german CLL study group. The following table (Table
4) provides an overview of the samples used in this work.

Table 4: Characterization of CLL patient samples: The CLL patient samples analyzed in this work are
characterized. Sex, Age, Binet stage, Genetics and previous therapeutic interventions are depicted. In general,
the patient samples analyzed show a low to intermediate risk and are mostly untreated.

Patient Sex Age Binet Genetics Therapy

ID stage

25 M 76 A IgVH mutated, del13q w&w

78 F 46 A IgVH mutated, del13q w&w

100 M 68 A del13q w&w

122 F 61 B ZAP-70 positive w&w

182 M 62 A IgVH mutated w&w

200 M 74 B IgVH unmutated, del11q w&w

262 M 69 A ZAP-70 positive w&w

332 M 53 A IgVH unmutated 6x Bendamustine
+ Rituximab

(Binet C at time
of diagnosis)

358 F 50 A IgVH mutated w&w

398 M 64 A Complex aberrant karyotype w&w

3.2.1.4. BCR inhibitor treatment

To evaluate the impact of BCR-pathway inhibition on PD-L1 and PD-L2 surface
expression, different small molecule inhibitors were used to block various kinases of the
BCR-signaling cascade (Table 5).

Table 5: BCR inhibitors used and their target kinases

Inhibitor Target Manufacturer/Cat.
number

Acalabrutinib BTK Provided by Gilead
Sciences

Dasatinib BCR-ABL, SRC Santa Cruz, #302962-
49-8

Entospletinib SYK Selleckchem, S7523

Ibrutinib BTK Selleckchem, S2680
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Idelalisib PI3K Provided by Gilead
Sciences

Tirabrutinib BTK Provided by Gilead
Sciences

Spebrutinib BTK Provided by Gilead
Sciences

The potential effect on the surface expression of the PD-1 ligands has been evaluated for
each of these inhibitors in diverse human B cell lines, including JVM3, OSU-CLL, DB,
DOHH2, HT, Karpas 422, L-540, Mec1, P30-OHKUBO, and WSU-DLCL2. For JVM3 and
OSU-CLL, 5x10° cells/ well were suspended in 500 ul of cell culture medium and
distributed on a 24-well-plate. Subsequently, the cells were incubated with 1 or 5 yM of
one of the mentioned inhibitors (Table 5). For the treatment of the other B cell
lines,1.25x10° cells were seeded on a 96-well-plate. Here, only the inhibitors dasatinib,
entospletinib, ibrutinib, and idelalisib were used at a concentration of 1 yM each. Primary
CLL cells were obtained from peripheral blood as described in 3.2.1.3. Primary CLL cells.
The frozen cells were thawed, and 1x10° cells were suspended in 500 pl of cell culture
medium. Afterwards, they were distributed on top of a layer of THP-1 feeder cells seeded
in a 24-well-plate as described in 3.2.1.2. In vitro stimulation of THP-1 monocytes. Finally,
PD-L1 and PD-L2 expression was determined by flow cytometry at 24 and 48 hours after

treatment (cf. 3.2.2. Cell analysis).

3.2.1.5. Stimulation of primary CLL cells

Samples of three different CLL patients were treated with cell stimulating agents and with
IgM, which directly activates the BCR. 2x10° patient cells diluted in 150 ul of RPMI were
seeded on a layer of THP-1 feeder cells (c.f. 3.2.1.2. In vitro stimulation of THP-1
monocytes) in a 96-well plate. Then samples were treated with either 25 ng/ml of IFNy
(Miltenyi, #130-094-048), 5 pug/ml of IgM, 1 pg/ml of PMA (Sigma, #P8139), 1 pug/ml of
CD40L, 1 pg/ml of LPS (Sigma, #L4391) or 0,25 nM of CpG. PD-L1 expression was
determined by flow cytometry at 6, 24 and 48 hours after treatment with PMA, IFNy or IgM
and 6, 24 and 72 hours after treatment with CpG, CD40L or LPS.

3.2.2. Cell analysis
To determine the expression levels of PD-L1 and PD-L2 on the surface of human B cells,

we used flow cytometry. Different sample volumes ranging from 50 — 250 ul (depending
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on the cell concentration) were used for staining. To prevent unspecific antibody binding,
the cells were incubated at room temperature for 10 minutes with 5 pl of FcR-blocking
reagent human (Miltenyi, #130-059-901). Afterwards, the cells were centrifuged at 300 g
for 5 minutes, the supernatant was discarded, and the cells were resuspended in 200 pl
of 1x Annexin V binding buffer. Subsequently, 0.5 ul of each antibody (Table 6) were
added. Annexin V staining was used as a marker for apoptotic cells. In addition, for each
cell line, one separate sample was stained with the respective isotype control for PD-L1
and PD-L2. Subsequently, the samples were incubated for 20 minutes at room
temperature in the dark. Afterwards, the samples were washed twice with PBS by
centrifugation for 5 minutes at 300 g, and the cells were finally resuspended in 200 uyl PBS.
The measurement was performed either using the MACSQuant X or the MACSQuant VYB
flow cytometer (Miltenyi).

To determine the surface expression levels of PD-L1 and PD-L2, only Annexin V negative
cells have been considered. For both PD-L1 and PD-L2, MFI values have been subtracted
by the respective isotype control and normalized to the untreated control.

Table 6: Reagents used for PD-L1 and PD-L2 staining after inhibitor treatment

Name Fluorochrome  Manufacturer Cat. number
Annexin V FITC Biolegend 640906
Anti-human PD-L1 PE Biolegend 329706
Anti-human PD-L2 APC Biolegend 329708
Mouse IgG2b, « PE Biolegend 400314
isotype

Mouse IgG2a, « APC Biolegend 400246
isotype

3.2.3. Data analysis, illustration & storage

For flow cytometry, data analysis was performed using the Kaluza Analysis software
(Beckmann Coulter).

Line and column diagrams show the mean values for each group. Error bars represent the
standard deviation (SD). All diagrams were generated with the Prism 9 software
(GraphPad).

All data presented in this thesis are stored on the Scale-out File-Server (SoFS) of the
University of Cologne and can be accessed under the following server address:
\\sofs2.uni-koeln.de\AGHallek\AG Hallek\SelLe
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3.2.4. Statistical analysis

Statistical analysis of flow cytometry data was performed with the GraphPad Prism 9

software using an unpaired t-test. Statistical significance was assumed at P values < 0.05.
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4. Results

4.1. PD-1 ligand expression on the surface of human B cell lines after in

vitro treatment with clinically relevant BCR-inhibitors

4.1.1. CLL cell lines JVM3 & OSU-CLL

At first, we investigated the effect of six clinically relevant BCR-inhibitors (dasatinib,
entospletinib, ibrutinib, idelalisib, acalabrutinib, and spebrutinib) on the surface expression
of PD-L1 and PD-L2 on the human CLL cell lines JVM3 and OSU-CLL (Figure 3, Figure
4, Figure 5, Figure 6). We used two different concentrations (1 and 5 uyM) for each inhibitor,
while the expression levels of PD-L1 and PD-L2 were determined 24 and 48 hours after

treatment initiation using flow cytometry.
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Figure 3: PD-L1 surface expression after BCR-inhibitor treatment of JVM3 cells: A-B) At 24 hours,
treatment with most BCR-inhibitors led to a significant decrease in the PD-L1 surface level. The most
significant decline was observed with 5 uM dasatinib 24 hours after treatment. C-D) At 48 hours, the reduction
in PD-L1 surface level disappeared comparable to the untreated control, except for cells treated with
acalabrutinib and spebrutinib. Surprisingly, ibrutinib did not affect the surface expression of PD-L1.
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Figure 4: PD-L1 surface expression after BCR-inhibitor treatment of OSU-CLL cells: A-B) At 24 hours,
a reduction of PD-L1 surface expression could only be observed with 5 uM of dasatinib. C-D) However, at 48
hours, there was a significant concentration-dependent decrease in PD-L1 for each BCR-inhibitor.

Most of the BCR-inhibitors we tested seem to have a time- and dose-dependent capacity

to significantly alter the expression of PD-L1 on the surface of JVM3 and OSU-CLL cells

(Figure 3, Figure 4). However, the reduction of surface PD-L1 was not durable and varied

strongly between the different inhibitors. Moreover, we observed a high variation between

biological replicates, suggesting a very dynamic expression of PD-L1.
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Figure 5: PD-L2 surface expression after BCR-inhibitor treatment of JVM3: In contrast to PD-L1, the
impact of BCR-inhibition on the surface expression of PD-L2 was much less pronounced and led to a mild
increase. A-B) 24 hours after treatment initiation, a slight but significant increase in PD-L2 expression could
be observed for 5 uM of acalabrutinib. C-D) After 48 hours, a mild upregulation of surface PD-L2 could be
observed for most inhibitors, while after treatment with 1 yM of dasatinib, there was even a 2-fold increase.
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Figure 6: PD-L2 surface expression after BCR-inhibitor treatment of OSU-CLL: In general, BCR-inhibition
increased the PD-L2 surface levels on OSU-CLL cells. Compared to JVM3 cells, this effect was even more
pronounced. The only inhibitor that did not affect the expression of PD-L2 was acalabrutinib.

Interestingly, in contrast to PD-L1, there was a tendency for PD-L2 surface levels to
increase after BCR-inhibition (Figure 5, Figure 6). Similar to our observations for PD-L1,
this effect was highly time- and dose-dependent and varied considerably between the
different BCR-inhibitors.

4.1.2. BCR-inhibitor combination treatment of JVM3 & OSU-CLL

As single-agent treatment with BCR-inhibitors indicated a potential regulatory effect on the
PD-L1 and PD-L2 surface expression on JVM3 and OSU-CLL cells, we wanted to
investigate the benefit of combinatorial treatment with two different BCR-inhibitors (Figure
7, Figure 8, Figure 10, Figure 11). Simultaneous blockage of two separate effector kinases
of the same signaling pathway was supposed to induce a more robust and durable
response. Thus, we examined the combination of tirabrutinib and entospletinib as well as
tirabrutinib and idelalisib, as these combinations reflect therapeutic regimes currently

under clinical investigation.
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Figure 7: PD-L1 surface expression after BCR-inhibitor combination treatment of JVM3 cells: A-B) 24
hours after combination treatment, there was no significant difference in the surface expression of PD-L1
compared to the untreated control. C) 48 hours after treatment with 1 uM, a significant but mild decrease of
PD-L1 surface levels was observed for both combinations. D) Surprisingly, using a concentration of 5uM per
inhibitor did not affect the PD-L1 surface level compared to the untreated control after 48 hours of treatment.
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Figure 8: PD-L1 surface expression after BCR-inhibitor combination treatment of OSU-CLL cells: A-B)
After 24 hours of treatment, PD-L1 surface levels were significantly decreased for both inhibitor combinations
at both concentrations. C-D) Intriguingly, the reduction of PD-L1 was not maintained until 48h after treatment
initiation.

A significant reduction of PD-L1 surface expression could only be observed in OSU-CLL
after the 24-hour time point, while for the JVM3 cells, only at a concentration of 1 uM per
inhibitor, there was a significant downregulation of PD-L1 after 48 hours of treatment
(Figure 8).

Strikingly, the overall effect of the combination treatment with two different BCR-inhibitors
(tirabrutinib + entospletinib, tirabrutinib + Idelalisib) on the surface expression of PD-L1 on
JVM3 and OSU-CLL cells was less pronounced in comparison to the respective single-
agent treatment (Figure 9). This contradicts an additive or synergistic effect when

combining two different BCR-inhibitors.
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Figure 9: Direct comparison of PD-L1 expression after single agent- vs. combination treatment: The
graph directly compares PD-L1 expression after treatment with 5 uM of each inhibitor, at t = 24h for JVM3 and
t = 48h for OSU-CLL. Although single agent-treatment often resulted in a reduction of PD-L1 surface levels at
the concentration and time point selected for this graph, the combination treatment showed no significant
difference. For both cell lines, dasatinib led to the strongest decrease in PD-L1 expression.
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Figure 10: PD-L2 surface expression after BCR-inhibitor combination treatment of JVM3 cells: Similar
to the single-agent treatment, the combination treatment with two BCR-inhibitors increased the PD-L2 surface
levels. A-B) After 24 hours, this was firstly visible for the combination of 1 yM tirabrutinib + 1uM entospletinib.
C-D) After 48 hours, upregulation of PD-L2 was observed for both inhibitor combinations at both

concentrations.
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Figure 11: PD-L2 surface expression after BCR-inhibitor combination treatment of OSU-CLL cells: A-
B) After 24 hours, the combination treatment had no significant effect on the PD-L2 surface expression
compared to the untreated control. C-D) In contrast, there was a significant increase in the PD-L2 surface
expression after 48 hours of treatment with both inhibitor combinations at both concentrations.

Similar to the single-agent treatment, the combination treatment significantly increased the
PD-L2 protein level on the surface of JVM3 and OSU-CLL cells (Figure 10, Figure 11).
However, the effect was slightly delayed and detected mainly after 48h, while the relative

increase of PD-L2 was also less pronounced.

4.1.3. BCR-inhibitor treatment of multiple human B cell line systems

To verify a general regulatory role of the BCR-signaling pathway for the surface expression
of PD-1 ligands, we expanded our previous experiment using various human B cell lines
of diverse lymphoma origins. JVM3 and OSU-CLL cells served as control CLL models.
Surprisingly, the treatment of JVM3 and OSU-CLL cells with dasatinib did not lead to a

reduced PD-L1 expression as previously observed (Figure 3, Figure 4). Only for the

43



4. Results

DOHH-2 and L540 cell lines, dasatinib treatment led to a progressive reduction of surface
PD-L1 (Figure 12), which was consistent with our previous findings. However, none of the
other BCR-inhibitors significantly affected the PD-L1 surface expression on most of the
examined B cell lines.

Together, these findings show that inhibition of the BCR-signaling cascade does not
significantly influence the surface expression of PD-L1 in lymphoma cell lines. We also
measured PD-L2 surface levels, but there were several cell lines in which we could not
detect any PD-L2 expression. Hence studying PD-L2 in this experimental set-up was not

feasible.
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Figure 12: PD-L1 surface expression after BCR-inhibitor treatment of various B cell lines: In this
experimental set-up, no significant differences could be observed in most treatment cases compared to the
untreated control. B, F) Only for the DOHH-2 and L540 cell lines dasatinib treatment led to a progressive
reduction of the PD-L1 surface level. D, H) Strikingly, the downregulation of PD-L1 on the surface of JVM3
and OSU-CLL, which has previously been observed, could not be reproduced in this experimental set-up.

45



4. Results

4.2. In vitro treatment of primary CLL cells

4.2.1. With BCR inhibitors

To overcome the artificial and immortal characteristics of cell line systems, we also
investigated the effect of BCR-inhibition on the surface expression of the PD-1 ligands in
primary patient-derived CLL cells (Figure 13, Figure 14). For this, we established a co-
culture system using THP-1 feeder cells, which allowed us to extend the CLL cell viability
ex vivo for up to 10 days. We only used ibrutinib to treat the CLL cells as this inhibitor
represents the most frequently used BCR inhibitor for treating CLL patients. Moreover, it
has been shown that the PD-L1 expression is reduced on the surface of CD19" cells in

peripheral blood of CLL patients after three months of Ibrutinib monotherapy. *°

46



4. Results

A PD-L1 Pat. 25 B PD-L1 Pat. 78
5 1.4 5 1.51
g |5
[&] 1.2+ o A
[e] [e]
= /\ 1o
g g
T 10 T
S €
S S 0.5
< 0.8 <
™ e
= =
0.6 T T T T 1 0.0 T T T T 1
0 2 4 6 8 10 0 2 4 6 8 10
Day Day
[
PD-L1 Pat. 78 b PD-L1 Pat. 100
§ 34 5 1.5+
c =
8 8
[e]
3 2 g 1.0
N S
£ £
S 14 ‘8‘ 0.5
[ c
= =
0 T T T T 1 0.0 T T T T 1
0 2 4 6 8 10 Q 4 ™ © L) N
day day
E PD-L1 Pat. 200 F PD-L1 Pat. 332
‘:3 2.51 5 2.0
g &
2.04
; ; 1.5
B 1.5 el
g1 $.0 A
5 g N
£ 1.0 x E
2 205
i 0.5 [T
= =
0.0 T T T T ] 0.0 T T T T 1
0 2 4 6 8 10 0 2 4 6 8 10
day Day
G PD-L1 Pat. 358 PD-L1 Pat. 398
§ 1.5 s 1.5
£ =
8 8
e e
ha 1.0 > 1.0
N s
© ©
£ E
o 0.54 o 0.54
c c
o o
= =
0.0 T T T T 1 0.0 T T T T 1
N v ™ © ® K ° v ) © ® K

day

day

Figure 13: PD-L1 surface expression on primary CLL cells after ibrutinib treatment: Each graph
represents the cells of a single CLL patient treated with ibrutinib in vitro, normalized to untreated controls. Most
graphs show high variability of PD-L1 expression, with values being both lower and higher than the control
during the observed time course. B-C) shows the cells of the same patient evaluated in two independent
experiment rounds. However, no consistent impact on the PD-L1 surface expression can be observed.
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Figure 14: PD-L2 surface expression on primary CLL cells after ibrutinib treatment: Similar to the cell
lines, most patient-derived CLL cells showed an increase in PD-L2 surface expression after BCR-inhibition.
However, the PD-L2 levels showed high variability and dynamics. B-C) show in vitro treatments of the same
patient from two independent experiment rounds. Again, BCR-inhibition of the same patient cells led to
inconsistent effects on the PD-L2 surface expression level.
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4. Results

The graphs above indicate highly variable PD-L1 and PD-L2 expression levels on the CLL
cell surface in each individual patient (Figure 13, Figure 14). Moreover, the expression is
also highly dynamic throughout the observed time course. These findings contradict an
apparent and consistent effect of ibrutinib on the surface expression of PD-1 ligands, at

least for the period observed in this experiment.
Notably, the PD-L1 expression on the primary CLL cells was much lower than in the human

B cell lines, while PD-L2 was completely absent in some samples (Figure 15).
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Figure 15: PD-L1 surface expression on JVM3 vs. primary CLL cells: Representative histogram of the
PD-L1 surface expression (red) compared to the respective isotype control (green) determined by flow
cytometry. A) Shows the MFI signal for PD-L1 on the surface of JVM3 cells, which was significantly higher

than the isotype control. B) In contrast, primary CLL cells showed only a slightly higher MFI than the isotype
control, indicating minimal PD-L1 surface expression.

4.2.2. Induction of PD-L1 surface expression using diverse BCR stimulating
agents

Next, we investigated the effect of BCR stimulation on PD-1 ligand expression on the
surface of primary CLL cells. We hypothesized that stimulation with IgM induces the
surface expression of PD-L1 via BCR-mediated signaling. Additionally, we evaluated the
effectiveness of other stimulating agents such as IFNy and PMA in increasing the low
baseline expression of PD-L1 on primary human CLL cells (Figure 16).

PMA is a phorbol ester which activates PKC and subsequently Ras, Raf-1, ERK and NF-
KB, % thus regulating gene transcription, cell growth, differentiation, and survival.

IFNy regulates the transcription of various genes linked to the immune system. It
stimulates macrophages, induces antitumor and antimicrobial responses, and enhances
antigen presentation. Furthermore, it affects cell growth, maturation and differentiation. *’
PD-L1 expression was measured on three different patient samples at 6, 24, and 48 hours

after treatment.

49



4. Results

Pooled patient data PD-L1 MFI

2.0
E: -e— control
8 1.5- = oM
g -+ PMA
(3]
Q 1.0 IFN
2
2
= 05
i
=

0.0 T T T

6 24 48
time (h)

Figure 16: PD-L1 surface expression after in vitro stimulation of primary CLL cells with PMA, IFNy, and
IgM: The surface expression of PD-L1 was determined by flow cytometry on two consecutive days after in
vitro stimulation. The absolute MFI values of the untreated control and the stimulated samples corrected with
the isotype control are depicted. The graphs show data from three independent patient samples. PMA was the
only agent that could significantly upregulate PD-L1 on the CLL cell surface in all three patient samples tested.
In contrast, IFNy only mildly affected the PD-L1 surface expression, while IgM showed no effect on the surface
expression of PD-L1 on primary human CLL cells.

Baseline PD-L1 expression was low in all three patients compared to the expression levels
usually found in cell lines. This has already been observed previously in the inhibitor
treatment experiments (Figure 15). Only PMA could significantly upregulate PD-L1
expression, while IFNy just led to a slight increase in PD-L1 surface levels. BCR-
stimulation with IgM did not have any effect on PD-L1 compared to the untreated control
(Figure 16).

In a second repetition, more stimulating agents were investigated to see whether we could
find other molecules that upregulate PD-L1 on primary CLL cells. Samples were analyzed

over a longer time period, after 6, 24 and 72 hours (Figure 17).

CD40 ligand is found on activated T cells and upon binding to its receptor CD40 on the B
cell surface, it promotes growth and differentiation. In combination with cytokines, it also

stimulates immunoglobulin secretion. %

CpGs are oligodeoxynucleotides with immunomodulatory properties. They stimulate Toll-
like receptor 9 (TLR9) on plasmacytoid dendritic cells and B cells, which leads to the

99

production of pro-inflammatory cytokines. Furthermore, they promote cellular

polarization and migration in CLL. '®
LPS can be found in the cell wall of gram-negative bacteria and thus strongly activates
immune cells. It induces cytokine production and proliferation as well as differentiation of

B cells into antibody secreting cells. This effect is mediated by PI3K. "
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Figure 17: PD-L1 surface expression after in vitro stimulation of primary CLL cells with CD40L, CpG
and LPS: The surface expression of PD-L1 has been determined by flow cytometry 6, 24. and 72 hours after
in vitro stimulation. The absolute MFI values of the untreated control and the stimulated samples corrected
with the isotype control are depicted. The graphs show data from three independent patient samples which
are the same ones used in the first experimental run (Figure 76), Here, the first measurement at t = 0 showed
an absence of PD-L1 on the surface of all three patient samples. At the other time points, PD-L1 could be
detected again, but no significant differences could be observed between the untreated control and the
stimulated samples.

Strikingly, although using cells from the same patients as in the first run, during the initial
measurement before treatment no PD-L1 could be detected on the cell surface. During the
further course of the experiment, PD-L1 was expressed again in all three patient samples,
but very weakly. None of the stimulants used was able to significantly upregulate PD-L1
(Figure 17).

Taken together, in these experiments PMA was the only agent that could increase the low
baseline expression of PD-L1 in the patient samples investigated. Since BCR-stimulation
with IgM could not achieve an increase in PD-L1 surface expression, we concluded that

the regulation of PD-L1 by the BCR pathway is very unlikely.
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5. Discussion

The PD-1-PD-L1/2 immune checkpoint axis has become an important target for ICB
therapy in many tumor entities. However, this therapeutic approach has not been very
successful in CLL, except for a subset of patients with RT, for which the response could
be further improved by combining ICB with a tyrosine kinase inhibitor (TKI). 2% This is
somewhat surprising since the PD-1-PD-L1/2 pathway has been shown to be active in
CLL. °2 Moreover, upregulation of PD-1 and PD-L1 has been observed in the peripheral
blood and lymph node samples of CLL patients. 7%7%192193 Thjs discrepancy indicates the
urgent need to investigate further the role of the PD-1/PD-L1/PD-L2 immune checkpoint
axis in CLL. Recent publications suggested a potential regulation of the PD-1-PD-L1/2
immune checkpoint axis by the BCR-signaling pathway. Li et al. have shown that BCR-
mediated NFATc1 activation induces the expression of PD-L1 via an IL-10/STAT3
signaling axis in DLBCL. ®* Moreover, they found that BTK-inhibition reduces the protein
level of PD-L1 in a DLBCL and a Hodgkin lymphoma cell line. In agreement with this,
Kondo et al. observed a significant downregulation of PD-1 on T cells and PD-L1 on CLL
cells at 3 and 6 months after initiating ibrutinib monotherapy. *

In this study, we wanted to evaluate the regulatory potential of the BCR-signaling pathway
for the surface expression of PD-L1 and PD-L2 on CLL cells in vitro. Therefore, we
conducted a series of in vitro experiments where we stimulated or inhibited the BCR-

pathway using both primary human CLL cells and multiple human B cell lines.

5.1. The effects of BCR-inhibition on PD-1 ligand expression in cell lines

First, we focused on the CLL-like cell lines JVM3 and OSU-CLL. We used six different
BCR-inhibitors (dasatinib, entospletinib, ibrutinib, idelalisib, acalabrutinib and spebrutinib)
in order to be certain that the observed effects are dependent on the BCR and not on other
off-targets of those TKIls. Furthermore, we measured two different concentrations and
timepoints to assess whether the effects are time- and/or dose-dependent. Here we
observed a tendency of PD-L1 downregulation and PD-L2 upregulation, but the effects
were highly inconsistent. Since we only analyzed surface expression and not protein levels
of the PD-1 ligands, possible intracellular changes in mMRNA and protein levels could have
remained undetected. Furthermore, JVM3 and OSU-CLL are cell lines immortalized with
Epstein-Barr virus (EBV). It has been shown that LMP1, which is a latent gene product of

EBV, increases PD-L1 expression. '® Especially JVM3 cells display large amounts of
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LMP1. ' This could be an explanation for the high basal expression of PD-L1 in this cell
line.

Next, we investigated the synergistic or additive potential of different BCR-inhibitor
combinations. Here we chose inhibitor combinations that are being investigated in clinical
trials, namely tirabrutinib + entospletinib and tirabrutinib + idelalisib. By targeting two
different kinases in the BCR-pathway, both the BTK and ATK pathways are blocked and
thus compensatory mechanisms cannot take effect. We assumed this might result in a
more pronounced change in PD-1 ligand expression. However, the combination of two
different inhibitors led to weaker effects than the respective single-agent treatment. This
somewhat contradicts a regulation by the BCR-pathway.

Then we extended our BCR-inhibitor treatment to other B cell lines (DB, DOHH-2, HT,
Karpas 422, L-540, Mec1, P3-OHKUBO and WSU-DLCL2) to evaluate the impact of BCR-
inhibition on cell lines representing other types of lymphomas and thus to broaden our
analysis to malignant B cells in general. This should help us exclude that we were missing
a possibly more prominent effect BCR-inhibition might have in other cell lines.

Furthermore, the publication by Li et al. %

supports our initial hypothesis in DLBCL cell
lines, and thus we wanted to investigate whether we could obtain similar results in this
lymphoma entity. However, in those experiments we still included JVM3 and OSU-CLL to
evaluate the reproducibility of the effects observed in the previous experiments and to
have a direct comparison to the PD-1 ligand expression in the other cell lines. Surprisingly,
we could not reproduce the results obtained in the first experiments with JVM3 and OSU-
CLL. A possible reason for this is the different experimental set-up using a 96-well plate
and thus smaller volumes. Still, this supported our notion that the changes we observed in
PD-1 ligand expression did not correspond to a robust, reproducible effect. Also in the
other cell lines, inhibitor treatment did not result in a different PD-1 ligand expression
compared to the untreated control. PD-L2 surface expression, being lower than PD-L1

levels in general, could not even be detected in some cell lines.

Taken together, our findings in the cell line experiments showed that BCR inhibition did
not consistently influence the expression of the PD-1 ligands in vitro. PD-1 ligand
regulation appears to be very dynamic in these cell lines and above that highly dependent
on other environmental factors. Clearly, a robust, one-dimensional regulation of PD-1

ligand expression by the BCR seems unlikely.
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5.2. The effect of BCR-inhibition on PD-1 ligand expression in primary CLL
cells

In CLL patients, PD-L1 and PD-1 have been shown to be upregulated, resulting in impaired
T cell function. "%® The observation that ibrutinib therapy could reduce PD-L1 expression
in CLL patients ** hinted at a possible modulation of this immunosuppressive pathway by
the BCR signaling cascade.

In our in vitro setting, ibrutinib treatment had very different effects on each individual
patient, and the PD-L1 surface expression showed high variability. Even in one patient
whose cells were analyzed twice, the development of PD-L1 expression over time was

quite different in the two analyses.

For PD-L2, the results looked similar, and we could observe very dynamic levels of this
protein. Like the cell lines, the PD-L2 expression on the surface of primary CLL cells was

even lower than that of PD-L1.

One problem in working with primary CLL cells is their rapid apoptosis ex vivo, which might
negatively impact experimental readout. We could establish a co-culture system with THP-
1 feeder cells which significantly improved survival in cell culture, but inevitably the viability

deteriorated over time.

Furthermore, the results of the previous publication on the effect of ibrutinib treatment on
PD-1 and PD-L1 expression in CLL patients have been obtained after 6 months of
continuous in vivo therapy with this agent. ®* Various systemic factors might have
influenced the readout, which is not reproduceable in an in vitro system.

Surprisingly, in most of our primary CLL patient samples, we could not observe the high
PD-L1 expression levels that have been described for CLL patients in the literature. This
limits the potential regulatory effect of BCR-inhibition that can be observed in the in vitro
experiments. Recently, a co-culture system with HS5 cells has been established in our
laboratory increasing the low baseline expression of PD-L1 on primary CLL cells up to
threefold. Subsequently treating the cells with dasatinib led to a decrease in PD-L1 surface
levels (data by Greta Steinmetz, c.f. Figure 18, Figure 19). This needs to be investigated
further, but since dasatinib has multiple off-targets and other BCR-inhibitors, including
ibrutinib (Figure 13), did not have this impact, this seems to be a BCR-independent effect.
Additionally, dasatinib is known for its considerable toxicity, which needs to be taken into

account when evaluating this data.
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5.3. Induction of PD-L1 expression by BCR stimulation

To investigate whether we could enhance PD-L1 expression in primary CLL cells, we
tested different cell stimulating agents in our THP-1 co-culture system. We were especially
interested in the effect of BCR-specific stimulation with IgM on PD-L1 surface levels. With
this reverse approach we wanted to elicit further whether those two pathways are
interlinked.

However, stimulation with IgM did not affect PD-L1 expression. Only PMA could
significantly increase PD-L1 surface levels. This revealed a possible way to enhance PD-
L1 expression on primary CLL cells. Above that, further experiments were conducted in
our laboratory establishing a successful stimulation of PD-L1 with IFNy or using a coculture

system with HS5 cells.

PD-L1 surface expression
(Fold Change)
H
1

Figure 18: PD-L1 surface levels on CLL patient cells after coculture with HS5 cells and dasatinib
treatment: Coculture of primary CLL cells with HS5 cells increased PD-L1 expression compared to
monoculture. Subsequent treatment with dasatinib led to a significant reduction of PD-L1, measured via
flow cytometry (data by Greta Steinmetz).

Interestingly, Li et al. observed an upregulation of PD-L1 protein levels upon IgM
stimulation, determined by Western Blot analysis 9, Similar to the inhibitor treatments, this
could reveal a regulatory effect of the BCR pathway on protein level which does not affect
PD-L1 surface expression, at least not during the observed time period.

Taken together, our experiments showed no upregulation of PD-L1 after BCR-specific
stimulation and no consistent downregulation after treatment with BCR-TKIs. Only
dasatinib repeatedly led to a stronger reduction of PD-L1 surface levels. Since no other
kinase inhibitor showed a similar effect and dasatinib is not very specific to the BCR-

pathway, we concluded that the underlying mechanisms are BCR-independent. This
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mechanism still needs to be investigated further. This observation led to further research

projects subsequently conducted in our laboratory.
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Figure 19: PD-L1 surface levels on CLL patient cells after coculture with HS5 cells and treatment with
different BCR-inhibitors: As depicted in figure 18, coculture with HS5 cells increased the low baseline PD-
L1 expression on primary CLL cells. Treatment with dasatinib led to a significant reduction of PD-L1, while
ibrutinib and idelalisib as well as a combination of both did not have a significant impact. This data by Greta
Steinmetz reinforces the conclusion that the effect of dasatinib on PD-L1 expression is not mediated by the

BCR-pathway.

PD-L2 surface expression increased after treatment with some of the inhibitors, but the
results were hardly reproduceable and many of the B cell lines used in this work did not
express any PD-L2. Also, in primary CLL cells, PD-L2 expression was even lower than
that of PD-L1. Considering the limited literature on the role of PD-L2 in B cell malignancies,
this molecule seems to be of minor importance in the pathogenesis of CLL.

All'in all, our data led us to the conclusion that PD-L1 and PD-L2 surface expressions are

highly variable and do not underlie a clear regulation by the BCR pathway.
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6. Outlook

6.1 Quantification of total PD-1 ligand expression and mRNA levels upon
BCR inhibition and stimulation

Since only PD-1 ligand surface expression was investigated with flow cytometry in this
work, a possible regulatory effect of the BCR signaling pathway on intracellular protein or
mMRNA levels remains to be examined. Thus, a further step would be to use Western Blot
as an alternative readout to flow cytometry in order to determine the effect of BCR inhibition
and stimulation on PD-L1 protein levels. Here, Li et al. could already show an effect of

three different BTK-inhibitors as well as after stimulation with IgM in DLBCL cell lines *.

In addition to protein quantification, measuring mRNA levels after BCR inhibition and
stimulation with qRT-PCR would provide further insight into possible regulatory impacts of
the BCR-pathway on PD-1 ligand transcription.

For those experiments, working again with various cell lines representing different B cell
malignancies as well as primary CLL cells would show most comprehensively whether the
observed effects apply on B cells in general and whether cell lines and patient cells are

systems which are well-comparable.

Furthermore, it could be of interest to investigate PD-1 ligand expression on the cells
surface as well as on protein and mRNA levels in patient samples after in vivo treatment
with TKls. This could help to elucidate the effects of BCR-inhibition not just on the

malignant cells directly but also on the TME and the function of the host’'s immune system.

6.2 Identification of the regulatory potential of individual dasatinib off-
targets for the expression of PD-1 ligands on the surface of malignant B
cells

Since dasatinib showed the strongest effect on PD-L1 expression in our experiments,
further investigating the off-targets of this kinase inhibitor would be of particular interest.
In the cell lines used in our experiments as well as in primary CLL cells (data by Greta
Steinmetz, see figure 18 and 19), after stimulating PD-L1 surface expression, dasatinib
led to a decrease in PD-L1 levels. Since other BCR-inhibitors did not consistently show
this effect, we concluded that dasatinib treatment targets other molecules and pathways
influencing PD-L1 expression. Dasatinib is known to have various off-targets, and to

determine which one impacts PD-L1, a CRISPR-Cas9 knock-out screen would be a
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suitable tool. This method elucidates the link between genotype and phenotype by a
genome-wide analysis of gene expression and subsequent phenotypic alterations. To
achieve this, libraries of single guide RNAs (sgRNAs) are used to knock out genes on a
genome-wide scale. Thus, loss-of-function mutations can be introduced into various
targets of dasatinib. Subsequently, the phenotypic alterations in PD-L1 expression can be
investigated. This way, still unknown regulatory pathways of PD-L1 in malignant B cells

can be identified.

58



7. References

1. Hallek M. Chronic lymphocytic leukemia: 2020 update on diagnosis, risk
stratification and treatment. Am J Hematol 2019; 94(11): 1266-87.

2. Jemal A, Siegel R, Ward E, Murray T, Xu J, Thun MJ. Cancer statistics, 2007. CA
Cancer J Clin 2007; 57(1): 43-66.

3. Tsimberidou AM, Keating MJ. Richter syndrome: biology, incidence, and
therapeutic strategies. Cancer 2005; 103(2): 216-28.

4. Rai KR, et al. Clinical Staging of Chronic Lymphocytic Leukemia. Blood 1975; 46:
219-34

5. Binet JL, Auquier A, Dighiero G, et al. A new prognostic classification of chronic
lymphocytic leukemia derived from a multivariate survival analysis. Cancer 1981; 48(1):
198-206.

6. An international prognostic index for patients with chronic lymphocytic leukaemia
(CLL-IPI): a meta-analysis of individual patient data. Lancet Oncol 2016; 17(6): 779-90.
7. Landau DA, Tausch E, Taylor-Weiner AN, et al. Mutations driving CLL and their
evolution in progression and relapse. Nature 2015; 526(7574): 525-30.

8. Nicholas NS, Apollonio, B. Ramsay, A.G. . Tumor microenvironment (TME)-
driven immune suppression in B cell malignancy. Biochimica et Biophysica Acta 2016;
1863: 471-82

9. Tsukada N, Burger JA, Zvaifler NJ, Kipps TJ. Distinctive features of "nurselike"
cells that differentiate in the context of chronic lymphocytic leukemia. Blood 2002; 99(3):
1030-7.

10. Gorgln G, Holderried TA, Zahrieh D, Neuberg D, Gribben JG. Chronic
lymphocytic leukemia cells induce changes in gene expression of CD4 and CD8 T cells.
J Clin Invest 2005; 115(7): 1797-805.

11. Alhakeem SS, McKenna MK, Oben KZ, et al. Chronic Lymphocytic Leukemia-
Derived IL-10 Suppresses Antitumor Immunity. J Immunol 2018; 200(12): 4180-9.

12. Hallek M, Cheson BD, Catovsky D, et al. iwCLL guidelines for diagnosis,
indications for treatment, response assessment, and supportive management of CLL.
Blood 2018; 131(25): 2745-60.

13. Wierda WG, Byrd JC, Abramson JS, et al. NCCN Guidelines Insights: Chronic
Lymphocytic Leukemia/Small Lymphocytic Lymphoma, Version 2.2019. Journal of the
National Comprehensive Cancer Network J Natl Compr Canc Netw 2019; 17(1): 12-20.
14. Chemotherapeutic options in chronic lymphocytic leukemia: a meta-analysis of
the randomized trials. CLL Trialists' Collaborative Group. J Natl Cancer Inst 1999;
91(10): 861-8.

15. Hagemeister F. Rituximab for the treatment of non-Hodgkin’s lymphoma and
chronic lymphocytic leukaemia. Drugs 2010; 70: 261-72

16. Burger JA, Chiorazzi N. B cell receptor signaling in chronic lymphocytic leukemia.
Trends in immunology 2013; 34(12): 592-601.

17. Wiestner A. Emerging role of kinase-targeted strategies in chronic lymphocytic
leukemia. Blood 2012; 120(24): 4684-91.

18. Souers AJ, Leverson JD, Boghaert ER, et al. ABT-199, a potent and selective
BCL-2 inhibitor, achieves antitumor activity while sparing platelets. Nat Med 2013; 19(2):
202-8.

19. Sher T, Miller KC, Lawrence D, et al. Efficacy of lenalidomide in patients with
chronic lymphocytic leukemia with high-risk cytogenetics. Leuk Lymphoma 2010; 51(1):
85-8.

20. Ding W, LaPlant BR, Call TG, et al. Pembrolizumab in patients with CLL and
Richter transformation or with relapsed CLL. Blood 2017; 129(26): 3419-27.

59



21. Porter DL, Levine BL, Kalos M, Bagg A, June CH. Chimeric antigen receptor-
modified T cells in chronic lymphoid leukemia. N Engl J Med 2011; 365(8): 725-33.

22. Turtle CJ, Hay KA, Hanafi LA, et al. Durable Molecular Remissions in Chronic
Lymphocytic Leukemia Treated With CD19-Specific Chimeric Antigen Receptor-Modified
T Cells After Failure of Ibrutinib. J Clin Oncol 2017; 35(26): 3010-20.

23. Mancikova V, Smida M. Current State of CAR T-Cell Therapy in Chronic
Lymphocytic Leukemia. International Journal of Molecular Sciences 2021; 22(11): 5536.
24, Gauthier J, Hirayama AV, Purushe J, et al. Feasibility and efficacy of CD19-
targeted CAR T cells with concurrent ibrutinib for CLL after ibrutinib failure. Blood 2020;
135(19): 1650-60.

25. Gill SI, Vides V, Frey NV, et al. Prospective Clinical Trial of Anti-CD19 CAR T
Cells in Combination with Ibrutinib for the Treatment of Chronic Lymphocytic Leukemia
Shows a High Response Rate. Blood 2018; 132: 298.

26. Burger JA, Wiestner, A. Targeting B cell receptor signalling in cancer: preclinical
and clinical advances. Nature Reviews Cancer 2018; 18: 148.

27. Wiestner A. The role of B-cell receptor inhibitors in the treatment of patients with
chronic lymphocytic leukemia. Haematologica 2015; 100(12): 1495-507.

28. Jerkeman M, et al. Targeting of B-cell receptor signaling in B-cell malignancies.
Journal of Internal Medicine 2017; 282: 415-28

29. Guo YJ, Pan WW, Liu SB, Shen ZF, Xu Y, Hu LL. ERK/MAPK signalling pathway
and tumorigenesis. Exp Ther Med 2020; 19(3): 1997-2007.

30. Mitchell S, Vargas J, Hoffmann A. Signaling via the NFkB system. Wiley
Interdiscip Rev Syst Biol Med 2016; 8(3): 227-41.

31. Seda V, Mraz M. . B-cell receptor signalling and its crosstalk with other pathways
in normal and malignant cells. European Journal of Hematology 2015; 94: 193-205

32. Hibbs ML, Tarlinton DM, Armes J, et al. Multiple defects in the immune system of
Lyn-deficient mice, culminating in autoimmune disease. Cell 1995; 83(2): 301-11.

33. Ersahin T, Tuncbag N, Cetin-Atalay R. The PISK/AKT/mTOR interactive pathway.
Mol Biosyst 2015; 11(7): 1946-54.

34. Liu W, Meckel T, Tolar P, Sohn HW, Pierce SK. Intrinsic properties of
immunoglobulin IgG1 isotype-switched B cell receptors promote microclustering and the
initiation of signaling. Immunity 2010; 32(6): 778-89.

35. Lam KP, Kiuhn R, Rajewsky K. In vivo ablation of surface immunoglobulin on
mature B cells by inducible gene targeting results in rapid cell death. Cell 1997; 90(6):
1073-83.

36. Lenz G, Nagel |, Siebert R, et al. Aberrant immunoglobulin class switch
recombination and switch translocations in activated B cell-like diffuse large B cell
lymphoma. J Exp Med 2007; 204(3): 633-43.

37. Hamblin TJ, Davis Z, Gardiner A, Oscier DG, Stevenson FK. Unmutated Ig V(H)
genes are associated with a more aggressive form of chronic lymphocytic leukemia.
Blood 1999; 94(6): 1848-54.

38. Stamatopoulos K, Belessi C, Moreno C, et al. Over 20% of patients with chronic
lymphocytic leukemia carry stereotyped receptors: Pathogenetic implications and clinical
correlations. Blood 2007; 109(1): 259-70.

39. Ghiotto F, Fais F, Valetto A, et al. Remarkably similar antigen receptors among a
subset of patients with chronic lymphocytic leukemia. J Clin Invest 2004; 113(7): 1008-
16.

40. Wang L, Lawrence MS, Wan Y, et al. SF3B1 and other novel cancer genes in
chronic lymphocytic leukemia. N Engl J Med 2011; 365(26): 2497-506.

41. Puente XS, Pinyol M, Quesada V, et al. Whole-genome sequencing identifies
recurrent mutations in chronic lymphocytic leukaemia. Nature 2011; 475(7354): 101-5.
42. Contri A, et al. Chronic lymphocytic leukemia B cells contain anomalous Lyn
tyrosine kinase, a putative contribution to defective apoptosis. Journal of Clinical
Investigation 2005; 115: 369-78

60



43. Chen L, Apgar J, Huynh L, et al. ZAP-70 directly enhances IgM signaling in
chronic lymphocytic leukemia. Blood 2005; 105(5): 2036-41.

44, Rassenti LZ, Huynh L, Toy TL, et al. ZAP-70 compared with immunoglobulin
heavy-chain gene mutation status as a predictor of disease progression in chronic
lymphocytic leukemia. N Engl J Med 2004; 351(9): 893-901.

45. Herman SE, Gordon AL, Hertlein E, et al. Bruton tyrosine kinase represents a
promising therapeutic target for treatment of chronic lymphocytic leukemia and is
effectively targeted by PCI-32765. Blood 2011; 117(23): 6287-96.

46. de Rooij MF, Kuil A, Geest CR, et al. The clinically active BTK inhibitor PCI-
32765 targets B-cell receptor- and chemokine-controlled adhesion and migration in
chronic lymphocytic leukemia. Blood 2012; 119(11): 2590-4.

47. Byrd JC, Furman RR, Coutre SE, et al. Targeting BTK with ibrutinib in relapsed
chronic lymphocytic leukemia. N Engl J Med 2013; 369(1): 32-42.

48. Advani RH, Buggy JJ, Sharman JP, et al. Bruton tyrosine kinase inhibitor ibrutinib
(PCI-32765) has significant activity in patients with relapsed/refractory B-cell
malignancies. J Clin Oncol 2013; 31(1): 88-94.

49. Burger JA, Tedeschi A, Barr PM, et al. Ibrutinib as Initial Therapy for Patients with
Chronic Lymphocytic Leukemia. N Engl J Med 2015; 373(25): 2425-37.

50. Byrd JC, Harrington B, O'Brien S, et al. Acalabrutinib (ACP-196) in Relapsed
Chronic Lymphocytic Leukemia. N Engl J Med 2016; 374(4): 323-32.

51. Sharman JP, Egyed M, Jurczak W, et al. Acalabrutinib with or without
obinutuzumab versus chlorambucil and obinutuzmab for treatment-naive chronic
lymphocytic leukaemia (ELEVATE TN): a randomised, controlled, phase 3 trial. Lancet
2020; 395(10232): 1278-91.

52. Ghia P, Pluta A, Wach M, et al. ASCEND: Phase Ill, Randomized Trial of
Acalabrutinib Versus Idelalisib Plus Rituximab or Bendamustine Plus Rituximab in
Relapsed or Refractory Chronic Lymphocytic Leukemia. J Clin Oncol 2020; 38(25):
2849-61.

53. De Novellis D, Cacace F, Caprioli V, Wierda WG, Mahadeo KM, Tambaro FP.
The TKI Era in Chronic Leukemias. Pharmaceutics 2021; 13(12).

54. Danilov AV, Herbaux C, Walter HS, et al. Phase Ib Study of Tirabrutinib in
Combination with Idelalisib or Entospletinib in Previously Treated Chronic Lymphocytic
Leukemia. Clin Cancer Res 2020; 26(12): 2810-8.

55. Hoellenriegel J, Meadows SA, Sivina M, et al. The phosphoinositide 3'-kinase
delta inhibitor, CAL-101, inhibits B-cell receptor signaling and chemokine networks in
chronic lymphocytic leukemia. Blood 2011; 118(13): 3603-12.

56. Brown JR, Byrd JC, Coutre SE, et al. Idelalisib, an inhibitor of phosphatidylinositol
3-kinase p1109, for relapsed/refractory chronic lymphocytic leukemia. Blood 2014;
123(22): 3390-7.

57. Friedberg JW, Sharman J, Sweetenham J, et al. Inhibition of Syk with
fostamatinib disodium has significant clinical activity in non-Hodgkin lymphoma and
chronic lymphocytic leukemia. Blood 2010; 115(13): 2578-85.

58. Sharman J, Hawkins M, Kolibaba K, et al. An open-label phase 2 trial of
entospletinib (GS-9973), a selective spleen tyrosine kinase inhibitor, in chronic
lymphocytic leukemia. Blood 2015; 125(15): 2336-43.

59. Barr PM, Saylors GB, Spurgeon SE, et al. Phase 2 study of idelalisib and
entospletinib: pneumonitis limits combination therapy in relapsed refractory CLL and
NHL. Blood 2016; 127(20): 2411-5.

60. Steinberg M. Dasatinib: a tyrosine kinase inhibitor for the treatment of chronic
myelogenous leukemia and philadelphia chromosome-positive acute lymphoblastic
leukemia. Clin Ther 2007; 29(11): 2289-308.

61. Talpaz M, Shah NP, Kantarjian H, et al. Dasatinib in imatinib-resistant
Philadelphia chromosome-positive leukemias. N Engl J Med 2006; 354(24): 2531-41.
62. Keir ME, et al. PD-1 and Its Ligands in Tolerance and Immunity. Annual Review
of Immunology 2008; 26: 677-704

61



63. Ishida Y, Agata Y, Shibahara K, Honjo T. Induced expression of PD-1, a novel
member of the immunoglobulin gene superfamily, upon programmed cell death. Embo j
1992; 11(11): 3887-95.

64. Nishimura H, Nose M, Hiai H, Minato N, Honjo T. Development of lupus-like
autoimmune diseases by disruption of the PD-1 gene encoding an ITIM motif-carrying
immunoreceptor. Immunity 1999; 11(2): 141-51.

65. Zhong Xea. PD-L2 expression extends beyond dendritic cells/macrophages to B1
cells enriched for VH11/VH12 and phosphatidylcholine binding. 2007; 37(9): 2405-10.
66. Sun C, Mezzadra, R., Schumacher, T.N. Regulation and Function of the PD-L1
Checkpoint. Immunity 2018; 48: 434-52.

67. Dong H, Zhu G, Tamada K, Chen L. B7-H1, a third member of the B7 family, co-
stimulates T-cell proliferation and interleukin-10 secretion. Nat Med 1999; 5(12): 1365-9.
68. Azuma T, Yao S, Zhu G, Flies AS, Flies SJ, Chen L. B7-H1 is a ubiquitous
antiapoptotic receptor on cancer cells. Blood 2008; 111(7): 3635-43.

69. Wherry EJ, Kurachi M. Molecular and cellular insights into T cell exhaustion.
Nature Reviews Immunology 2015; 15(8): 486-99.

70. Brusa D, Serra S, Coscia M, et al. The PD-1/PD-L1 axis contributes to T-cell
dysfunction in chronic lymphocytic leukemia. Haematologica 2013; 98(6): 953-63.

71. Hirano F, Kaneko K, Tamura H, et al. Blockade of B7-H1 and PD-1 by
monoclonal antibodies potentiates cancer therapeutic immunity. Cancer Res 2005;
65(3): 1089-96.

72. Sun Z, Fourcade J, Pagliano O, et al. IL10 and PD-1 Cooperate to Limit the
Activity of Tumor-Specific CD8+ T Cells. Cancer research 2015; 75(8): 1635-44.

73. Park BV, Freeman ZT, Ghasemzadeh A, et al. TGFf31-Mediated SMAD3
Enhances PD-1 Expression on Antigen-Specific T Cells in Cancer. Cancer Discov 2016;
6(12): 1366-81.

74. Gordon SR, Maute RL, Dulken BW, et al. PD-1 expression by tumour-associated
macrophages inhibits phagocytosis and tumour immunity. Nature 2017; 545(7655): 495-
9.

75. Grzywnowicz M, Zaleska J, Mertens D, et al. Programmed Death-1 and Its
Ligand Are Novel Immunotolerant Molecules Expressed on Leukemic B Cells in Chronic
Lymphocytic Leukemia. PLOS ONE 2012; 7(4): e35178.

76. Ramsay AG, et al. Multiple inhibitory ligands induce impaired T cell
immunological synapse function in chronic lymphocytic leukemia that can be blocked
with lenalidomide: establishing a reversible immune evasion mechanism in human
cancer. Blood 2012; 120: 1412-21

77. Brahmer JR, Drake CG, Wollner |, et al. Phase | study of single-agent anti-
programmed death-1 (MDX-1106) in refractory solid tumors: safety, clinical activity,
pharmacodynamics, and immunologic correlates. J Clin Oncol 2010; 28(19): 3167-75.
78. Ansell SM, Lesokhin AM, Borrello |, et al. PD-1 blockade with nivolumab in
relapsed or refractory Hodgkin's lymphoma. N Engl J Med 2015; 372(4): 311-9.

79. Le DT, Uram JN, Wang H, et al. PD-1 Blockade in Tumors with Mismatch-Repair
Deficiency. N Engl J Med 2015; 372(26): 2509-20.

80. Kok M, Horlings HM, Snaebjornsson P, et al. Profound Immunotherapy
Response in Mismatch Repair-Deficient Breast Cancer. JCO Precision Oncology 2017;
(1): 1-3.

81. Robert C, Long GV, Brady B, et al. Nivolumab in previously untreated melanoma
without BRAF mutation. N Engl J Med 2015; 372(4): 320-30.

82. Weber J, Mandala M, Del Vecchio M, et al. Adjuvant Nivolumab versus
Ipilimumab in Resected Stage Il or IV Melanoma. N Engl J Med 2017; 377(19): 1824-35.
83. Borghaei H, Paz-Ares L, Horn L, et al. Nivolumab versus Docetaxel in Advanced
Nonsquamous Non-Small-Cell Lung Cancer. N Engl J Med 2015; 373(17): 1627-39.

84. Fehrenbacher L, Spira A, Ballinger M, et al. Atezolizumab versus docetaxel for
patients with previously treated non-small-cell lung cancer (POPLAR): a multicentre,
open-label, phase 2 randomised controlled trial. Lancet 2016; 387(10030): 1837-46.

62



85. Rosenberg JE, Hoffman-Censits J, Powles T, et al. Atezolizumab in patients with
locally advanced and metastatic urothelial carcinoma who have progressed following
treatment with platinum-based chemotherapy: a single-arm, multicentre, phase 2 trial.
Lancet 2016; 387(10031): 1909-20.

86. Motzer RJ, Escudier B, McDermott DF, et al. Nivolumab versus Everolimus in
Advanced Renal-Cell Carcinoma. N Engl J Med 2015; 373(19): 1803-13.

87. Sharma P, Retz M, Siefker-Radtke A, et al. Nivolumab in metastatic urothelial
carcinoma after platinum therapy (CheckMate 275): a multicentre, single-arm, phase 2
trial. Lancet Oncol 2017; 18(3): 312-22.

88.  Younes A, Brody J, Carpio C, et al. Safety and activity of ibrutinib in combination
with nivolumab in patients with relapsed non-Hodgkin lymphoma or chronic lymphocytic
leukaemia: a phase 1/2a study. Lancet Haematol 2019; 6(2): e67-e78.

89. Buhmann R, Nolte A, Westhaus D, Emmerich B, Hallek M. CD40-activated B-cell
chronic lymphocytic leukemia cells for tumor immunotherapy: stimulation of allogeneic
versus autologous T cells generates different types of effector cells. Blood 1999; 93(6):
1992-2002.

90. Wierz M, Pierson S, Guyonnet L, et al. Dual PD1/LAG3 immune checkpoint
blockade limits tumor development in a murine model of chronic lymphocytic leukemia.
2018; 131(14): 1617-21.

91. loannou N, Hagner PR, Stokes M, et al. Triggering interferon signaling in T cells
with avadomide sensitizes CLL to anti-PD-L1/PD-1 immunotherapy. Blood 2021; 137(2):
216-31.

92. Xu-Monette ZY, Zhou J, Young KH. PD-1 expression and clinical PD-1 blockade
in B-cell lymphomas. 2018; 131(1): 68-83.

93. Li L, Zhang J, Chen J, et al. B-cell receptor-mediated NFATc1 activation induces
IL-10/STAT3/PD-L1 signaling in diffuse large B-cell ymphoma. 2018; 132(17): 1805-17.
94. Kondo K, et al. Ibrutinib modulates the immunosuppressive CLL
microenvironment through STAT3-mediated suppression of regulatory B cell function
and inhibition of the PD-1/PD-L1 pathway. Leukemia 2018; 32: 960-70

95. Kondo K, Shaim H, Thompson PA, et al. Ibrutinib modulates the
immunosuppressive CLL microenvironment through STAT3-mediated suppression of
regulatory B-cell function and inhibition of the PD-1/PD-L1 pathway. Leukemia 2018;
32(4): 960-70.

96. Chang MS, Chen BC, Yu MT, Sheu JR, Chen TF, Lin CH. Phorbol 12-myristate
13-acetate upregulates cyclooxygenase-2 expression in human pulmonary epithelial
cells via Ras, Raf-1, ERK, and NF-kappaB, but not p38 MAPK, pathways. Cell Signal
2005; 17(3): 299-310.

97. Schroder K, Hertzog PJ, Ravasi T, Hume DA. Interferon-gamma: an overview of
signals, mechanisms and functions. J Leukoc Biol 2004; 75(2): 163-89.

98. Maliszewski CR, Grabstein K, Fanslow WC, Armitage R, Spriggs MK, Sato TA.
Recombinant CD40 ligand stimulation of murine B cell growth and differentiation:
cooperative effects of cytokines. Eur J Immunol 1993; 23(5): 1044-9.

99. Kayraklioglu N, Horuluoglu B, Klinman DM. CpG Oligonucleotides as Vaccine
Adjuvants. Methods Mol Biol 2021; 2197: 51-85.

100. Dampmann M, Goérgens A, Moéllmann M, et al. CpG stimulation of chronic
lymphocytic leukemia cells induces a polarized cell shape and promotes migration in
vitro and in vivo. PLoS One 2020; 15(2): e0228674.

101. Venkataraman C, Shankar G, Sen G, Bondada S. Bacterial lipopolysaccharide
induced B cell activation is mediated via a phosphatidylinositol 3-kinase dependent
signaling pathway. Immunol Lett 1999; 69(2): 233-8.

102. Grzywnowicz M, Karczmarczyk A, Skorka K, et al. Expression of Programmed
Death 1 Ligand in Different Compartments of Chronic Lymphocytic Leukemia. Acta
Haematol 2015; 134(4): 255-62.

103. Ramsay AG, Clear AJ, Fatah R, Gribben JG. Multiple inhibitory ligands induce
impaired T-cell immunologic synapse function in chronic lymphocytic leukemia that can

63



be blocked with lenalidomide: establishing a reversible immune evasion mechanism in
human cancer. Blood 2012; 120(7): 1412-21.

104. Bi XW, Wang H, Zhang WW, et al. PD-L1 is upregulated by EBV-driven LMP1
through NF-kB pathway and correlates with poor prognosis in natural killer/T-cell
lymphoma. J Hematol Oncol 2016; 9(1): 109.

105. Xu DM, Kong YL, Wang L, et al. EBV-miR-BHRF1-1 Targets p53 Gene: Potential

Role in Epstein-Barr Virus Associated Chronic Lymphocytic Leukemia. Cancer Res Treat
2020; 52(2): 492-504.

64



8. Appendices

8.1. List of figures

Figure 1: The B cell receptor Signaling PAtRWAY ................oooo oo a e 17
Figure 2: The B cell receptor signaling PatiWaY ................oooo oo eiiei e a e 17
Figure 3: The PD-1-PD-L1/2 immune ChECKDOINT @XIS. .........c.coiueioiiiieeie ettt 20
Figure 4: PD-L1 surface expression after BCR-inhibitor treatment of JVM3 Cells..........cccccovvvvoiesceiienns 35
Figure 5: PD-L1 surface expression after BCR-inhibitor treatment of OSU-CLL cells. ...........ccccccevcveiveenens 36
Figure 6: PD-L2 surface expression after BCR-inhibitor treatment of JVMS3. ............cccovviviiiiniiiiiesicee 37
Figure 7: PD-L2 surface expression after BCR-inhibitor treatment of OSU-CLL. ..........cccccccovviviiesceiiees 38
Figure 8: PD-L1 surface expression after BCR-inhibitor combination treatment of JVYM3 cells....................... 39
Figure 9: PD-L1 surface expression after BCR-inhibitor combination treatment of OSU-CLL cells................ 40
Figure 10: Direct comparison of PD-L1 expression after single agent- vs. combination treatment................. 41
Figure 11: PD-L2 surface expression after BCR-inhibitor combination treatment of JVM3 cells .................... 42
Figure 12: PD-L2 surface expression after BCR-inhibitor combination treatment of OSU-CLL cells.............. 43
Figure 13: PD-L1 surface expression after BCR-inhibitor treatment of various B cell lines...................c......... 45
Figure 14: PD-L1 surface expression on primary CLL cells after ibrutinib treatment..............ccc.cccovovvveenens 47
Figure 15: PD-L2 surface expression on primary CLL cells after ibrutinib treatment..............cccccccovcviveenens 48
Figure 16: PD-L1 surface expression on JVM3 vs. primary CLL CEIIS .............ccovveiioieioeiniiesiseee e 49

Figure 17: PD-L1 surface expression after in vitro stimulation of primary CLL cells with PMA, IFNy, and IgM.
50

Figure 19: PD-L1 surface levels on CLL patient cells after coculture with HS5 cells and dasatinib treatment55
Figure 20: PD-L1 surface levels on CLL patient cells after coculture with HS5 cells and treatment with different
2O 101 o1 (o RSP OUPRI 56

8.2. List of tables

Table 1: Rai StAGING SYSTOM.......couee ettt et s ettt ne s e nane s
Table 2: Binet Staging System

TADIE 3: CLLAIPI ...ttt ettt ettt ettt bttt et e nane s
Table 4: Characterization of CLL patient SAMIPIES. ..............ooeueee ettt seaearae e 31
Table 5: BCR inhibitors used and their target KiNASES .............c.cuuieeioiiieeiiieseest et 31
Table 6: Reagents used for PD-L1 and PD-L2 staining after inhibitor treatment .................cccccoovevveeeecnnenn. 33

65



