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aus Lörrach
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1 SUMMARY

1 Summary

The epigenetic code is modulated through writers, readers and erasers, which add, in-

terpret and remove post-translational modifications on DNA and histones, respectively.

However, while this process is essential to regulate gene expression and adapt to environ-

mental influences, it is also exploited by cancer cells to enhance expression of oncogenes

or silence transcription of tumor suppressors. BET proteins are epigenetic readers, which

bind to acetylated lysine residues on histones and modulate transcription of target genes

including the oncogene MYC. BET-inhibitors displace BET proteins from the chromatin

and thereby suppress transcription of target genes. However, the complete catalogue of

BET targets is still unknown and the function of BET-inhibitors especially on immune

cells is under high debate showing immune suppressive and activating capabilities. In this

thesis, the effect of the small molecule BET-inhibitor RG6146 was elucidated by assessing

potential resistance mechanisms of Multiple Myeloma cell lines in vitro. Different hypoth-

esis including overexpression of MYC, modulation of proteins of the intrinsic apoptosis

pathway and presence of the export transporter ABCB1 were assessed in sensitive and

resistant cell lines. While the effect of BET-inhibitors on cancer cells has been the main

focus of research studies thus far, only little is known on the function of BET-inhibitors on

immune cells. Therefore, one part of this research also focused on discovering the effect of

RG6146 on CD4+ and CD8+ T cell activation using various in vitro assays. While T cell

proliferation was strongly suppressed at early time points, longer treatment with RG6146

even enhanced cell division. The main part of this thesis describes the effect of BET-

inhibitors in the interface between immune and cancer cells. RG6146 and structurally

distinct BET-inhibitors were shown to sensitize cancer cells to TNF induced cell death

by modulating pro-survival proteins of the NF-κB pathway thereby enhancing cell death

in combination with a T cell bispecific antibody in vitro and in vivo.

This thesis in collaboration with other research works is the basis for future potential

combination strategies of BET-inhibitors with small molecules or immunotherapy.
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1 SUMMARY

Zusammenfassung

Epigenetik ist ein dynamischer Prozess zur Regulation der Genexpression, der sich über

die Zeit Umwelteinflüssen anpasst. Der epigenetische Code wird durch Schreib- und

Löschenzyme verändert, die Post-Translationale Modifikationen an DNA und Histonen

anbringen oder entfernen. Lesedomänen erkennen die Modifikationen, binden daran und

interpretieren den Code indem sie Gentranskription an- oder ausschalten. Während die

Epigenetik ein wichtiger Prozess für die Entwicklung und Funktion von gesunden Zellen

darstellt, haben Krebszellen mit Hilfe der Epigenetik einen Weg gefunden um die Expres-

sion von Onkogenen zu verstärken oder die Expression von Tumorsuppressoren zu un-

terdrücken. BET Proteine gehören zur Gruppe der Lesedomänen und erkennen acetylierte

Lysinreste an Histonen oder DNA. Durch Bindung an diese posttranslationale Modifika-

tion inhibieren BET Proteine die Transkription von Zielgenen zum Beispiel dem Onkogen

MYC. BET-inhibitoren sind im Moment in der klinischen Entwicklung und verhindern

die Interaktion von BET Proteinen mit den acetylierten Lysin-Resten. Dadurch wird

die Transkription von Zielgenen unterdrückt. Allerdings sind noch nicht alle Zielgene von

BET Proteinen identifiziert und daher steht zum Beispiel zur Debatte, ob BET-inhibitoren

einen positiven oder negativen Effekt auf T Zell Aktivierung haben.

In dieser Dissertation wurden die Effekte des BET-inhibitors RG6146 untersucht indem

mögliche Resistenzmechanismen von Multiplen Myelom Zellen in vitro getestet wurden.

Die unterschiedlichen Hypothesen, welche die Überexpression von MYC, Proteine im in-

trinsischen Apoptose Signalweg und den Export-Transporter ABCB1 beinhalten, wurden

untersucht. Die meisten Forschungsprojekte haben sich bisher auf den Effekt von BET-

inhibitoren auf Krebszellen fokussiert und nur wenige haben den Effekt in Immunzellen

untersucht. Diese Studien zeigen zudem gegensätzliche Resultate in Bezug auf den Effekt

von BET-inhibitoren auf die Aktivierung und Funktion von T Zellen. Deshalb wurde

in dieser Dissertation der Effekt von RG6146 auf CD4+ und CD8+ T Zellen untersucht.

Vor allem nach kurzer Behandlung mit RG6146 wurde die T Zell Proliferation stark ver-

ringert, dies hat sich allerdings nach einer längeren Inkubationszeit normalisiert. Der

Hauptteil dieser Dissertation fokussiert sich auf den Effekt von RG6146 und strukturell

unterschiedlichen BET-inhibitoren im Kontext von Krebs- und Immunzellen. Es wird

gezeigt, dass BET-inhibitoren die überlebensfördernden Proteine im NF-κB Signalweg

modulieren und dadurch Zellen für TNF induzierten Zelltod sensibilisieren. Diese Hy-

pothese wird von positiven Resultaten einer Kombinationsbehandlung von RG6146 und

einem T Zell bispezifischen Antikörper untermauert.

Die Ergebnisse die in dieser Dissertation vorgestellt werden sind zusammen mit anderen

Veröffentlichungen die Basis für weitere Forschungsarbeiten um eine potentielle Kombi-

nation von BET-inhibitor und Immuntherapie in der Klinik zu ermöglichen.
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2 INTRODUCTION

2 Introduction

2.1 Epigenetics

In eukaryotic organisms, the chromosomal DNA is present in a highly compact struc-

ture called chromatin, which is built up by nucleosomes [1]. Nucleosomes contain tightly

packed DNA wrapped around eight histones [1, 2]. Post-translational modifications of

DNA and histones such as ubiquitination, phosphorylation, sumoylation but most im-

portantly methylation and acetylation are key for defining the so-called epigenome.[2, 3]

The orchestra of post-translational modifications and interacting proteins determines the

packaging of chromatin leading to a specific transcriptional landscape in a given cell [4].

Epigenetic changes in gene expression rely on the combination of DNA methylation as

well as histone marks and their protein binders and do not involve modifications in the

underlying DNA sequence [2]. While epigenetics are heritable between cell divisions and

occasionally generations, they evolve over time and reprogram cells to adapt and respond

to environmental changes [2, 5, 6].

Writers

Readers
Erasers

Readers

Histone

Readers

= Post Translational Modi�cations

Figure 1: Post translational modifications are added to histone tails or DNA directly through
writers, while erasers remove these modifications. Readers bind to modifications and thereby
modulate gene transcription of target genes

The epigenetic landscape is mediated through writers, readers, and erasers. Writer pro-

teins add histone marks including methylation or acetylation to lysine or arginine residues

on histone tails. They are in equilibrium with eraser proteins removing these post-

translational modifications. While having these marks themselves might not have an

effect, readers interpret the epigenetic code and translate it to modulate chromatin struc-
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ture or gene expression (Figure 1).[2] Histone acetyltransferases (HAT) are an example

for epigenetic writers and have been described to use Acetyl-CoA as the acetyl-donor for

adding an acetyl group to the ε-amino group of a lysine side chain in a histone [7]. Dif-

ferent mechanisms have been proposed on how acetylated histones modulate chromatin

packaging and gene expression. If the acetylated lysine residue is located on the histone

tail, it neutralizes its positive charge thereby loosening chromatin packaging and enhanc-

ing the accessibility of genes for the transcriptional machinery [2]. Specific histone marks

are involved in chromatin folding including H4K16 acetylation. Upon acetylation, H4K16

has been shown to switch from heterochromatin, describing the tightly packed form of

DNA, to euchromatin, which is a lightly packed version of DNA [8, 9, 10]. Besides effects

on chromatin packaging, lysine acetylation creates binding sites for readers, which con-

tain conserved protein motifs. Specific recognition of post-translational modifications by

readers induces recruitment of transcription factors to enhancer and promoter regions of

target genes [11, 12]. Among others, specific protein motifs in reader proteins include bro-

modomains (BD), chromodomains, plant homeodomains (PHD) fingers or tudor domains

[13].

2.1.1 Epigenetic Dysregulation in Cancer

Given that the epigenetic code is vital to correctly regulate gene expression, it is not sur-

prising that dysfunction of writers, readers and erasers or their binding partners promotes

various diseases including cancer [2]. Cancer cells are known to harbor mutations in the

DNA sequence causing dysfunctional proteins or the complete loss of tumor suppressor

genes [14]. However, cancer cells also exploit epigenetic mechanisms to modify the pro-

teome to their own advantage. The first epigenetic difference between cancer cells and

healthy tissue was discovered in 1983. It was shown that cancer cells exhibit a distinct

DNA methylation pattern at CpG dinucleotides when compared to normal tissue [15].

In this respect, the level of histone marks is globally altered in many cancer cells lead-

ing to the activation of oncogenes or the transcriptional repression of tumor suppressors

[16]. One example is the CpG-island methylator phenotype (CIMP) describing colorec-

tal cancer cells that exhibit specific methylated CpG islands in promoter regions thereby

silencing tumor suppressor genes and inducing mismatch repair deficiency [17, 18].

2.1.2 BET proteins

One family of epigenetic readers is the family of bromodomain containing proteins that

bind to acetylated lysine marks and are classified into nine different subgroups depending

on their main function depicted in Figure 2 and described in detail by Zaware et al. [19].

2
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Human Bromodomain
subclasses I-IX and their function

II. Histone lysine
methylation

III. Chromatin
remodellng

IV. Replication-coupled
chromatin assembly

V. Transcriptional
Activation

VI. Protein sumoylation,
ubiquitination, degradtion

VII. PML nuclear bodies,
transcriptional regulation

VIII. Transcriptional
repression, DNA repair

IX. Cell shape control,
insulin regulation

I. Histone lysine
acetylation

Figure 2: Human Bromodomain containing proteins can be divided into nine subclasses depend-
ing on their main function as described in [19].

One subgroup describes Bromodomain and extraterminal (BET) proteins which consist

of bromodomain containing protein 2 (BRD2), BRD3, short and long isoform of BRD4

(BRD4S, BRD4L) and testis specific BRDT. They contain two bromodomains (BD) at

the N-terminus and one extraterminal (ET) domain at the C-terminal end. The long

isoform BRD4L contains a C-terminal motif (CTM), which is also present in BRDT.[20]

Even though bromodomains exhibit a large variation in the 110 amino acid sequence [21],

they adapt the same conserved fold allowing specific recognition and binding of acetylated

lysine residues on histone tails [22]. At the same time, BET proteins form interactions

with the transcription coactivator mediator complex and transcription factors allowing

them to localize to active enhancer and promoter regions and activate gene transcription

[11, 12]. BRD4 has also been shown to interact with the positive transcription elonga-

tion factor (P-TEFb), which consists of the catalytic subunit cyclin dependent kinase 9

(CDK9) and one of the activator subunits cyclin T1, T2 and K [23, 24]. Upon BRD4

mediated recruitment of P-TEFb to the chromatin, the kinase function of the complex

phosphorylates and activates RNA polymerase II (RNA Pol II) inducing transcriptional

elongation of certain genes [23, 24] (Figure 3).

The fact that BET proteins are ubiquitously expressed across cell types [25] raises the

question why these proteins were identified as promising drug targets and how to specif-

ically inhibit BET proteins in target cells. Recently, the understanding of how BET

proteins function has become more evident, but it is not entirely understood why healthy

cells are not adversely affected by BET-inhibition. One potential reason is the differen-

tial recruitment and usage of BET proteins at super-enhancers versus typical enhancers

[26, 27].
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Ac
BRD4

TSS

RNA Pol II

CDK9

Cyclin T1

Enhancer

Ac

Ac

Mediator

BRD4

BETi

Promoter

TFs

Mediator

TFs

Figure 3: In the nucleus BRD4 binding to chromatin is mediated through acetylated lysine
residues on histone tails. BRD4 forms an interaction with mediators and transcription factors
(TF) at promoters proximal to the transcriptional start site (TSS) or at enhancers (distal to the
TSS) [11, 12]. BRD4 recruits pTEFb containing Cyclin T1 and CDK9, which in turn activates
RNA polymerase II (RNA Pol II) to induce gene transcription [23, 24]. BET-inhibitors (BETi)
diplace BRD4 from the chromatin and thereby modulate gene transcription.

2.1.3 Super-enhancers

Classical enhancer regions are defined as specific DNA elements in close proximity of

genes, which are bound by transcription factors and mediators to regulate gene activa-

tion. The function of these enhancers is independent of their orientation on DNA and

they are adjacent to histones exhibiting post-translational modifications.[28] It has been

shown that enhancers regulate gene transcription from a distance by looping the DNA

strand thereby bringing promoter and enhancer regions in close proximity [29, 30, 31].

Studies over the last years have revealed that some enhancers seem to form clusters over

a large span of DNA-sequence mediating the enriched binding of several factors as com-

pared to classical enhancers [28]. These so-called super-enhancers show a high degree

of transcription factor, mediator coactivator complex and RNA Pol II binding and have

been linked to a higher expression of adjacent genes [32, 33]. They also exhibit an enrich-

ment of post-translational modifications of histones like H3K27ac and H3K4me1 as well

as DNase I hypersensitivity [32, 33]. In healthy cells, super-enhancers usually regulate the

expression of genes involved in cell identity and cell function [32]. However, in a disease

state, super-enhancers are placed in close proximity of oncogenic drivers including MYC

[26] or are enriched for disease associated single-nucleotide polymorphisms (SNPs) [33].
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Since super-enhancers show enhanced binding of transcription factors, coactivators like

BRD4 and mediators at their site, inhibition of these binding factors has a much stronger

impact on correct gene activation as compared to classical enhancers, which do not de-

pend on the binding of a large amount of these interacting factors [26] (Figure 4).

TSSEnhancer

BRD4 RNA Pol II

Mediator

TSSSuper-Enhancer

RNA Pol II

TSSEnhancer

BRD4 RNA Pol II

TSSSuper-Enhancer

RNA Pol II

+BETi

Enhancer Super-Enhancer

Mediator Mediator

BRD4

Mediator

BRD4

: acetylation : RNA

Figure 4: Super-enhancers exhibit a higher degree of post-translational modifications including
H3K27ac, as well as mediator and BRD4 binding as compared to classical enhancer [32, 33].
Loss of mediator and BRD4 at super-enhancers has, therefore, a stronger impact on active gene
transcription [26]. TSS: Transcriptional Start Site; RNA Pol II: RNA Polymerase II

2.1.4 BET-inhibitors

In recent years, BET proteins have emerged as a potential drug target in oncology and

other disease fields including inflammation and viral treatment [19, 34]. BET-inhibitors

(BETi) work by displacing BET proteins from the chromatin thereby modulating the

transcription of target genes. Most BETis belong to the acetyl lysine mimetic class of

bromodomains-inhibitors [27]. These small molecules compete with the acetylated lysine

residue to form a hydrogen bond with the conserved asparagine residue located in the

hydrophobic pocket of the bromodomain [27]. Various BETis have been developed and

are currently investigated in clinical trials for a broad spectrum of disease treatment as

described in detail by Cochran et al. and Zaware et al. [19, 34].
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2.1.4.1 The BET-inhibitors JQ1 and RG6146 JQ1 was developed by the James

Bradner laboratory [35] and belongs to the acetyl-lysine mimetic class of BETis [27]

(Figure 5). This small molecule BETi has been extensively used for in vitro and in vivo

studies in the past years.

Cl
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N

O

NH

N

O
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N
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JQ1 RG6146

Figure 5: Chemical structure of the small molecule JQ1 and the advanced molecule RG6146

To understand the mechanism of how BETis displace BET proteins from the chromatin,

it is important to comprehend how Bromodomains interact with the acetylated lysine

residue. Bromodomains are constructed of a left-handed four helix-bundle and together

with the inter-helical ZA and BC loop form a hydrophobic pocket at the end of the bun-

dle [36, 37, 38] (Figure 6 A-B). Bromodomains preferably bind more than one acetylated

lysine residue [22]. Binding is mediated through a hydrogen bond between the carbonyl

oxygen of the acetylated lysine residue and the side-chain NH2 of a conserved asparagine

residue within the bromodomain. This interaction is stabilized through hydrogen bonds

with five conserved water molecules located in the cavity of the bromodomain. The

neutralized charge of the second acetylated lysine residue facilitates the formation of hy-

drophobic interactions with the bromodomain.[36, 39] The thieno-triazol-1, 4-diazepene

scaffold of JQ1 consists of a triazole ring, which mimics the acetylated lysine residue

thereby forming a bond with the conserved asparagine residue in the bromodomain [35].

Further interactions are mediated through the chlorophenyl substituent of the diazepine

ring and the dimethyl-substituted thieno ring [27]. By displacing BET proteins from

chromatin, JQ1 has been shown to potently reduce tumor growth and improve survival

in vivo [35]. Even though various effects on cancer and immune cells have been described

for JQ1, due to its short half life in plasma [35], this small molecule could not be utilized

in clinical trials. RG6146 (RO6870810) is a derivative of JQ1 with improved pharmacoki-

netic properties (Figure 5). RG6146 was used in Phase I clinical trials in various tumor

types as single agent (NCT02308761) and in combination (NCT03255096, NCT03068351,

NCT03292172).
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αA

αB

αC
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N

αZ’
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hydrophilic hydrophobic

Figure 6: Structure of the bromodomain of Gcn5p binding to a peptide of the acetylated Histone
H4. (A) Cartoon and surface representation of the bromodomain, which shows four alpha
helices Z, A, B, C and bound peptide (orange). (B) Surface representation of the bromodomain.
Coloured by hydrophobic potential (most hydrophilic (blue) and most hydrophobic (orange)).
Acetylated peptide is shown in grey. PDB: 1E6I, [36]

2.1.4.2 Effects of BETis on cancer cells Transcription factors like the oncogene Myc

are intrinsically unstructured and therefore thought to be undruggable [40]. Interestingly,

BET proteins have been shown to enhance the transcriptional activation of MYC making

them interesting targets for cancer therapy [41]. Indeed, treatment with JQ1 in hemato-

logical malignancies showed suppression of MYC transcription as well as its downstream

targets and induces anti-proliferative effects [26, 41].

Further, BETis have been shown to suppress other cancer-associated phenotypes such

as hypoxia and angiogenesis [42]. In particular, BETis block the expression of carbonic

anhydrase 9 (CA9 ) and vascular endothelial growth factor-A (VEGF-A) in triple negative

breast cancer (TNBC) [42]. Binding of Hypoxia Inducible Factor (HIF) to the promoter

of CA9 has been impaired with BETi treatment and since BRD4 binding is increased

at promoter regions of CA9 and VEGF under hypoxic conditions, it was suggested that

transcription induced by HIF is dependent on BET proteins [42].

Cancer cells have also been shown to produce highly tumorigenic fusion proteins through

a translocation between BRD3 or BRD4 with nuclear protein in testis (NUT ). Thereby

the oncogenic fusion proteins BRD3-NUT and BRD4-NUT are generated, which lead to

NUT midline carcinomas introducing them as promising drug targets for BETis even in

rare and highly aggressive malignancies.[43, 44, 45]

7



2.1 Epigenetics 2 INTRODUCTION

Besides single agent activity, various studies have focused on the effect of BETis in combi-

nation with other molecules to overcome drug resistance or enhance treatment outcome.

One example is the combination of Poly(ADP-ribose) polymerase (PARP) and BET-

inhibition. PARP-inhibitors (PARPis) are known to be effective in cells with mutations

in BRCA1 or BRCA2 causing homologous recombination deficiency [46, 47]. BETis were

able to induce synthetic lethality in combination with PARPis by suppressing the level

of C-terminal binding protein 1 (CtBP1) interacting protein (CtIP), which is involved in

DNA double strand break repair [47]. On the other hand, BETis have been considered as

promising molecules to be combined with immunotherapy. Specifically, JQ1 was shown to

displace BRD4 at the locus of programmed-death ligand 1 (PD-L1, CD274) thereby reduc-

ing CD274 expression [48, 49]. PD-L1 is a binding partner for the programmed cell death

protein 1 (PD-1) expressed on T cells. Interaction of this ligand-receptor pair suppresses

T cell function as shown for reduced cytokine secretion and proliferative potential [50].

Therefore, PD-L1 function is utilized by cancer cells to negatively regulate the immune

response inducing a resistance mechanism to anti-tumor immunity [51]. Hence, downreg-

ulation of PD-L1 protein by BETis enhances tumor-specific T cell effector functions [48]

and places BETis as promising combination partners for immunotherapy.

2.1.4.3 Effects of BETis on T cells Historically, the main interest of research was to

elucidate the effect of BETis on cancer cells. However, in recent years the transcriptional

regulation driven by BET proteins in immune cells has become an emerging field of

interest. Studies of BETis on immune cells have led to contradictory results that will

be discussed in depth in section 5.2. Briefly, BETis have been shown to suppress T

cell differentiation of specific T cell subsets which makes them a promising treatment

strategy for autoimmune diseases [52]. Conversely, another group has identified BETis as

promising combination partners for chimeric antigen receptor (CAR) T cell therapy by

enhancing persistence of adoptively transferred CAR T cells [53]. Yet, the broad effect of

BETis on immune cells is still vastly unknown. To evaluate how BETis shape the effect

of immune cell subtypes in the context of cancer, it is important to understand general T

cell function and the mechanisms that cancer cells exploit in the tumor microenvironment

(TME) to modulate immune cell activity.
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2.2 T cell subtypes, their function and role in cancer elimination

T cells originate in the bone marrow and mature in the thymus, where they are primed to

specifically recognize an antigen bound major histocompatibility complex (MHC) using

their T cell receptor (TCR). Näıve T cells leave the thymus, circulate throughout the body

searching for their specific antigen, and get in contact with antigen presenting cells (APCs)

in the secondary lymphoid organs. APCs circulate through the body, recognize and take

up infected cells leading to the presentation of antigens on their MHC molecules.[54] While

all nucleated cells of the human body possess MHC I molecules, only professional APCs

hold MHC II molecules, which are recognized by the co-receptor CD4 on CD4+ T cells

[55]. CD8 on the surface of CD8+ T cells specifically recognizes an antigen presented by

the MHC I molecule [55]. CD4 and CD8-molecules bind MHC molecules at a different site

than the TCR and enhance sensitivity of T cells to the recognized MHC:antigen complex

[55]. However, additional secondary signals are required to initiate proper T cell activation

(Figure 7). One of these is the interaction of CD28 receptors located on T cells with B7.1

(CD80) or B7.2 (CD86) molecules on APCs [56]. Lack of secondary signals induces T cell

anergy meaning the inability of T cells to produce interleukin (IL)-2 and therefore hinder

proliferation and differentiation [56]. Further receptors and ligands are upregulated on the

surface of T cells and APCs ensuring the receipt of survival signals. Among these receptors

and ligands on T cells are CD40 Ligand (CD40L), 4-1BB and inducible co-stimulatory

molecule (ICOS) [56]. A third necessary signal for T cell activation are cytokines, which

determine the differentiation into specific subtypes. Upon activation and proliferation in

the lymphoid organ, T cells migrate to the site of infection or to tumor targets presenting

specific antigens to initiate killing of target cells [56].
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CD4+T cell Antigen presenting Cell

CD4

TCR

MHC II

CD28 CD80

Cytokines

CD86

Signal 2

Signal 1

Signal 3

Figure 7: T cell activation as an example for CD4+ T cells. The first recquired signal is the
specific recognition of an MHC molecule bound antigen by the TCR and CD4 [55]. The second
signal is mediated through co-stimulatory molecules such as CD28 binding to CD80 or CD86
located on antigen presenting cells [56]. Cytokines as a third signal are also recquired to initiate
proper T cell activation.

2.2.1 CD4+ T helper cells

Upon antigen encounter, CD4+ T helper cells differentiate into specific subclasses and

thereby support the immune system to respond effectively to various kinds of infections

[56].

� T helper-1 (Th1) cells are activated by interleukin (IL)-12 and interferon-gamma

(IFNγ). The transcription factors STAT4 and TBET also play an important role in

Th1 cell differentiation. Th1 cells are mainly involved in the defense against viruses

and intracellular bacteria by producing the effector cytokines IFNγ, TNF, IL-2 and

by activating macrophages.[57, 58, 59, 60, 61, 62]

� T helper-2 (Th2) cells, are involved in the defense of helminthic parasites and are

activated through the cytokines IL-4 and IL-6. The transcription factors STAT6

and GATA3 are important regulators of Th2 cell differentiation. Th2 cells release

various cytokines including IL-4, IL-5, IL-10 and IL-13 to activate, eosinophils and

B-cells.[60, 61, 62, 63, 64]

� T helper-17 (Th17) cells are characterized by the release of IL-17A, IL-17F and IL-

22, the expression of the transcription factors ROR-γt as well as STAT3 and are

involved in the defense against intracellular and extracellular bacteria as well as

fungi [61].
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Furthermore, CD4+ cells have been shown to enhance the activation of CD8+ T cells

during priming. In the lymph nodes, CD4+ T helper cells bind to dendritic cells (DCs)

presenting antigens on the MHC I molecule. Upon interaction, CD4+ cells induce binding

of CD40L with CD40 present on DCs thereby activating them leading to increased levels

of MHC I and MHC II as well as the costimulatory molecules CD80 and CD86. Hence,

activated DCs are able to induce CD8+ T cell activation, killing and enhance T cell

memory.[65, 66, 67]

2.2.2 CD4+ T regulatory cells

Regulatory T cells (T regs) are a subpopulation of CD4+ T cells that are classified by the

expression of the transcription factor FoxP3 in the nucleus and constitutive expression of

Cluster of differentiation 25 (CD25) and Cytotoxic lymphocyte antigen 4 (CTLA-4) on the

cell surface [61, 68, 69, 70, 71, 72]. The main role of T regs is to maintain immunological

self-tolerance and protection from autoimmunity [73]. Although the exact mechanism of

T reg function remains to be elucidated, some factors such as FoxP3, CD25, CTLA-4 and

IL-2 are indispensable in this context [74, 75, 76, 77, 78, 79].

CTLA4 is an inhibitory receptor, which is constitutively expressed on T regs, and induces

a lack of co-stimulatory signals for proper activation of conventional T cells (T convs) [80].

This is mediated through various mechanisms. CTLA4 has a high sequence similarity to

CD28 and competes on binding to CD80 and CD86, but exhibits a higher affinity to its

ligands than CD28 [74, 75]. Moreover, upon binding, CTLA4 decreases CD80 and CD86

levels on the surface of APCs through trans-endocytosis [76, 77].

FoxP3, also, plays a role in T reg mediated suppression of T convs. FoxP3 has been shown

to suppress the production of IL-2. By recruiting class I histone deacetylases (HDAC)

to the IL2 promoter site, FoxP3 leads to IL2 gene silencing, thereby inducing a strong

dependence of T regs on exogenous IL-2 [81]. CD25 on T regs is highly specific for IL-2

binding and, presumably, generates an IL-2 sink to deplete this cytokine for the activation

of T convs [78, 79]. Albeit, this is not entirely understood, since other groups have shown

that IL-2 deprivation is not essential for CD4+ T cell suppression [82, 83] and only needed

for the suppression of CD8+ T cells [83].

The described mechanisms and potentially others lead to a lack of co-stimulatory signals

and inhibit T convs to exhibit their full potential. Even though T regs are crucial to

protect the organisms from autoimmunity, T regs are also important players in suppressing

anti-tumor immunity [84].
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2.2.3 Cytotoxic CD8+ T cells

Cytotoxic CD8+ T cells have the possibility to directly kill other cells by using various

mechanisms summarized in Figure 8.

T cell Target cell
Granzyme B

FasL

TNF

IFNу

Perforin

FasR

TNFR1

M6PR

IFNGR

Figure 8: Shematic of CD8+ mediated killing of target cells. Activated CD8+ T cells kill target
cells through various mechanisms. One is the release of cytotoxic granules containing perforin
and granzyme B into the immunological synapse [85]. Granzyme B can enter the target cell
by binding the Mannose-6-Phosphate Receptor (M6PR) and receptor-mediated endocytosis or
through pores formed by perforin [85, 86, 87]. Another mechanism is the binding of Fas-Ligand
(FasL), tumor necrosis factor (TNF) or interferon-γ (IFNγ) to their respective receptor on the
target cell [85]. FasR: Fas-Receptor; TNFR1: TNF-receptor 1; IFNGR: IFNγ-receptor

The most prominent pathway includes the serine esterase granzyme-B [88] and perforin

directed killing of target cells [85]. These proteins are stored in lytic granules [85]. Upon

cell-cell interaction, the microtubule-organizing center, golgi apparatus and lytic granules

are reorganized to direct the release of the granules to the site of T cell:target cell interac-

tion [85, 87]. Ca2+-dependent release of granules containing perforin and granzyme [85],

induces several mechanisms on the target cell membrane. Perforin has been shown to

form pores in the plasma membrane of the target cells [89, 90, 91], which allows granzyme

to enter into the cytoplasm [92]. An alternative perforin-independent entry mechanism

has been described with granzyme B being able to enter the target cell through receptor-

mediated endocytosis, which is regulated by the mannose-6-phosphate receptor (M6PR)

[86, 87]. Still, perforin is indispensable to release granzyme B from endosome-like vesi-
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cles and induce its full killing potential [87, 93]. Upon entering the cytoplasm, granzyme

cleaves and thereby activates Caspase-3 and Caspase-8 [94, 95, 96]. Granzyme can also ac-

tivate BH3 Interacting Domain Death Agonist (Bid) and induce the release of cytochrome

c from mitochondria [97, 98]. Both pathways eventually lead to the induction of target

cell death [99].

Another important mechanism of cytotoxic T cells to kill target cells is mediated through

the interaction of Fas-Ligand (FasL) present on the membrane of T cells engaging with the

Fas-receptor on target cells . This Ca2+ independent process induces extrinsic apoptosis

of the target cell.[85]

T cell mediated cytotoxicity is also realized through the release of cytokines like IFNγ

and tumor-necrosis-factor-α (TNF) [85] with the latter being described in detail in the

following sections.

2.2.4 TNF

TNF is a multifunctional pro-inflammatory cytokine, which plays an important role in

various processes, including the initiation of inflammatory gene expression programs, the

promotion of proliferation and the activation of cellular suicide programs such as apoptosis

and necrosis [100, 101]. TNF is expressed as a trimeric type II transmembrane protein

[102], but is also present as a soluble extracellular molecule when it is cleaved by the

metalloproteinase TNF-converting enzyme (TACE) [101, 103]. The two forms of TNF

can bind to the corresponding TNF receptors (TNFR) 1 and 2 [104].

TNFR1 is expressed on nearly all tissues and responds to both, the soluble and membrane-

bound form of TNF, whereas TNFR2 is mostly found in immune cells and is only fully

activated by the membrane-bound form of TNF [104]. TNF-mediated signaling through

TNFR1 preferably drives a pro-inflammatory program, while modulation of immune cells

and tissue regeneration are induced by TNF binding to TNFR2 [104]. Upon contact with

the ligand, TNF receptors induce a conformational change leading to the dissociation

of the inhibitory protein silencer of death domain (SODD) allowing the binding of the

adaptor protein Tumor necrosis factor receptor type 1-associated DEATH domain protein

(TRADD) that recognize the death domain of the receptor [105, 106]. Following TRADD

binding, three pathways can be initiated such as the Mitogen Activated Protein Kinase

pathway (MAPK), the classical nuclear factor kappa light chain enhancer of activated B

cells (NF-κB) pathway and death signaling pathways [105]. In this thesis, the last two

pathways are explained in further detail.

13



2.2 T cell subtypes, their function and role in cancer elimination 2 INTRODUCTION

2.2.4.1 TNF activation of classical NF-κB signaling As previously mentioned, the

classical NF-κB-pathway (Figure 9) starts with the binding of TNF to TNFR1 leading

to receptor oligomerization [107] in the plasma membrane and translocation to lipid rafts

[108]. Subsequently, TRADD binds to the cytoplasmic death domain of TNFR1 [109, 110],

which allows the recruitment of the Receptor-interacting serine/threonine-protein kinase

1 (RIPK1) [111]. TRADD simultaneously interacts with TNF receptor-associated factor

2 (TRAF2) through its N-terminal TRAF binding domain [111, 112]. The cellular in-

hibitor of apoptosis protein-1 (cIAP1) and cIAP2 are brought to the complex through

TRAF2 binding [113, 114]. cIAP1 and cIAP2 contain a RING finger domain, which

exhibit an ubiquitin E3 ligase activity leading to K-63 and K-11 linked polyubiquitina-

tion of RIPK1 as well as autoubiquitylation [115, 116, 117, 118, 119]. Ubiquitination in

turn allows recruitment of the kinase complex formed by the transforming growth factor-

beta-activated kinase 1, TAK1-Binding Protein 2 and 3 (TAK1/TAB2/TAB3) as well as

NF-kappa-B essential modulator (NEMO), and the E3 ligase linear Ub chain assembly

complex (LUBAC) [115, 119, 120, 121, 122, 123]. LUBAC-mediated linear ubiquitination

of different components of this complex [124, 125, 126] appears to stabilize or reinforce

the complex formation and promote TAK1-dependent phosphorylation of inhibitor of κB

Kinase β (IKKβ) [127] present in the IKK complex containing IKKα, IKKβ and NEMO

[128]. IKKβ phosphorylation results in the dissociation and subsequent degradation of

IκBα [129, 130, 131]. Finally, NF-κB (p65/p50) is free to translocate into the nucleus and

induce transcription of NF-κB target genes, which are mainly involved in inflammation

and cell survival [128].
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Figure 9: Binding of TNF to the TNFR1 induces formation of complex I containing TRADD,
TRAF2, cIAP1 and cIAP2 thereby inducing ubiquitination of RIPK1 and cIAP1 and further
binding of proteins through these ubiquitination sites leading eventually to phosphorylation of
IKKβ, proteasomal degradation of IkBα and induction of the NF-κB pathway. RIPK1 deu-
biquitination or cIAP1 and cIAP2 depletion induces the formation of complex IIa and IIb and
induction of apoptosis. For a more detailed description refer to section 2.2.4.1 and 2.2.4.2. Ub:
Ubiquitination; P: Phosphorylation

2.2.4.2 TNF induces death signaling Binding of TNF to TNFR1 mostly leads to the

activation of the classical NF-κB-pathway, however, it can also trigger death-signaling pro-

grams including apoptosis or necrosis [101]. Different mechanisms have been described

to induce apoptosis by either forming the complex IIa or IIb [101] (Figure 9). The for-

mation of these complexes is initiated proximal to the membrane and continues to form

upon translocation into the cytoplasm [101, 112]. Complex IIa formation involves deu-

biquitylation of K-63 linked polyubiquitin chains of RIPK1 by A20, Cezanne and CYLD

[132, 133, 134, 135]. De-ubiquitinated RIPK1 dissociates from the TNFR1 complex to

interact with TRAF2, TRADD, FADD, a homodimer of pro-caspase 8, and a procaspase 8

and cleaved long isoform of FLICE-like inhibitory protein (FLIPL) heterodimer [101, 112].

Complex IIa activation results in the activation of downstream caspase cascades leading

to apoptosis [112].

The formation of complex IIb is initiated when the level of cIAP1 and cIAP2 are de-

creased through autodegradation of these proteins [136, 137]. Depletion of cIAP1 and

cIAP2 diminishes RIPK1 ubiquitination [138]. Hence, RIPK1 is free to form a complex

with FADD, RIPK3 and pro-caspase-8 leading to Caspase-8 activation [101, 139]. Acti-

vation of initiator caspase-8 induces cleavage of downstream effector caspase-3/7 and the
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induction of the extrinsic apoptosis pathway leading to proteolytic cleavage of proteins

like PARP [140, 141, 142, 143]. However, the downstream cleavage of caspase-3 and 7 is

not always sufficient to induce cell death and therefore some cells rely on the crosstalk

between the intrinsic and extrinsic apoptosis pathway to induce killing [144]. The intrinsic

apoptotic pathway is initiated by caspase-8 mediated cleavage of Bid, which subsequently

translocates to the mitochondria where it interacts with Bcl-2-associated X protein (BAX)

and Bcl-2 homologous antagonist/killer (BAK1) inducing cytochrome c release [145].

In general, apoptosis can be repressed by anti-apoptotic proteins including cIAP1 and

cIAP2, which have been shown to directly inhibit the cleavage of caspase-3 and 7 [146].

On the other hand, the heterodimer of FLIPL and pro-caspase 8 found in both complexes

are essential for RIPK1 and RIPK3 proteolytic cleavage thereby inhibiting their kinase

function and repressing the induction of cell death through necrosis [147, 148].

2.2.5 The role of T cells in cancer cell elimination

As described, T cells have a variety of ways to eliminate infected or foreign cells. Nev-

ertheless, T cell mediated killing of cells is only mediated upon successful recognition of

target cells including cancer cells.

Negative selection in the thymus is necessary to induce tolerance of T cells towards

self-antigens thereby suppressing autoimmunity [149]. Tumor cells, however, exhibit

mutations, post-translation modifications and modifications in splicing of certain pro-

teins, thereby generating promising new targets for the recognition and attack by im-

mune cells [150, 151, 152, 153, 154, 155]. When presented on the MHC molecules, these

antigens are distinct from their healthy cell counterparts and are so called neoantigens

[150, 151, 152, 153, 154, 155]. Some cancer cells even harbour tumor-specific proteins,

which are not present in other cells of the organism including MAGE-1 expressed in

melanoma and breast carcinoma or mucins on pancreatic and breast tumors [156, 157,

158, 159, 160, 161, 162, 163]. As reviewed by Chen and Mellman, not all neoantigens are

necessarily immunogenic and induce a T cell response [164]. To the contrary, mutations

in a protein can lead to a loss of binding to the MHC I molecule. Also, antigens could

not be recognized by T cells, because the mutated sites are facing away from the TCR.

On the other hand, immunogenic peptides can be created when mutations face towards

the TCR or when completely new peptides are generated through insertions, deletions or

frame-shift mutations [152].[164]

Even though immune cells theoretically can recognize tumor-specific antigens, cancer cells

have developed mechanisms to circumvent attack by the immune system.
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2.3 Immunoediting of cancer cells

The interaction of immune cells and cancer cells is complex, evolves over time and leads

not only to protection of the host from developing tumors, but can also induce tumor

growth in a process termed immunoediting [165]. Immunoediting is divided in three

phases: elimination, equilibrium and escape [165, 166, 167]. The first phase called elim-

ination describes the process of immunosurveillance, in which the interplay between the

innate and the adaptive immune system is able to recognize and eradicate tumor cells

[165, 167]. During the equilibrium phase, immune cell attack and loss of immune cell

recognition, through newly arising cancer cell mutations, balance each other [165, 167].

The process of T cells recognizing neoantigens presented on cancer cells induces immunos-

election. Immunoselection describes the removal of highly immunogenic cells leading to

outgrowth of cancer cells, which lack strong rejection antigens [151, 168]. The equilibrium

phase is the longest and can take up to several years before the tumor develops certain

variants that completely lose sensitivity to immune destruction and thereby escape the

immune system [165, 167]. Prominent escape processes include (1) loss of tumor antigen

expression through silencing upon promoter CpG island methylation [161, 168, 169, 170]

or (2) downregulation or modification of the antigen processing and presentation pathway

specifically focusing on the modification of MHC proteins [171, 172, 173]. For example,

oncogenic BRAF (V600E) has been shown to induce constitutive Serine-335 phosphory-

lation dependent MHC I internalization, which is rescued by BRAF or MEK inhibition

[174].

2.3.1 Immune suppression in cancer

Besides modifying the antigen presenting machinery, cancer cells have evolved various

mechanisms to reduce the attack of the immune system. T cells do not only harbor

co-stimulatory receptors, but also increase the level of co-inhibitory receptors upon ac-

tivation. In concert with high antigen load, immunosuppressive cytokines and a lack of

CD4+ T cell mediated stimulation, T cells lose their effector function [175, 176, 177]. The

inability to induce effector function was originally identified in chronic viral infection, but

also holds true for tumor sites exhibiting a high tumor antigen load [177]. Loss of target

cell killing by T cells is mediated through the loss of IL-2, TNF and IFNγ production and

upregulation of inhibitory receptors including PD-1, T cell immunoglobulin and mucin

domain-containing protein 3 (TIM-3), Lymphocyte-activation gene 3 (LAG3), T cell im-

munoreceptor with Ig and ITIM domains (TIGIT) and CTLA-4 [177, 178, 179, 180].

Also, loss of proliferative capacity and the transcriptional modulation of genes involved

in metabolic pathways suppress T cell mediated killing [177, 178, 179]. This process is

called T cell exhaustion and is important to prevent overstimulation of the immune sys-
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tem, which could induce autoimmunity [177]. Tumor cells further induce the process of

T cell exhaustion and immune evasion by inducing the expression of ligands specifically

binding to co-inhibitory receptors on T cells [177]. For instance, PD-L1 and PD-L2,

which are highly expressed on different tumor types, induce cell cycle arrest as well as a

reduction in cytokine production upon PD-1 binding leading to suppression of antitumor

immunity [50, 51, 181, 182, 183]. Another example is CD155. CD155 is widely expressed

on cancer cells and is a ligand for TIGIT expressed on NK and T cells [184]. Loss of

CD155 on cancer cells has been shown to enhance antitumor immunity and reduce tumor

growth [185, 186, 187, 188].

T cell activation can also be compromised by terminally differentiated effector T regs,

which infiltrate the TME and exert immunosuppressive functions [73, 84, 189, 190]. In

this context, a high prevalence of T regs in different tumor types was linked to a poor

prognosis in patients [190, 191, 192]. T regs possess elevated levels of CD25, CTLA-4,

OX40, 4-1BB, TIGIT, glucocorticoid-induced tumor necrosis factor receptor (GITR), and

PD-1 and thereby suppress activation of tumor associated antigen (TAA)-specific T cells

[73, 190, 193, 194, 195].

Another immune compartment that can play a role in immune suppression is the myeloid

cell lineage. Myeloid cells can differentiate into various cell types including DCs, macro-

phages and neutrophils and are essential in promoting an efficient innate immune response

[196, 197]. However, it has been shown that chronic inflammation as well as the TME

diminish the number of peripheral myeloid cells [196]. This induces migration and accumu-

lation of not yet fully differentiated myeloid cells to the TME so-called myeloid-derived

suppressor cells (MDSCs) [196]. MDSCs exhibit a strong immunosuppressive function

[198], which has been reviewed in detail by Groth et al. [196]. Among other functions,

MDSC have been shown to increase the number of other immunosuppressive cells like

T regs, have high levels of negative immune checkpoint molecules including PD-L1 and

deplete metabolites important for proper T cell function [196].

Macrophages that are present in the TME are referred to as tumor associated macrophages

(TAMs) [199]. In healthy tissue, macrophages can be classified according to their spe-

cific functions. M1-like macrophages exhibit an effector function with the ability to kill

pathogens, infected or cancer cells, whereas cell proliferation and tissue repair is sup-

ported by M2-like macrophages [200]. In early stages of the tumor, TAMs exhibit an

M1-phenotype, suppressing tumor growth by expressing high levels of IL-12, IL-23, in-

flammatory cytokines and act as inducer and effector cells in the Th1 response [201, 202].

To avoid attack of macrophages, human cancer cells express the surface receptor CD47 -

a “do not eat me” signal, recognized by macrophages through interaction with the signal

regulatory protein α (SIRPα) thereby suppressing phagocytosis [203, 204, 205]. Specific

blockade of this interaction has been shown to enhance survival, reduce tumor growth and
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metastasis [206, 207]. On the other hand, TAMs can also resemble the phenotype and

function of M2-macrophages [208]. Cancer cells foster the polarization into M2-like TAMs

through the production of lactate thereby generating a hypoxic TME and stabilizing the

transcription factor HIF1α, which induces expression of VEGF in TAMs [202, 209]. These

alternatively activated TAMs promote tumor growth, angiogenesis and immunosuppres-

sive functions and are distinct from M1-like TAMs in regards of receptor expression,

cytokine production and antigen-presentation [202]. To name a few immunosuppressive

mechanisms, TAMs have been shown to increase the level of PD-L1 and PD-L2 and,

overexpress indoleamine 2,3-dioxygenase-1 (IDO1) leading to suppression of T cells and

induction of angiogenesis [202, 208, 210].

2.3.2 Immunotherapy

Immunotherapies have been a great contribution for the treatment of different tumor

types and have increased survival in patients [211]. There are three main classes of im-

munotherapeutic approaches. (1) The immune checkpoint blockade, that aims to release

powerful T cell responses, (2) the adoptive cellular therapies, where specific anti-tumor

immune cells are infused into the body, and (3) prophylactic or therapeutic cancer vaccines

[211]. The immune checkpoint therapy is based on the blockade of negative regulators of

the T cell activation. CTLA-4 and PD-1, are known as ‘checkpoint molecules’ and have

been successfully targeted by various groups as treatment for cancer [211]. In particu-

lar, blockade of PD-L1 or direct engagement of its receptor PD-1 using antibody based

therapies have shown promising anti-tumor effects in various cancer types [212, 213, 214].

While blockade of PD-1 stops interaction with its ligands PD-L1 and PD-L2 simultane-

ously, blockade of PD-L1 also exerts functions beyond preventing this interaction. In this

context, PD-L1 has been shown to directly interact with other surface molecules found in

antigen presenting cells such as B7.1 and thereby reduce proper T cell activation [215].

Further, antibodies for other co-inhibitory receptors including CTLA-4, TIGIT, TIM-3

and LAG3 have been developed and are in clinical trials as single agents or in combination

with anti-PD-1 or anti-PD-L1 therapy [177, 216, 217, 218].

Adoptive cellular therapies are based on the infusion of autologous or allogeneic tumor

specific T cells back into the cancer patient with the goal to specifically recognize, target

and destroy tumor cells. One example is the genetic modification of T cells to express

CARs. These CAR-T cells are not restricted to recognize an MHC:antigen complex,

but can directly recognize a target molecule on the cell surface and initiate target cell

killing.[211]

Another focus is the refinement of existing immunotherapies to enhance specific activation

in the TME and thereby reduce the effect of immune-related adverse events (irAE) [177].

Examples include the development of pH-sensitive CTLA-4 antibodies that are released
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from binding to CTLA-4 upon receptor internalization and thereby enhance recycling of

CTLA-4 to the plasma membrane [219]. This process is essential to reduce irAE and

to successfully deplete T regs [219]. Another interesting approach is the development of

photoreactive Fc deficient CD25 antibodies depleting T regs specifically in the TME by

applying light to the tumor location [220]. Interestingly, depletion of T regs induced CD8

and NK cell activation and potent tumor regression not only at the site of light applica-

tion, but also at distinct sites of the body harboring the same tumor type [220].

It has to be noted that in some cases immunotherapy does not work as expected. One

prominent distinction includes the differentiation between hot and cold tumors [221]. On

one hand, hot tumors describe highly inflamed tumors with T cells and other immune cells

infiltrating the TME. On the other hand, cold tumors are immune cell excluded with only

a low number of T cells infiltrating the tumor and unable to provoke a strong immune

response. Various treatment strategies involving immunotherapies have been shown to be

more efficient in hot tumors rather than cold tumors.[221] Recent studies addressed some

strategies to overcome this therapeutic challenge. For example, it has been shown that

cold tumors can be converted into hot tumors by oncolytic virus therapy and sustained

immune activation is mediated by additional PD-1 treatment [222, 223].

2.3.2.1 T cell bispecific Antibodies Checkpoint inhibitors discussed in the previous

section can in some cases potently induce systemic activation of immune cells. One

approach to specifically induce targeted attack of tumor cells is the use of bispecific T

cell engagers (BiTEs) [224]. BiTEs consist of two single chain variable fragments (scFv)

and simultaneously bind a TAA and cluster of differentiation 3 (CD3) on T cells in a

1:1 manner thereby generating a lytic immune synapse [224]. The CrossMab technology

enables the generation of versatile bispecific antibodies through the crossover of individual

light-chain as well as heavy-chain domains [225, 226]. This allows the interaction of TAA

and CD3 in a bivalent (1:1), trivalent (2:1) or tetravalent (2:2) manner [225, 226]. Since

these molecules are based on an IgG-like format containing an Fc-domain, they exhibit

an extended half-life as compared to Fc-free BiTEs [225, 226].

One type of TAA is the carcinoembryonic antigen (CEA). CEA is a glycoprotein, which

is a biomarker and overexpressed in various solid tumors including breast, colorectal,

gastric, non-small cell lung and pancreatic cancer [227]. The CEA- T cell bispecific

antibody (TCB) specifically binds two CEA molecules expressed on cancer cells as well

as CD3 on T cells [228]. The 2:1 format enhances the binding of the molecule to cancer

cells expressing high levels of CEA and thus enables target specificity [228]. Monovalent

low affinity binding to CD3 prevents T cells from being activated in the periphery [228].

The crosslinking of target cells and T cells induces CD4+ and CD8+ T cell activation and

proliferation, cytokine and granzyme release thereby inducing tumor cell lysis in vitro
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and tumor regression in vivo [228, 229]. Hence, the CEA-TCB is a promising treatment

option for cancer cells presenting high levels of CEA on the cell surface. CEA expression

in normal tissue is mainly restricted to the colon where CEA faces the apical site [230]

and due to tight junctions is inaccessible for therapeutic antibodies [227]. Currently, the

CEA-TCB is being tested in clinical trials as single agent and in combination with the

PD-L1 inhibitor Atezolizumab for treatment of solid tumors [227].

2.3.3 Combination of Epigenetic small molecule modifiers and immunotherapy

In line with other treatments including surgery, radiotherapy, chemotherapy and targeted

therapy, immunotherapy is currently used as a standard of care treatment for various

tumor types [231]. Despite promising treatment prognosis and T cell activation, it is likely

that cancer cells also develop resistance to immunotherapy [232]. Epigenetic modifiers

that target writers, readers and erasers induce transcriptional reprogramming of cells.

The question arises if the combination of immunotherapy with epigenetic modifiers might

be a promising treatment strategy to enhance tumor regression or overcome resistance to

therapy. One example of a potential combination strategy describes the sensitization of

cancer cells to immunotherapy through treatment with DNA methyltransferase inhibitors,

which enhance the expression of genes in immunoregulatory pathways [233, 234, 235].

Furthermore, blockade of de novo DNA methylation has been shown to retain the effector

function of terminally exhausted T cells and combination of a DNA demethylating agent

with immunotherapy enhanced T cell expansion in this context [236].

In literature, it has been extensively described how epigenetic modifiers enhance antitumor

immunity through either targeting immune cells directly or by enhancing immunogenicity

of cancer cells [237]. Another interesting approach- and one aim of this thesis- is the

use of epigenetic small molecule modifiers to sensitize cancer cells to T cell mediated

cytotoxicity.
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3 Aim of this Thesis

Epigenetic modulation of cancer cells give rise to changes in gene expression of tumor sup-

pressors or oncogenes thereby enhancing tumor growth [16]. While various small molecule

epigenetic modifiers exist, the effect of BETis was investigated in this thesis by specifically

focusing on the small molecule inhibitor RG6146. Several research articles have described

how BETis modulate the transcriptional landscape of cells. However, the holistic mech-

anism of how BETis shape the signaling of cancer cells, immune cells, and the interplay

between the two, remains vastly unknown. The aim of this thesis was to assess the effect

of RG6146 on (1) cancer cells intrinsically, (2) T cell activation and (3) the interface be-

tween both cell types (Figure 10).
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Figure 10: Effects of BETis were elucidated on (1) cancer cells intrinsically, on (2) the activation
of T cells and (3) the interface between both cell types. The understanding of how BETis
function on both cell types will also give insights into potential combination strategies with
immunotherapy like anti-PD-1 or CEA-TCB treatment.

Effect of RG6146 on cancer cells:

The first part of this thesis will focus on why some Multiple Myeloma (MM) tumor mod-

els are resistant to RG6146 treatment. The focus was on three potential mechanisms of

resistance including expression of the transcription factor c-Myc, pro- and anti-apoptotic

proteins as well as presence of a drug export transporter.

Effect of RG6146 on Immune cells:

In literature the effect of BETis on T cells is of debate showing immunosuppressive and

activating functions upon treatment [52, 53]. Therefore, the effect of RG6146 on T cell

activation, function and proliferation was assessed using methods including a mixed lym-

phocyte reaction and a T reg suppression assay.
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Effect of BETis on the interface between T cells and cancer cells:

The main part of this thesis will evaluate the effect of RG6146 in the interface between

cancer and immune cells and a new mechanism on how to reprogram cells to be sensitized

to TNF dependent cell death. This is of major interest in order to combine the effect of

small molecules and immunotherapy and identify potential intertwined mechanisms that

induce tumor regression in a synergistic manner.

Since RG6146 targets ubiquitously expressed BET proteins [25], the effect on non-cancerous

cells as well as the comparison of RG6146 to other small molecule BETis was assessed,

thereby showing a broader picture of the influence of BETis on cells.
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4 Results

4.1 Cell intrinsic effects of BETis on Multiple Myeloma cells

Small molecule BETis were initially developed for the treatment of cancer. In order

to understand how MM respond to BETi treatment, the effect of JQ1 and RG6146 on

viability was tested in vitro on seven MM cell lines. To compare the effect of RG6146

with other pan-BET-inhibitors, OTX015, which is currently tested in Phase I clinical trials

(NCT01713582; NCT02259114), was also included in this assay (Figure 11 A). Treatment

with RG6146 showed the lowest IC50 values as compared to JQ1 or OTX015 treatment

for three cell lines tested (Table 2). According to these IC50 values, KMS-34 and MM1S

cells were the most resistant to BETi treatment (Figure 11 A).

Also, RG6146 enhanced cleaved PARP (cPARP) levels, indicating cell death, even though

strength of cPARP induction varied among tested cell lines (Figure 11 B-C).

Table 2: IC50 values in µM of MM cell lines treated with different BETis. Calculation

was performed with GraphPadPrism 8 of graphs shown in Figure 11 A

IC50 (µM)

Cell line JQ1 RG6146 OTX015

OPM-2 0.09 0.002 0.002

MM1S 0.76 >10 0.95

KMS-12-BM 0.15 0.018 0.2

KMS-20 0.07 0.01 0.02

NCI-H929 0.18 0.01 0.04

KMS-11 0.01 0.015 0.01

KMS-34 0.17 0.69 0.08
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Figure 11: (A) Viability of MM cell lines treated for 72 h with BETis was analyzed by CellTiter-
Glo2.0 (CTG2.0). Data was normalized to DMSO and represents mean of three independent
biological experiments. (B) MM cell lines were treated with increasing concentration of RG6146
for 48 h and cleaved PARP or Vinculin as control were visualized by western blot. Data of
one representative experiment is shown. (C) Cleaved PARP levels of three biological indepen-
dent exepriments as described in B were quantified and normalized to DMSO. Data represents
mean and statistical significance indicates difference between RG6146 and DMSO control (2-way
ANOVA, *p<0.05, ns: not-significant).
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The results of the in vitro findings were recapitulated in vivo. The group of Thomas

Friess’ tested different concentrations and routes of administration of RG6146 in the MM

cell line OPM-2. Split dosing induced a similar efficacy as administration once daily (QD)

(Figure 12 C). Six additional MM tumor models were treated with 30 mg/kg RG6146 QD

or vehicle control (Figure 12 A). While RG6146 induced potent tumor growth inhibition

(TGI) in five tumor models (responders), RG6146 treatment did not show an effect in the

tumor models KMS-11 and KMS-34 (non-responders). While the resistance of KMS-34 to

RG646 was comparable in vitro and in vivo, KMS-11 cells were only resistant to RG6146

treatment in vivo showing discrepancy with the previous in vitro data (Figure 11 A).

MM1S cells showed the opposite phenotype with sensitivity to RG6146 in vivo, but not

in vitro (Figure 11 A and 12 A). Furthermore, it was still unclear why responders showed

such a strong sensitivity to BETi treatment in vivo, while non-responders were resistant.
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Figure 12: (A) CIA NOG mice bearing solid MM1S, KMS-12-BM, KMS-11 or KMS-34 tumor
xenografts as well as SCID beige mice bearing solid OPM-2, KMS-20BM or NCI-H929 tu-
mor xenografts (n=10 mice per treatment group) were treated once daily (QD) with 30 mg/kg
RG6146 intraperitoneal (ip) injection or twice daily (BID) with 6 mg/kg RG6146 subcutaneous
(sc) injection. Average tumor growth curve describe tumor volume in each treatment condition
during the course of treatment. Statistical significance indicates difference between RG6146 and
Vehicle control (Unpaired t-test (two-tailed P value), *p<0.05, ns: not-significant).
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Three hypothesis were established, which potentially explain the inconsistency in sensi-

tivity to RG6146 treatment between MM cell lines. (1) The first hypothesis describes

a dependence on high level of the transcription factor c-Myc in responders, which is de-

creased upon RG6146 treatment. In this case, non-responders might not depend on c-Myc

or do not suppress c-Myc by BETi treatment. (2) In the second hypothesis non-responders

show an upregulation of the drug transporter ABCB1 (also known as P-gp, MDR1), which

is known to remove RG6146 from the cytoplasm and thereby reduces sensitivity to treat-

ment [238]. (3) In another hypothesis responders exhibit a high level of pro-apoptotic

proteins as compared to non-responders. The downregulation of anti-apoptotic proteins

by RG6146 would therefore tip the balance towards induction of cell death in responders.

In contrast, non-responders might have a low level of pro-apoptotic proteins and reduction

of anti-apoptotic proteins is not sufficient to induce programmed cell death.

4.1.1 The effect of RG6146 on c-Myc level

Enhanced expression of the transcription factor MYC is prevalent in many cancer types

such as MM thereby inducing addiction to this protein [239]. However, transcription fac-

tors like c-Myc are known to be intrinsically unstructured, difficult to target and therefore

often termed undruggable [40]. Nevertheless, BRD4 has been shown to bind to the super-

enhancers of IgH-MYC rearrangements and BETis potently decrease c-Myc in MM cell

lines harbouring such a rearrangement by displacing BRD4 from the IgH enhancer [26, 41].

To study if c-Myc is involved in conferring resistance to RG6146, MYC baseline expres-

sion, rearrangements of MYC with the IgH gene and changes of c-Myc level upon BETi

treatment were assessed in responders and non-responders. First, the expression levels of

MYC were assessed using the Roche-internal dataset CELLO containing RNA-seq data

of the tested cell lines. No striking difference of MYC expression was seen between re-

sponders and non-responders (Table 3). Next, it was assessed if MM cell lines harbour a

rearrangement of MYC with the IgH enhancer. For most responders a juxtaposition of

MYC to the enhancer of IgH was prevalent, but this was also true for the non-responder

cell line KMS-11 [240, 241]. The non-responder cell line KMS-34 and the responder cell

line NCI-H929 do not have a translocation that place c-Myc and IgH next to each other

(Table 3) indicating that juxtaposition of MYC and IgH are not involved in conferring

resistance to RG6146.
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Table 3: List of RG6146 efficacy in MM cell lines in vivo calculated through a tumor

growth inhibition (TGI) greater than 80 % from data in Figure 12 A, MYC expression

according to RNA-seq data in the Roche internal CELLO database as well as potential

translocations of MYC with the IgH enhancer as described in [240, 241]

Cell line Efficacy in vivo Myc Expression juxtaposition of MYC

TGI > 80% gene to IgH

OPM-2 yes 178.06 yes

MM1s yes 144.68 yes

KMS-12-BM yes 325.67 yes

KMS-20 yes 168.2 -

NCI-H929 yes 131.11 No

KMS-11 no 260.48 yes

KMS-34 no 150.58 No

Since the baseline expression of MYC does not correlate with sensitivity to RG6146, it

was tested how responders and non-responders modulate c-Myc level upon RG6146 treat-

ment. c-Myc levels of all seven MM cell lines were assessed 48 h post treatment with

RG6146 (Figure 13 A-B). RG6146 potently decreased c-Myc in all cell lines tested, with

the non-responder cell line KMS-34 being the least sensitive. In conclusion, c-Myc levels

and response to RG6146 did not differ between responders and non-responders, expression

of this transcription factor might therefore not determine sensitivity to BETi treatment.
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Figure 13: (A) MM cell lines were treated for 48 h with increasing concentration of RG6146 or
control and c-Myc or Vinculin level were visualized by western blot. Data of one representative
experiment is shown. (B) c-Myc levels of experiment described in A were quantified and results
normalized to DMSO control. Mean of three biological independent experiments are shown.
Statistical significance indicates difference between RG6146 and DMSO control (2-way ANOVA,
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns: not-significant).

4.1.2 ABCB1 confers resistance to RG6146 treatment in KMS-34 cells

ABCB1 is a p-glycoprotein transporter that actively removes small molecules from the

cytoplasm and thereby induces drug resistance in a variety of cell lines [242]. RG6146 is a

known substrate of this transporter and presence of ABCB1 generates resistance towards

RG6146 treatment [238].

Therefore, the effect of RG6146 on ABCB1 level was assessed by western blot and flow

cytometry in responders and non-responders (Figure 14 A-C). KMS-34 and MM1S cells

exhibited a high baseline level of total ABCB1 protein, which was enhanced upon RG6146

treatment (Figure 14 A). However, cell surface level of ABCB1 was only induced by

RG6146 in KMS-34 cells (Figure 14 B-C). To verify that ABCB1 confers resistance to

RG6146 in KMS-34 cells, a non-toxic concentration of the P-gp inhibitor Zosuquidar

(Figure 14 D) was combined with a dose response of RG6146 and viability assessed 72 h

post treatment (Figure 14 E). While KMS-11 and MM1S cells did not modulate sensitivity

to RG6146 upon ABCB1 blockade, interference of this efflux transporter in KMS-34 cells

potently sensitized cells to RG6146 treatment. The combination of JQ1 and Zosuquidar

hardly affected viability when compared to JQ1 single agent treatment (Figure 14 E). In

summary, ABCB1 in KMS-34 cells induces resistance to RG6146 to some extent.
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Figure 14: (A) Western blot to identify ABCB1 and Actin levels 48 h post treatment with
RG6146 in MM1S, KMS-11 and KMS-34 cell lines (B) Flow cytometry of ABCB1 on MM cell
lines treated with RG6146 or control for 48 h. Median Fluorescence Intensity (MFI) of ABCB1 is
shown for three independent experiments. ITC: Isotype control. Statistical significance indicates
difference between RG6146 and control (1-way ANOVA, *p<0.05, ***p<0.001, ****p<0.0001,
ns: not-significant) (C) Representative histogram of data described in B (D) Viability of MM1S,
KMS-11 and KMS-34 cell lines upon treatment with a dose response of Zosuquidar after 72 h
of treatment was detected by CTG2.0. Data was normalized to DMSO and represents mean of
three independent experiments. (E) Viability of MM1S, KMS-11 and KMS-34 cell lines upon
treatment with a dose response of BETi alone or in combination with 0.5 µM Zosuquidar after
72 h of treatment was detected by CTG2.0. Data was normalized to DMSO and represents
mean of three independent experiments. Statistical significance indicates difference between
RG6146+Zosuquidar and RG6146 single agent treatment (2-way ANOVA, *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001, if not shown: not-significant (ns))
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4.1.3 The effect of RG6146 on pro- and anti-apoptotic proteins

The intrinsic cell death pathway is activated by multiple stimuli including hypoxia, toxins

or radiation [99]. These stimuli eventually lead to mitochondrial outer membrane per-

meabilization (MOMP) through activation of Bid and other BH3-only proteins leading

to oligomerization of BAX and BAK1 and pore formation in the outer mitochondrial

membrane [243, 244, 245, 246, 247, 248, 249, 250]. This induces a loss in mitochondrial

membrane potential and the release of mitochondrial proteins including cytochrome c into

the cytosol [246, 251]. Cytochrome c forms a complex with Procaspase-9 and Apoptotic

protease activating factor 1 (APAF-1) called the Apoptosome. This leads to activation

of caspase-9 and subsequent cleavage of downstream effector caspases-3/7 [252, 253, 254].

The activation or suppression of the intrinsic apoptotic pathway is regulated through the

Bcl-2 family of proteins consisting of pro- and anti-apoptotic proteins. Pro-apoptotic

proteins are classified into activators (e.g. BIM, Bid and PUMA) and sensitizers (e.g.

BAD, NOXA, BIK) [255, 256, 257, 258]. Activators are known to directly activate BAX

and BAK1 to undergo conformational changes and oligomerization to induce MOMP

[247, 255, 259]. Anti-apoptotic proteins (e.g. Bcl-2, Bcl-xL, and Mcl1) bind to activators

and cytochrome c to inhibit induction of cell death [255, 257, 260, 261, 262, 263]. Sensitiz-

ers have been shown to neutralize anti-apoptotic proteins and thereby release activators

to induce MOMP [255, 258].

Even though pro-apoptotic proteins are essential to induce programmed cell death, up-

regulation of anti-apoptotic proteins is one mechanism of cancer cells to inhibit apoptosis

and promote cell survival [264]. BETis have been shown to modulate the level of pro- and

anti-apoptotic proteins in Eµ-Myc lymphoma, MM and other tumors types [265, 266].

Therefore, it was assessed by western blot how RG6146 changes the expression of pro-

and anti-apoptotic factors in responders versus non-responders (Figure 15 A-B).

Most cell lines tested showed a decrease of Bcl-2, PUMA and Bcl-xL. The pro-apoptotic

factor BIM was strongly increased in most responders and the anti-apoptotic protein

Mcl-1 was either unchanged or suppressed upon RG6146 treatment (Figure 15 A-B). In

contrast, the non-responder cell line KMS-11 showed a trend in enhancing Mcl-1 level

after 48 h of treatment (Figure 15 A-B). Consequently, it was tested if a combination of

Mcl-1 and BET inhibition sensitizes non-responders to RG6146 treatment in a viability

assay (Figure 16 A). The Mcl-1 inhibitor A-1210477 from the company Abbvie, showing

potent binding to Mcl-1 [267], was used for combination studies with RG6146. The com-

bination treatment did not show a synergistic effect. Only the highest concentration of

A-1210477 enhanced sensitivity to RG6146 treatment (Figure 16 A).
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Figure 15: (A) MM cell lines were treated with increasing concentration of RG6146 for 48 h and
levels of pro-(BIM, PUMA) or anti-apoptotic (Bcl-2, Bcl-xL, Mcl-1) proteins as well as Vinculin
analyzed by western blot. Data of one representative experiment is shown. (B) Results of exper-
iment described in A were quantified and normalized to DMSO control. Mean of three biological
independent experiments is shown. Statistical significance indicates difference between RG6146
and DMSO control (2-way ANOVA, *p<0.05, **p<0.01, ***p<0.001, ns: not-significant).
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While the anti-apoptotic protein Bcl-2 was decreased in most cell lines by RG6146 treat-

ment, this protein was slightly enhanced in the KMS-12-BM cells under the same condi-

tions (Figure 16 B). Using the Bcl-2 inhibitor Venetoclax in combination with RG6146, it

was tested if growth inhibition could be further enhanced as compared to RG6146 single

agent treatment (Figure 16 B). Indeed, combination treatment sensitized KMS-12-BM

cells to RG146 treatment even further and these results could be verified by Thomas

Friess’s group in vivo (Figure 16 C).
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Figure 16: (A) Viability of KMS-11 and KMS-34 cell lines was determined by CTG2.0 after
72 h of treatment with a dose response of RG6146 alone or in combination with the Mcl-1
inhibitor A-1210477. Data was normalized to DMSO and represents mean of three independent
experiments. (B) Viability of KMS-11 cells was determined by CTG2.0 after 72 h of treatment
with a dose response of RG6146 alone or in combination with the Bcl-2 inhibitor Venetoclax.
Data was normalized to DMSO and represents mean of three independent experiments. (D) CIA
NOG mice bearing solid KMS-12-BM tumor xenografts (n=10 mice per treatment group) were
treated QD with 30 mg/kg RG6146 (ip) or 100 mg/kg Venetoclax per os (po) or the combination.
Average tumor growth curves describe tumor volume in each treatment condition during the
course of treatment.

In conclusion, expression of pro- and anti-apoptotic proteins and their response to RG6146

treatment is vastly different between cell lines, which potentially explains the discrepancy

in response to BETi treatment. However, no clear conclusion could be drawn regarding

the role of pro- and anti-apoptotic protein levels mediating resistance of non-responders

KMS-11 and KMS-34 to RG6146 in vivo. While it is important to assess the effect of

BETi on cancer cell intrinsically, the effect on other cell types like immune cells should

also be considered and will be presented in the next section.
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4.2 The effect of RG6146 on Immune Cells

Since the development of the first BETi, the main research focus was to elucidate their

effect on cancer cells. Only recently it has been acknowledged, that BETis modulate other

cell types including immune cells [52, 53]. Controversial effects described for BETis in

literature range from an immunosuppressive function, indicating promising therapeutics

for autoimmune disease [52], to enhancing persistence of adoptively transferred CAR T

cells [53]. However, the holistic effect of BETis is still not determined. Therefore, the

effect of RG6146 on T cell activation was tested in different in vitro studies. These studies

in combination with literature will contribute to the understanding of how BETis should

be utilized in a clinical setting, and thereby ultimately enhance the therapeutic effect in

patients.

4.2.1 RG6146 modulates T cell activation induced by CD3 and CD28 stimulation

To assess the effect of RG6146 on T cell activation in vitro, plates were coated with anti-

CD3 and anti-CD28 antibodies. Pan-T cells (as described in 7.2.7) were added and treated

with RG6146 or control for 4 days. T cell proliferation, viability and cell surface markers

were analyzed by flow cytometry (Figure 17 A). A trend that RG6146 decreases T cell

viability was visible, but not statistically significant (Figure 17 B). However, proliferation

of both CD4+ and CD8+ cells was significantly decreased in a dose dependent manner

upon RG6146 treatment (Figure 17 C-D).

Interestingly, a significant increase of CD69 levels on the cell surface of CD4+ and CD8+

cells was observed when treated with RG6146 (Figure 17 E-F), while the level of co-

inhibitory receptors TIM3 and LAG3 were decreased (Figure 18 A-D). Further, a trend

in RG6146 dependent downregulation of the inhibitory cell surface marker PD-1 was

detected (Figure 18 E-F). These results indicate that RG6146 suppresses T cell activation

after 4 days of treatment.
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Figure 17: (A) Shematic of T cell proliferation assay. Pan-T cells isolated from PBMCs were
activated through binding to anti-CD3 and anti-CD28 coated wells and incubated for 2-7 days
with DMSO, RG6146 or untreated control. T cell viability, proliferation and cell surface markers
were assessed on live single cells by flow cytometry. (B-F) Results of experiment described in A
and treatment for 4 days (B) Percentage of viable Pan-T cells. Data represents three biological
independent PBMC Donors. Statistical significance indicates difference between DMSO and
RG6146 (2-way ANOVA, ns: not-significant). (C) Percentage of proliferating CD4+ and CD8+

T cells. Data represents three biological independent PBMC Donors. Statistical significance
indicates difference between DMSO and RG6146 (2-way ANOVA, *p<0.05, ****p<0.0001, ns:
not-significant). (D) Representative histograms of experiment described in C. (E) Median fluo-
rescence intensity (MFI) of CD69 on CD4+ and CD8+ T cells. Data represents three biological
independent PBMC Donors. Statistical significance indicates difference between DMSO and
RG6146 (2-way ANOVA, *p<0.05, **p<0.01, ****p<0.0001, ns: not-significant). (F) Repre-
sentative histograms of experiment described in E.
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Figure 18: (A-F) Results of experiment described in 17 A and 4 days of treatment. (A) Median
fluorescence intensity (MFI) of TIM3 on CD4+ and CD8+ T cells. Data represents three bio-
logical independent PBMC Donors. Statistical significance indicates difference between DMSO
and RG6146 (2-way ANOVA, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). (B) Representa-
tive histograms of experiment described in A. (C) Percentage of LAG3+ cells within CD4+ and
CD8+ T cells. Data represents three biological independent PBMC Donors. Statistical signifi-
cance indicates difference between DMSO and RG6146 (2-way ANOVA, **p<0.01, ***p<0.001,
****p<0.0001, ns: not significant). (D) Representative histograms of experiment described in
C. (E) Percentage of PD-1+ cells within CD4+ and CD8+ T cells. Data represents two biological
independent PBMC Donors. (F) Representative histograms of experiment described in E.
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Next, the effect of RG6146 on T cells was assessed in a time dependent manner during

T cell activation (Figure 19-21). Since T cell proliferation was not visible after 2 days of

RG6146 treatment (Data not shown), we focused on modulation of the activation markers

CD69 and CD25 (Figure 19). While T cell viability was unchanged (Figure 19 A), a trend

in upregulation of CD69 and downregulation of CD25 was visible after 2 days of treatment

(Figure 19 B-E).
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Figure 19: (A-E) Experimental set up as described in 17 A using 2 days of treatment. (A)
Percentage of viable Pan-T cells. Data represents two independent biological PBMC Donors. (B)
Median fluorescence intensity (MFI) of CD69 on CD4+ and CD8+ T cells. Data represents two
biological independent PBMC Donors. (C) Representative histograms of experiment described
in B. (D) Percentage of CD25+ cells within CD4+ and CD8+ T cell subsets. Data represents two
biological independent PBMC Donors (E) Representative histograms of experiment described
in D.

Treatment of T cells with RG6146 for 5 days did not affect viability and changed CD69 and

CD25 level only at the highest concentration tested (Figure 20 A-E). Total proliferation

was only marginally decreased by RG6146, however, CD4+ and CD8+ cells treated with

high concentrations of RG6146 had undergone less cell divisions as compared to T cells

treated with control (Figure 20 F-G).
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Figure 20: (A-G) Experimental set up as described in 17 A using 5 days of treatment. (A) Per-
centage of viable Pan-T cells. Data represents two independent biological PBMC Donors. (B)
Median fluorescence intensity (MFI) of CD69 on CD4+ and CD8+ T cells. Data represents two
biological independent PBMC Donors. (C) Representative histograms of experiment described
in B. (D) Percentage of CD25+ cells within CD4+ and CD8+ T cell subsets. Data represents two
biological independent PBMC Donors (E) Representative histograms of experiment described
in D. (F) Percentage of proliferating CD4+ and CD8+ T cells. Proliferation cycle was deter-
mined through a dilution of Cell Trace Violet staining. Data represents mean of two biological
independent PBMC Donors. (G) Representative histograms of experiment described in F.
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Figure 21: (A-G) Experimental set up as described in 17 A and 7 days of treatment. (A) Per-
centage of viable Pan-T cells. Data represents two independent biological PBMC Donors. (B)
Median fluorescence intensity (MFI) of CD69 on CD4+ and CD8+ T cells. Data represents two
biological independent PBMC Donors. (C) Representative histograms of experiment described
in B. (D) Percentage of CD25+ cells within CD4+ and CD8+ T cell subsets. Data represents two
biological independent PBMC Donors (E) Representative histograms of experiment described
in D. (F) Percentage of proliferating CD4+ and CD8+ T cells. Proliferation cycles were deter-
mined through a dilution of Cell Trace Violet staining. Data represents mean of two biological
independent PBMC Donors. (G) Representative histograms of experiment described in F.
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A treatment period of 7 days enhanced viability and CD69 level, while CD25 level was

unaffected (Figure 21 A-E). Interestingly, total number of proliferating CD8+ cells was

unchanged by RG6146, but T cells had undergone more division cycles than DMSO control

treated cells (Figure 21 F-G).

These experiments suggest that RG6146 does not affect viability at the concentrations

tested, but delays activation and proliferation of T cells especially at earlier time points.

Longer treatment periods of RG6146, however, provoked an increase in proliferation when

compared to treatment control.

4.2.2 The effect of RG6146 on T cell activation using a Mixed Lymphocyte Reac-

tion

Activation of T cells using anti-CD3 and anti-CD28 is a potent way to analyze the effect of

RG6146 on CD4+ and CD8+ T cells. Nevertheless, to verify these results it is important

to assess the effect of RG6146 on T cell activation in an additional experimental setting

such as the MLR.

The first step in the set up of the MLR, is the generation of DCs from CD14+ monocytes

isolated from PBMCs (Donor 1) (Figure 22 A). Addition of IL-4 and GM-CSF induces

formation of immature DCs indicated by a decrease of CD14 and slight increase in CD40

and PD-L1 on the cell surface after four days (Figure 22 B). Longer treatment (5 days)

with IL-4 and GM-CSF induced upregulation of MHC II, CD40 and CD86 (Figure 22

B). Mature DCs were generated upon addition of IL-4, GM-CSF, LPS and IFNγ for 16 h

to immature DCs (4 days). Treatment with these cytokines enhanced the presentation of

most tested surface markers except CD14 (Figure 22 B). Next, the effect of RG6146 on

immature (day 5, control) and mature DCs (+LPS, IFNγ) was assessed. High concen-

trations of RG6146 decreased maturation by suppressing co-stimulatory markers CD80,

CD86 and CD40 and the co-inhibitory marker PD-L1 (Figure 22 C). Since lower con-

centrations of RG6146 hardly affected DC maturation, a sub-micromolar concentration

range of this BETi was used for the MLR.
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Figure 22: (A) Shematic of the DC maturation process. Treatment of CD14+ monocytes with
IL-4 and GM-CSF induces formation of immature DCs. Further addition of IL-4, GM-CSF,
LPS and IFNγ induces the formation of mature DCs. (B) Histograms of cell surface markers
determined by flow cytometry of live single cells at different stages within the DC maturation
process. Data represents one experiment. (C) The effect of RG6146 treatment on DC maturation
and cell surface markers was assessed on immature DCs on Day 5 (Control) and mature DCs
(+LPS, IFNγ) using flow cytometry of live single cells. Histograms of one biological experiment
are shown.

In the MLR experiment, pan-T cells isolated from PBMCs (Donor 2) would not primarily

recognize foreign antigens on MHC molecules, however, T cells recognize the DCs from

a foreign Donor (Donor 1) and thereby get activated (Figure 23 A). Next, a suboptimal

ratio of DCs:T cells was assessed by testing CD69 level and proliferation of T cells after

8 days. Identification of a suboptimal ratio is important to see potential effects of RG6146

on CD69 level and T cell proliferation in the following experiments. At a ratio of 1:40

(DCs:T cells), a trend in CD69 upregulation and T cell proliferation was visible (Figure

23 B-C). To further validate and verify these findings, a different PBMC Donor for T

cell isolation was tested and T cell proliferation was assessed after 5 and 7 days (Figure

23 D-E). Repeatedly, the ratio of 1:40 DCs:T cells showed the most promising results as

a suboptimal condition for T cell activation, but the selected time points were not ideal

(Figure 23 D-E). After 5 days T cell proliferation was not yet detectable, while 7 days

induced a strong T cell proliferation. Therefore, it was decided to use an assay length of

6.5 days to measure the effect of RG6146 on T cell activation in the MLR setting.

CD4+ and CD8+ T cell proliferation, CD69 and PD-1 level were analyzed by flow cy-

tometry upon co-culture with DCs and treatment with sub-micromolar concentrations

of RG6146 for 6.5 days. As a positive control, anti-PD-1, anti-LAG3 antibodies as well

as untreated Pan-T cells stimulated with anti-CD3 and anti-CD28 were added to the co-

culture (Figure 23 F-I). A small increase in CD8+ T cell proliferation (Figure 23 F-G) and

CD69 levels (Figure 23 H-I) was visible upon treatment with anti-PD-1 and anti-LAG3

molecules. RG6146 did not affect levels of any surface marker. In general, proliferation

of both CD4+ and CD8+ T cells was low and therefore no clear statement can be made

on how proliferation is changed by the different treatment regimens (Figure 23 F-G).

In summary, RG6146 treatment suppressed maturation of DCs, but no clear conclusion

could be drawn on the BETi dependent effect on T cell proliferation in the MLR setting.

So far it was shown that RG6146 has a rather negative effect on immune cell activa-

tion and maturation. Next, we wanted to know if RG6146 also modulates the immune

suppressive function of T regs.
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Figure 23: (A) Shematic of mixed lymphocyte reaction assay. DCs were co-cultured with Pan-T
cells thereby activating CD4+ and CD8+ T cell subsets. The effect of RG6146 and checkpoint
inhibitors anti-PD-1, anti-LAG3 (PD-1, LAG3) treatment on T cell activation was monitored
by flow cytometry of live single cells. (B) Different ratios of DCs:Pan-T cells were used to
determine the median fluorescence intensity (MFI) of CD69 within CD4+ and CD8+ T cell
subsets by flow cytometry after 8 days of set up. As a control a T cell monoculture was either
untreated (T cells only) or incubated with anti-CD3 and anti-CD28 coated wells (CD3&CD28).
Mean of technical triplicates of one experiment is shown. (C-E) Different ratios of DCs:Pan-T
cells were used to determine the percentage of proliferating cells within CD4+ and CD8+ T cell
subsets by flow cytometry after (C) 8 days, (D) 5 days and (E) 7 days of set up. As a control
a T cell monoculture was either untreated (T cells only) or incubated with anti-CD3 and anti-
CD28 coated wells (CD3&CD28). Data represents mean of three technical replicates of one
experiment. (F) Percentage of proliferating cells within CD4+ and CD8+ T cell subsets upon
treatment with RG6146, 10 µg/mL anti-PD-1 and anti-LAG3 (PD-1+LAG3) or anti-CD3, anti-
CD28 (CD3+CD28) antibodies were determined by flow cytometry. A ratio of 1:40 (DCs:Pan-T
cells) was used and data represents two biological independent experiments. (G) Representative
histograms of data described in F. (H) MFI of CD69 and PD-1 within CD4+ and CD8+ T cell
subsets upon treatment with RG6146, 10 µg/mL anti-PD-1 and anti-LAG3 or anti-CD3, anti-
CD28 antibodies (CD3+CD28) were determined by flow cytometry. A ratio of 1:40 (DCs:Pan-T
cells) was used and data represents two biological independent experiments. (I) Representative
histograms of data described in H.
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4.2.3 The effect of RG6146 on T cell suppressive functions

As described in literature, BETis are potential therapies for autoimmune diseases [52]. It

was assessed, if RG6146 augments suppressive behavior of T regs or modulates activation

of CD4+ T convs (Figure 24 A-B). T convs (Donor 1) and irradiated CD4− cells (Donor

2) were co-cultured inducing proliferation of T convs by about 30 % (Figure 24 A & D).

Addition of anti-PD-1&anti-LAG3 (PD-1LAG3) or anti-PD-1&anti-TIM3 (PD-1TIM3)

antibodies, which were used as a positive control, did not change viability or proliferation

of T convs (Figure 24 C-D). However, high concentrations of RG6146 alone and in combi-

nation with PD-1LAG3 or PD-1TIM3 reduced viability by about 10 % and proliferation

by about 20 % after 5 days of treatment, which is in line with findings described in the

previous section (Figure 24 C-D).

Since addition of T regs to the culture of T convs and CD4− cells suppresses activation of

T convs, it is possible to assess how blocking antibodies and BETis modulate this effect

(Figure 24 B). Viability of T convs and T regs was unchanged by PD-1LAG3, PD-1TIM3

and low concentrations of RG6146 treatment (Figure 25 A-B). However, high concen-

trations of RG6146 decreased viability and proliferation of T convs by about 10 % and

20 %, respectively (Figure 25 C). Since this effect was also visible for T convs without

the addition of T regs, RG6146 induced suppression of T conv proliferation is most likely

independent from T regs. Nonetheless, the suppression of CD4+ cells by RG6146 is in

line with our findings described in section 4.2.1.

In addition to proliferation, production and release of cytokines are further indicators of

T cell activation. Intracellular and released granzyme B and IFNγ levels were strongly

suppressed by addition of T regs (untreated control) (Figure 26 A-D). Granzyme B sup-

pression was abrogated upon addition of blocking antibodies, however, RG6146 treatment

alone and in combination with blocking antibodies dampened this effect indicating that

RG6146 suppresses activation of T convs (Figure 26 A). A similar effect was measured

for IFNγ at high RG6146 concentrations (Figure 26 B). Only a trend of increased MIP1α

and TNF concentration in the supernatant of the co-culture was visible when treated with

RG6146 (Figure 26 E-F). FasLigand was completely unaffected by T regs or compound

treatment (Figure 26 G).

Taken together, RG6146 slightly decreased viability of T cells and strongly suppressed

T cell proliferation especially at earlier time points. This phenotype was restored after

longer incubation time. To assess if the negative effect of RG6146 on T cell activation

also plays a role in the context of T cell mediated cancer cell killing will be analyzed in

the following section.
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Figure 23
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Figure 24: (A-B) Shematic of T reg suppression assay. (A) Conventional T cells (T convs) of
PBMC Donor 1 were co-cultured with CD4−- cells of PBMC Donor 2 leading to the activation
of T convs. Viability, proliferation and cytokine level were assessed by flow cytometry of live
single cells upon treatment with checkpoint inhibitors (10 µg/mL anti-PD-1 (PD-1), anti-TIM3
(TIM3), anti-LAG3 (LAG3)) or RG6146. (B) As described in A except that regulatory T cells
(T regs) of PBMC Donor 1 were added to the co-culture thereby inhibiting the activation of T
convs. (C-D) Assay set up as described in A. Percentage of (C) viable and (D) proliferating T
convs was assessed by flow cytometry upon treatment with checkpoint inhibitors, RG6146 or
control. Data of two biological independent Donors is shown.
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Figure 25: (A-C) Assay set up as described in 24 B. Percentage of viable (A) T convs and (B)
T regs was assessed by flow cytometry upon treatment with checkpoint inhibitors, RG6146 or
control. Data of two biological independent Donors is shown. (C) Percentage of proliferating
T convs was assessed by flow cytometry upon treatment with checkpoint inhibitors, RG6146 or
control. Data of two biological independent Donors is shown.
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Figure 26: (A-G) Assay set up as described in 24 B. (A-B) Percentage of (A) Granzyme B
(GrzB) and (B) IFNγ suppression was determined by intracellular staining and flow cytometry
of T convs. Data of two biological independent experiments is shown. (C-G) Concentration
(pg/mL) of cytokines in the supernatant was analyzed by flow cytometry. Data of two biological
independent experiments is shown. (C) Granzyme B, (D) IFNγ, (E) MIP1α, (F) TNF, (G)
FasLigand.
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4.3 Effect of BETis in the interface between immune and cancer cells

The individual observation of how BETis modulate cancer and immune cells gives a

first impression of potential therapeutic strategies in the clinic. Based on the findings

mentioned in the previous sections, RG6146 has a pronounced effect on viability of MM

tumor models and has a slight suppressive effect on T cell activation. However, to unravel

potential therapeutic strategies for future cancer treatment, it is critical to consider effects

of epigenetic modifiers in influencing the T cell:target cell interface, which is only visible

when both cell types are experimentally combined.

4.3.1 BETis enhance T cell mediated killing through the TNF signaling axis

A co-culture system was used to elucidate if small molecules, targeting writers, readers

and erasers, enhance T cell mediated killing of cells. An immunogenic peptide (NLV)

was loaded on the HLA-A*02:01 molecule of colorectal HCT-116 cancer cells and co-

cultured with CMV specific T cells, which recognize the NLV:MHC complex. A library

of small molecule epigenetic modifiers was added to the co-culture system and viability

assessed 48 h post treatment. As a negative control, EBV peptide was loaded on the

MHC I molecule, which is not recognized by the T cells. As a positive control SMAC

mimetics (Birinapant and LCL161) were added, which have been shown to enhance T cell

mediated killing previously [268] (Figure 27 A). Structurally distinct BETi, that all belong

to the subclass of acetyl-lysine mimetics, significantly decreased viability of HCT-116 cells

loaded with NLV peptide and induced a phenotype similar to SMAC mimetics (Figure 27

B). In contrast, selective targeting of bromodomains of the transcriptional coactivators

CBP and p300 (ICBP112 and SGCCBP30) did not decrease viability to a similar extend.

HDAC inhibitors (HDACi) (Panobinostat, Vorinostat, Entinostat) potently decreased

viability of HCT-116-NLV and HCT-116-EBV in the co-culture as well as HCT-116 in

the monoculture, indicating cytotoxicity (Figure 27 B-C). The effect of RG6146 in this

co-culture setting was further assessed by a dose dependent treatment for 48 h (Figure

27 D). Similar to the results of the epigenetic small molecule screen, RG6146 specifically

decreased viability of HCT-116-NLV cells co-cultured with CMV-specific T cells. These

results indicate that RG6146 either directly activates T cells in this co-culture setting, or

epigenetically rewires HCT-116 cells to be susceptible to T cell mediated killing.
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Figure 27: (A) Shematic of T cell:HCT-116 cell co-culture assay. 10 nM NLV or EBV (negative
control) peptide was loaded on the MHC I molecule of HCT-116 cells and co-cultured with
CMV-specific T cells and a library of small molecule epigenetic modifiers for 48 h. HCT-116
viability was assessed by CTG2.0. (B) Results of assay described in A. Data was normalized
to DMSO and represents mean of three biological independent experiments. Statistical signif-
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icance was calculated using GraphPad Prism 8 and indicates difference between cells loaded
with NLV or EBV peptide (2-way ANOVA, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001,
ns: not-significant). (C) Viability of HCT-116 cells treated with a dose response of various
small molecule epigenetic modifiers or Birinapant was analyzed 72 h post treatment by CTG2.0.
Data was normalized to DMSO control and represents mean of three biological independent
experiments. (D) As described in A except that co-culture (T cells and HCT-116 cells) as
well as mono-culture (HCT-116 cells only) was treated with a dose response of RG6146. Data
was normalized to DMSO and represents one biological experiment containing technical trip-
licates. (E) Different ratios of MC38-Ova and perforin deficient (Prf−/−) OTI T cells were
co-cultured for 18 h in the presence of 2.5 µM RG6146 or control and cell death analyzed by
flow cytometry (propidium iodide positivity). The mean was calculated from three independent
experiments. Statistical significance indicates difference between RG6146 and DMSO control
(2-way ANOVA, *p<0.05, **p<0.01, ***p<0.001, ns: not-significant). (F) As described in A
except that a TNF neutralizing antibody (Anti-TNF) or Isotype control (ITC) was added to the
co-culture treated with RG6146. Mean of three biological independent experiments is shown.
Statistical significance indicates difference between RG6146 and DMSO control (2-way ANOVA,
**p<0.01, ns: not-significant). (G) OTI T cells alone (Unstimulated) or in combination with
MC38-Ova cells were treated with RG6146 or control in the presence of GolgiStop for 5 h and
intracellular cytokine staining of CD5+CD44+ T cells was measured by flow cytometry. Mean
of four independent experiments is shown.

To test if RG6146 enhances T cell mediated killing, Simon Hogg conducted a co-culture

system with murine colon adenocarcinoma MC38 cells presenting the ovalbumin peptide

(MC38-Ova) on the MHC I molecule. The MHC I:Ova complex is recognized by Perforin

knockout CD8+ T cells derived from OTI transgenic mice (OTI T cells). Despite the

inability to kill MC38-Ova cells through the granzyme B/ Perforin axis, RG6146 enhanced

T cell mediated killing of cancer cells significantly (Figure 27 E). T cells are also able to

kill cells by releasing IFNγ and TNF into the immunological synapse [85]. Addition of

a TNF-blocking molecule to the co-culture system containing HCT-116-NLV cells and

CMV-specific T cells, rescued the decrease in cell viability induced by RG6146 (Figure 27

F).

These results clearly show that BETis enhance T cell mediated killing of HCT-116 cells

through a TNF dependent manner. If this effect is mediated by modulating target or

immune cells intrinsically, will be evaluated in the following section.

4.3.2 Effect of BETi and TNF on T cells, cancer cells and other cell types

Intracellular cytokine staining of OTI T cells in co-culture with MC38-Ova cells, per-

formed by Dane Newman, revealed that RG6146 does not enhance TNF or IFNγ pro-

duction within T cells (Figure 27 G). Further, proliferation and activation of Pan-T cells

stimulated with anti-CD3 and anti-CD28, treated with RG6146 and TNF showed exactly

the same activation pattern as single agent RG6146 treatment (Figure 21 and 28).
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Figure 28: (A-G) Pan-T cells activated with anti-CD3 and anti-CD28 coated wells were treated
with increasing concentration of RG6146 and 15 ng/mL TNF. Data of two individual PBMC
Donors is shown. (A) Viabiliy in percent was assessed by flow cytometry on live single cells. (B)
Median fluorescence intensity (MFI) of CD69 for CD4+ and CD8+ T cell subsets is shown. (C)
Histogram of one representative Donor of data described in B. (D) Frequency of CD25+ cells
within CD4+ or CD8+ T cell subsets is shown. (E) Histogram of one representative Donor of
data described in D. (F) Percentage of proliferating CD4+ and CD8+ T cells is shown. Cycles of
cell proliferation were assessed by Cell Trace Violet dilution. (G) Histogram of one representative
Donor of data described in F.
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Overall, these results indicate that RG6146 does not enhance the production of TNF and

the combination of TNF and RG6146 does not modulate T cell activation as compared

to RG6146 single agent treatment. Therefore, enhanced T cell mediated killing induced

by RG6146 and TNF is most likely through modulation of target cells.

In order to address the growth inhibition of BETi and TNF treatment on cancer cells, a

screen of 89 cell lines was conducted by the company Oncolead testing the combination

of RG6146 and TNF or RG6146 single agent treatment (Figure 29 A). The combination

of RG6146 and TNF enhanced growth inhibition in 36 cell lines compared to single agent

RG6146 treatment. In 35 cell lines combination treatment induced less than 10 % GI as

compared to single agent treatment. 18 cell lines even lost sensitivity to the combination

(Figure 29 A). Using a dose response of structurally distinct BETis, we investigated the

effect of BETi single agent treatment, as well as combination with TNF in HCT-116 and

MKN45 cancer cells (Figure 29 B-C). RG6146 single agent treatment induced a potent

decrease in viability, which was further decreased upon addition of TNF. Other BETis

tested showed a similar decrease in viability as RG6146 (Figure 29 B-C).

Although BETis primarily affect cancer cells by displacing BET proteins from super en-

hancers [26], BET proteins are also involved in the regulation of transcription in healthy

cells. It was already shown that TNF and RG6146 do not modulate T cell activation

as compared to single agent treatment (Figure 21 and 28). Next, the effect of RG6146

and TNF on non-malignant cells was assessed in a viability assay. The non-oncogenic cell

lines HUVECC (Human Umbilical Vein Endothelial Cells), HEK293 (Human Embryonic

Kidney) and PNT1A (Prostate Epithelial) were treated with a dose response of TNF or a

combination of BETi and TNF and viability assessed after 72 h (Figure 30 A-B). Growth

was only affected by TNF in HUVECC cells, while the other two cell lines were not sen-

sitive to single agent TNF treatment (Figure 30 A). While BETi treatment decreased

viability in all tested cell lines by about 50 %, no additional decrease was observed when

combined with TNF in HUVECC and HEK293 cells (Figure 30 B). Combination treat-

ment in PNT1A cells decreased viability slightly but significantly as compared to single

agent treatment (Figure 30 B). These results indicate that at least some of the tested cell

lines are not sensitive to the combination of BETi and TNF treatment.

In summary, results presented in this section show that RG6146 and TNF treatment do

not change activation of T cells as compared to RG6146 single agent treatment. However,

the combination significantly affected viability of some cancer cell lines tested. Not all

cell lines responded to the same extent to this combination including non-oncogenic cells

indicating that BETi and TNF specifically induce growth inhibition in cancer cells.
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Figure 29: (A) Viability of 89 cancer cell lines of different tumor types treated with RG6146
alone or in combination with TNF. Cell lines exhibiting a growth inhibition (GI) >10 % with
combination treatment versus single agent RG6146 were described as sensitized to TNF (red),
10 %>GI>0 % were hardly affected (light red) and cell lines with a GI<0 % were described as
resistant (black). Data represents one biological experiment (B-C) Viability of (B) HCT-116
or (C) MKN45 cell lines was assessed by CTG2.0 72 h post treatment with a dose response of
different BETis alone or in combination with TNF. Data was normalized to DMSO and shows
mean of three biological independent experiments. Statistical significance indicates difference
between highest concentration of BETi+TNF and BETi single agent treatment (2-way ANOVA,
****p<0.0001, ns: not-significant).
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Figure 30: (A) Viability of non-oncogenic cell lines was assessed 72 h post treatment with a dose
response of TNF by CTG2.0. Data was normalized to control and shows mean of three biolog-
ical independent experiments. (B) Viability of HUVECC, HEK293 and PNT1A cell lines was
assessed by CTG2.0 after 72 h of treatment with a dose response of BETi alone or in combina-
tion with TNF. Data was normalized to DMSO control and represents mean of three biological
independent experiments. Statistical significance indicates difference between highest concentra-
tion of BETi+TNF and BETi single agent treatment (2-way ANOVA, **p<0.01, ***p<0.001,
****p<0.0001, ns: not significant)

4.3.3 TNF and RG6146 induce extrinsic apoptosis

TNF is a pleiotropic molecule that either induces NF-κB signaling promoting cell survival

or cell death through activation of the extrinsic apoptosis pathway [101]. Extrinsic apop-

tosis is initiated through activation of caspase-8 and downstream effector caspases-3 and

7, which cleave various cellular substrates including PARP [140, 141, 142, 143]. Caspases-

3/7 are also activated through the intrinsic apoptosis pathway [252, 253, 254]. RG6146

and TNF enhanced caspase-8, 3 and 7 activation in HCT-116 and MKN45 cells, while

RG6146 single agent treatment did not show a change in caspase activity (Figure 31 A-

D). Addition of the caspase-8 inhibitor ZIETD-FMK, which inhibits extrinsic apoptosis,

rescued caspase activation induced by RG6146 and TNF for all caspases tested (Figure 31

A-D). These results suggest that intrinsic apoptosis is not activated by the combination

treatment. PARP cleavage was only visible when treated with RG6146 and TNF and this

could also be seen with other BETis in combination with TNF (Figure 31 E-L).
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Figure 31: (A-B) Caspase-8 activity in percent of (A) HCT-116 and (B) MKN45 cells was
assessed by Caspase-8 Glo 8 h post treatment with a dose response of RG6146 alone, in com-
bination with 15 ng/mL TNF or with TNF and 1 µM of the Caspase-8 inhibitor ZIETD-FMK.
Data was normalized to DMSO and mean of three biological independent experiments is shown.
Statistical significance indicates difference between highest concentration of RG6146+TNF and
RG6146 alone or RG6146+TNF+ZIETD-FMK (2-way ANOVA, ****p<0.0001). (C-D) As de-
scribed for A-B except that Caspase-3/7 activity was measured in (C) HCT-116 and (D) MKN45
cells. (E-F) Cleaved PARP and Vinculin level assessed 24 h post treatment of (E) HCT-116 or
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(F) MKN45 cells with TNF alone or in combination with 2.5 µM RG6146. One representative
blot of three biological independent experiments is shown. (G-H) Quantification of western blots
shown in E -F. Levels of cleaved PARP were normalized to untreatd control for (G) HCT-116
and (H) MKN45 cells. Mean of three biological independent experiments is shown. Statistical
significance was calculated using a 2-way Anova (Data not significant). (I-J) Cleaved PARP and
Actin level assessed 24 h post treatment of (I) HCT-116 or (J) MKN45 cells with TNF alone
or in combination with 2.5 µM BETis. One representative blot of three biological independent
experiments is shown. (K-L) Quantification of western blots shown in I -J. Levels of cleaved
PARP were normalized to untreatd control for (K) HCT-116 and (L) MKN45 cells. Mean of
three biological independent experiments is shown. Statistical significance was calculated using
2-way ANOVA where *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. If not shown:not signifi-
cant. (M-N) HCT-116 cells were depleted of Caspase-8 (siCasp8) or scrambled control (scr) by
reverse transfection using siPools. (M) HCT-116 cells were treated with control or the combi-
nation of 15 ng/mL TNF and 2.5 µM RG6146. Cell growth (%) was assessed over the course of
treatment using live cell imaging. Data was normalized to time point 0. Mean of three technical
replicates from one experiment is shown. Data represents one of three biological independent
experiments. (N) HCT-116 knockdown efficiency visualized by western blot after 6 h treatment
with 15 ng/mL TNF.

To verify that RG6146 and TNF induce the extrinsic apoptosis pathway, caspase-8 was

silenced in HCT-116 cells (Figure 31 N) and cell growth monitored over time (Figure 31

M). The combination of RG6146 and TNF potently inhibits cell growth in HCT-116 cells

transfected with control (scr). Knock down of caspase-8 partially rescued this phenotype

(Figure 31 M). These results indicate that cell death induced through RG6146 and TNF

is mediated mainly but not solely through the extrinsic apoptotic pathway.

57



4.3 Effect of BETis in the interface between immune and cancer cells 4 RESULTS

4.3.4 TNF and RG6146 modulate pro-survival NF-κB signaling

BET proteins are involved in the recruitment of P-TEFb to the chromatin therby activat-

ing Pol II and inducing transcriptional elongation of target genes [23, 24]. Even though

BETis are used to displace BET proteins from the chromatin, it is still not entirely un-

derstood which downstream target genes are affected by BETi treatment. Since TNF

interacts with TNFR1, it was tested if RG6146 modulates levels of this surface receptor

by flow cytometry (Figure 32 A). RG6146 single agent treatment decreased TNFR1 in

HCT-116, but not in MKN45 cells. A similar effect was visible by TNF single agent

treatment, while no additional downregulation was visible with the combination (Figure

32 A). To identify how TNF and RG6146 change expression of genes as single agent or in

combination, RNA-sequencing was performed. HCT-116 and MKN45 cells were treated

with RG6146 and TNF or control for 2 h. Subsequently, the cells were processed for

RNA-sequencing and data was analyzed by Simon Hogg (Figure 32 B-E and Figure 33).

In both cell lines, treatment of TNF potently induced expression of known NF-κB target

genes such as NFKBIA, BIRC3, TNFAIP3, NFKB2, NFKB1 [269, 270, 271, 272, 273]

(Figure 32 B & 33 A). Further, a similar pattern of gene regulation upon single agent

and combination treatment was detected in both cell lines and classified into five clusters

(Figure 32 C-D & 33 B-C).

Cluster 1 describes genes that are increased upon RG6146 single agent treatment, de-

creased by TNF and slightly enhanced back to baseline level with the combination.

Cluster 2 describes genes decreased upon RG6146 single agent treatment and increased

by addition of TNF. The combination decreases gene expression of genes in cluster 2, but

less potent than genes in cluster 4.

Cluster 3 describes genes that are decreased with RG6146 and TNF single agent treat-

ment and further decreased with the combination.

Cluster 4 describes genes that are decreased upon addition of RG6146 single agent treat-

ment, enhanced with TNF and decreased with the combination of both molecules (Figure

32 D and 33 C).

Cluster 5 was only present upon RNAseq analysis of HCT-116 cells and includes genes

increased by combination treatment (Figure 33 C).

Especially genes in cluster 2 (TNF induced, combination slightly suppressed) and Cluster

4 (TNF induced, combination strongly suppressed) were of interest for us. Overlay of

genes in Cluster 2 and 4 from both cell lines resulted in 37 and 30 genes with the same

modulation pattern, respectively (Figure 33 D). One example for cluster 2 is NFκBIA

encoding IκBα, while BIRC2 and BIRC3 were detected in cluster 4 (Figure 32 E and 33

E).
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Figure 32: (A) Median fluorescence intensity of TNFR1 was analyzed by flow cytometry of live
single cells in HCT-116 and MKN45 cells upon treatment with RG6146 and 15 ng/mL TNF for
24 h. (B-E) RNA-seq results of MKN45 cells treated with 2.5 µM RG6146 and 20 ng/mL TNF for
2 h. Data of three experiments is shown. (B) Genes differentially expressed (red) upon treatment
with TNF versus DMSO (adjusted p-value<0.001) are summarized in the vulcano blot. (C)
Heatmap of k-means clustered differentially expressed genes (normalized log counts per million
(CPM)) by TNF treatment (adj. P-value<0.001). (D) Effects of treatment conditions on gene
expression in cluster 1-4 is summarized in the boxplot (log fold-change values for genes). (E)
RNA-seq signal at NFKBIA (representative Cluster 2 gene) and BIRC2/3 loci (representative
Cluster 4 loci) as shown in the IGV genome browser screenshot.
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Figure 33: (A-E) RNA-seq results of HCT-116 cells treated with 2.5 µM RG6146 and 20 ng/mL
TNF for 2 h. Data of three experiments is shown. (A) Genes differentially expressed (red) upon
treatment with TNF versus DMSO (adjusted p-value<0.001) are shown in the vulcano blot. (B)
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BIRC2 (cIAP1) and BIRC3 (cIAP2) transcription is controlled by NF-κB [274], however,

both proteins are also crucial for potent NF-κB activation [116] and downregulation of

these proteins by SMAC mimetics has been linked to complex IIb formation and induction

of apoptosis [136, 137].

Next, we tested if cIAP1, cIAP2 and TRAF1, which are all involved in suppressing TNF-

induced apoptosis [275], are decreased by RG6146 and TNF treatment. MKN45 cells

were treated with different concentrations of TNF alone or in combination with RG6146.

Subsequently, RNA and protein levels were analyzed by qRT-PCR and western blot, re-

spectively (Figure 34 A-E). In TNF treated samples RNA levels of BIRC3 and TRAF1

were increased 2 h post treatment (Figure 34 A). The same increase was seen on the pro-

tein level starting at 6 h post treatment (Figure 34 B-E). Combination of RG6146 and

TNF decreased BIRC3 and TRAF1 RNA, as well as, protein levels (Figure 34 A-E).

While RNA level of cIAP1 was only slightly decreased by TNF and RG6146, a change on

the protein level was visible after 24 h of treatment (Figure 34 A-E).

Since cIAP1 and cIAP2 are important regulators of NF-κB activation and expression

of these genes was decreased by RG646 and TNF, it was tested if cIAP1 and cIAP2

overexpression is sufficient to rescue growth inhibition induced by combination treatment

(Figure 34 F-G). Cell viability of MKN45 cells transfected with an empty vector control

was reduced by RG6146 and TNF treatment as compared to RG6146 single agent (Figure

34 F). Simultaneous overexpression of cIAP1 and cIAP2 rescued this phenotype (Figure

34 F). Interestingly, overexpression of cIAP1 exhibited a similar phenotype as empty vec-

tor control transfected cells. On the other hand, cIAP2 overexpression partially rescued

the effect induced by combination treatment (Figure 34 F). However, it is important to

note, that the difference in cIAP2 level between transfected cell lines and EV control was

higher than the difference in cIAP1 level (Figure 34 G).

The RG6146 and TNF dependent decrease of cIAP2 and TRAF1 protein levels was compa-

rable (Figure 34 A-B) raising the question if TRAF1 overexpression can also rescue growth

inhibition induced by RG6146 and TNF. High TRAF1 level was detected in transduced

cell lines (Figure 34 H) and a dose response of TNF did not affect cell viability of wildtype

or TRAF1 expressing cell lines (Figure 34 I). While the further reduction of viability by

RG6146 and TNF as compared to RG6146 single agent treatment was significant in wild

type cells, this was not the case for cells overexpressing TRAF1(Figure 34 J).
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Figure 34: (A) mRNA level of BIRC2 (cIAP1), BIRC3 (cIAP2) and TRAF1 were assessed in
MKN45 cells by qRT-PCR after 2 h of treatment with TNF +/− 2.5 µM RG6146. Data was
normalized to GAPDH and shows mean of three biological independent experiments. Statistical
significance indicates difference between control and TNF single agent as well as difference
between TNF single agent and combination with RG6146 (1-way ANOVA for each RNA-group
calculated separately, *p<0.05, ***p<0.001, ****p<0.0001, ns: not significant). (B) Protein
level of cIAP1, cIAP2, TRAF1 or Vinculin were assessed at indicated time points upon treatment
with TNF +/− 2.5 µM RG6146. Results of one representative western blot of three independent
experiment is shown. (C-E) Quantification of western blots shown in B. Levels of (C) cIAP1,
(D) cIAP2 and (E) TRAF1 were normalized to untreatd control. Mean of three biological
independent experiments is shown. Statistical significance between treatments was calculated
for each time point using 2-way ANOVA, *p<0.05, if not indicated: not significant. (F) Viability
of MKN45 cells expressing an empty vector control (MKN45 EV), cIAP1 (MKN45 cIAP1),
cIAP2 (MKN45 cIAP2) or cIAP1 and cIAP2 (MKN45 cIAP1/2) was assessed by CTG2.0 after
72 h of treatment with a dose response of RG6146 +/− 15 ng/mL TNF. Data was normalized
to DMSO. Mean of three biological independent experiments is shown. Statistical significance
indicates difference between highest concentration of RG6146+TNF and RG6146 single agent
treatment (2-way ANOVA, **p<0.01, ***p<0.001, ****p<0.0001, ns: not significant). (G) Level
of cIAP1, cIAP2 and Actin in cell lines described in F were visualized by western blot. (H) Wild-
type MKN45 cells (MKN45 wt) or overexpressing TRAF1 (MKN45 TRAF1) were assessed for
TRAF1 or Vinculin level by western blot (I) MKN45 cells described in H were treated with a dose
response of TNF and viability assessed 72 h post treatment by CTG2.0. Data was normalized
to control and shows mean of three biological independent experiments. (J) Cell lines described
in H were treated with a dose response of RG6146 +/− 15 ng/mL TNF and viability assessed
72 h later by CTG2.0. Statistical significance indicates difference between highest concentration
of RG6146+TNF and RG6146 single agent (2-way ANOVA, ****p<0.0001, ns: not significant).
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BET proteins are known to bind to acetylated lysine residues on histone tails, interact

with transcription factors and mediators and thereby modulate the transcription of target

genes [23, 24]. Since RG6146 and TNF decreased transcription of NF-κB (p65/p50) target

genes, a consequent next step was to investigate if BRD4 and p65 share the same binding

sites at the chromatin. Simon Hogg performed a chromatin immunoprecipitation and

sequencing (ChIP-seq) experiment in MC38 cells treated with RG6146, TNF or the com-

bination (Figure 35-36). p65 binding to the chromatin was significantly enhanced upon

TNF treatment and slightly but significantly decreased with the combination (Figure 35

A). Single agent RG6146 treatment did not affect p65 binding (Figure 35 A). Chromatin

accessibility, tested by ATAC-seq, as well as Histone 3 Lysine 27 acetylation (H3K27ac)

were enhanced with TNF treatment, but unchanged by RG6146 addition indicating that

this BETi does not affect chromatin accessibility or acetylation (Figure 35 B-C). Ad-

ditionally, TNF treatment enhanced the number of genes controlled by the presence of

super-enhancers with most genes gaining super-enhancer activity involved in NF-κB sig-

nalling (Figure 35 D-E). RG6146 single agent treatment decreased BRD4 binding globally

(Figure 36 A) affecting loss at super-enhancers as well as typical enhancers (Figure 36

B-E). Similarly, RG6146 single agent treatment decreased BRD4 binding at p65 bound

cis-regulatory elements (CREs) significantly (Figure 35 F-G). Further, TNF treatment

enhanced BRD4 recruitment to p65 bound CREs, which was significantly reduced with

combination treatment. However, loss of BRD4 binding by RG6146 and TNF did not

reach baseline level (Figure 35 F). RG6146 dependent loss of BRD4 binding was detected

at promoter regions (peak 5kb from annotated TSS) as well as cis-regulatory enhancer

elements driving the transcription of p65 target genes (Figure 35 G). One example for

such a target gene is the super-enhancer driven chemokine Ccl2 (Figure 35 H).

In summary, TNF treatment potently modulates the chromatin landscape and induces

recruitment of p65 to the chromatin. TNF also induces BRD4 binding at p65 bound CRE

and this effect is partially inhibited upon addition of RG6146.
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Figure 35: (A-H) ChIP and ATAC-seq analysis of MC38 cells treated for 3 h with 2.5 µM RG6146,
10 ng/mL TNF or the combination. (A) Average profile of normalized p65 ChIP-seq signal in
counts per million (CPM) at top 350 sites (± 2.5 kb) where p65 is recruited following TNF
stimulation of MC38 cells. Quantification of p65 ChIP-seq signal across these regions is repre-
sented in the boxplot. Statistical significance indicates difference between treatments (Wilcoxon
signed-rank test in Rstudio, ****p<0.0001). (B) Average profile of normalized ATAC-seq signal
(CPM) at p65-bound sites ± 2.5 kb (from A). Quantification of ATAC-seq signal across these
regions is shown in the boxplot. Statistical significance indicates difference between treatments
(Wilcoxon signed-rank test in Rstudio, ****p<0.0001, ns: not significant). (C) Average profile
of H3K27ac ChIP-seq signal (adjusted counts per million, CPM) at p65-bound sites ± 2.5 kb
(from A). Quantification of H3K27ac ChIP-seq signal across these regions is summarized in the
boxplot. Statistical significance indicates difference between treatments (Wilcoxon signed-rank
test in Rstudio, ****p<0.0001, ns: not significant). (D) Signal of H3K27ac at super-enhancers
(SEs) ranked by H3K27ac ChIP-seq of cells treated with TNF single agent (+TNF) or control
(−TNF). Genes regulated by SEs (shown in red) are also summarized in E. (E) Overlap of genes
regulated by SEs as described in D summarized in the Venn diagram highlighting those genes
that overlap with MGSigDB’s ‘TNF via NF-κB’ gene signature. (F) Average profile of BRD4
ChIP-seq signal (adjusted counts per million (CPM)) at p65-bound sites ± 2.5 kb (from A).
Quantification of BRD4 ChIP-seq signal across these regions are shown in the boxplot. Statisti-
cal significance indicates difference between treatments (Wilcoxon signed-rank test in Rstudio,
**p<0.01, ****p<0.0001, ns: not significant). (G) BRD4 ChIP-seq signal at p65-bound sites
classified as either promoter (±5 k.b. from annotated TSS) or enhancer (>5 k.b. from annotated
TSS). Statistical significance indicates difference between treatments (Wilcoxon signed-rank test
in Rstudio, **p<0.01, ***p<0.001, and ****p<0.0001, ns: not significant). (H) Screenshot of
IGV genome browser summarizing ChIP-seq signal at the Ccl2 locus and upstream SE.

It was shown that RG6146 and TNF treatment decrease expression of pro-survival genes

in the NF-κB pathway and that BRD4 co-occupies p65 bound CRE. Therefore, it was

suspected that HCT-116 cells, expressing luciferase under the control of a NF-κB respon-

sive element, would decrease luciferase activity when treated with TNF and RG6146. A

dose response of TNF single agent treatment after 6 and 72 h increased luciferase sig-

nal indicating activation of the NF-κB pathway (Figure 37 A-B). However, while cells

treated with the SMAC mimetic Birinapant and TNF for 6 h resulted in 60 % decrease of

luciferase signal as compared to TNF single agent treatment, BETi in combination with

TNF increased the luciferase signal significantly (Figure 37 C). A similar effect was seen

also after 72 h (Figure 37 D).

In conclusion, these results show that RG6146 and TNF treatment reduce levels of pro-

teins involved in the pro-survival NF-κB pathway including cIAP1 and cIAP2. Further,

combination treatment reduced BRD4 binding at p65 bound CRE. However, NF-κB de-

pendent luciferase activation was not decreased by RG6146 and TNF treatment indicating

that RG6146 is not potent enough to reduce expression of all NF-κB target genes or that

another mechanism is involved in this context.
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Figure 36: (A-E) ChIP-seq analysis of MC38 cells treated for 3 h with 2.5µM RG6146 or control.
(A) Heatmap representing normalized BRD4-ChIP seq signal (centered on 28,019 BRD4 peaks
identified in DMSO treated cells +/−5 kb) (B) Average profile of normalized BRD4 ChIP-
seq signal across H3K27ac-ranked super enhancers. (C) Boxplot representing quantification
of normalized BRD4 ChIP-seq signal at super-enhancers. (Students t-test, ***p<0.001). (D)
Average profile of normalized BRD4 ChIP-seq signal across typical enhancers (all H3K27ac
enhancers without super enhancers). (E) Boxplot representing quantification of normalized
BRD4 ChIP-seq signal at typical enhancers (Students t-test, ***p<0.001).

67



4.3 Effect of BETis in the interface between immune and cancer cells 4 RESULTS

Figure 32
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Figure 37: (A) NF-κB Activity was analyzed in HCT-116 cells by measuring Luciferase activity
6 h post treatment with a dose response of TNF. Data was normalized to DMSO and represents
mean of three biological independent experiments. (B) As described in A except that Luciferase
signal was analyzed 72 h post treatment and data was normalized to the viability after 72 h.
(C) As described in A except that cells were treated with increasing concentrations of Birina-
pant or BETi single agent or in combination with 15 ng/mL TNF. Statistical significance indi-
cates difference between RG6146 treatment and control (2-way ANOVA, **p<0.01, ***p<0.001,
****p<0.0001, ns: not significant). (D) As described in C except that Luciferase signal was
assessed after 72 h and data was normalized to cell viability. Statistical significance indicates
difference between RG6146 treatment and control (2-way ANOVA, *p<0.05, ****p<0.0001, ns:
not significant).
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4.3.5 RG6146 as a potential co-therapeutic intervention together with Immunother-

apy in vitro

Although immunotherapies are potent treatment options for various cancer types, the

potential of malignant cells to develop resistance during onset of treatment has been

described [232]. Therefore, it is important to identify treatment combination strategies

to prevent cancer cell adaption and induce uniform tumor regression of all heterogeneous

tumor cell populations.
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Figure 38: (A) CEA level of HCT-116-GFP and MKN45-RFP cells was assessed by flow cytom-
etry on live single cells using a CEA specific antibody (anti-CEA) or Isotype Control (ITC).
Data shows median fluorescence intensity (MFI) and includes mean of three biological inde-
pendent experiments. Statistical significance indicates difference between ITC and anti-CEA as
well as difference between CEA level of HCT-116-GFP and MKN45-RFP cells (2-way ANOVA,
***p<0.001, ns: not significant). (B) Viability of HCT-116 cells, MKN45 cells and PBMCs was
assessed after 72 h of treatment with a dose response of CEA-TCB. Data of three biological
independent experiments is shown and was normalized to control. (C) Lysis of MKN45 cells
was assessed using the LDH assay system. MKN45 cells were co-cultured with PBMCs and
increasing concentrations of CEA-TCB or control and cell lysis determined after 24 and 72 h.
Mean of three biological independent experiments is shown. Statistical significance indicates
difference between CEA-TCB and control (2-way ANOVA, ***p<0.001, ****p<0.0001, ns: not
significant).

Since, RG6146 was shown to sensitize cancer cells to TNF induced cell death and it

is known that activated T cells release TNF into the immunological synapse [85]; im-

munotherapy was employed to activate T cells and assess the effect in combination with

RG6146. While HCT-116 cells lack CEA on the surface, MKN45 cells present CEA on the

cell surface (Figure 38 A) and are therefore target cells of the CEA-TCB. CEA-TCB single
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agent treatment did not affect viability of PBMCs, HCT-116 or MKN45 cells 72 h post

treatment (Figure 38 B), however, CEA-TCB treatment in a co-culture with PBMCs and

MKN45 cells induced significant MKN45 cell lysis after 24 and 72 h of treatment (Figure

38 C). Despite observing an effect on cell viability with treatment of RG6146 and TNF

in previous experiments after 72 h, it was not possible to solely combine RG6146 with

CEA-TCB at this time point. This is because CEA-TCB treatment is very potent in

inducing target cell death as early as 24 h after assay set up (Figure 38 C).

Therefore, the assay set up was optimized in order to assess CEA-TCB effects in com-

bination with RG6146. CEA-TCB was co-cultured with PBMCs and MKN45 cells for

24 h, which induced release of cytokines including TNF into the culture supernatant (Fig-

ure 39 A-B). Supernatant containing cytokines was then collected and added on freshly

plated HCT-116 and MKN45 cells treated with a dose response of RG6146 for 72 h (Fig-

ure 39 A). As a control, supernatant of MKN45 or PBMC mono-cultured cells treated

with CEA-TCB was added, which did not affect viability of MKN45 cells in combination

with RG6146 (Figure 39 C-D). While supernatant of non-activated PBMCs co-cultured

with MKN45 (no CEA-TCB) in combination with RG6146 had a similar effect on HCT-

116 and MKN45 cell viability between different PBMC donors, supernatant of distinct

activated PBMC donors (+ CEA-TCB) induced variable effects on cancer cell viability

(Figure 39 E-J). Supernatant from one activated PBMC donor decreased viability only

upon addition of RG6146 (Figure 39 E&H), while supernatant of the other two activated

donors reduced viability by themself and viability was further decreased upon addition

of RG6146 (Figure 39 F,G,I&J). Combination of RG6146 with supernatant of activated

PBMCs decreased viability and induced apoptosis visualized by induction of PARP cleav-

age (Figure 39 E-L). Addition of a TNF blocking molecule significantly rescued growth

inhibition induced by RG6146 and supernatant from activated PBMCs (Figure 39 M).

These results clearly show that TNF, released by actived T cells, is able to induce cell

death in combination with RG6146.
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Figure 39: (A) Shematic of supernatant assay. MKN45 cells were co-cultured with PBMCs
and 20 nM CEA-TCB or control for 24 h before supernatant collection, cytokine analysis and
addition of supernatant on freshly plated HCT-116 and MKN45 cells. Cells were treated with
a dose response of RG6146 or control and viability assessed by CTG2.0 after 72 h of treatment.
Data was normalized to DMSO control of each treatment. (B) Cytokine concentration in the
supernatant as described in A was analyzed using flow cytometry. Mean of five biological
independent experiments is shown. Statistical significance shows difference between CEA-TCB
and control treatment (Unpaired T-Test for each cytokine-group calculated separately, **p<0.01,
ns: not significant). (C-D) Viability of MKN45 cells upon addition of supernatant from a (C)
PBMC or (D) MKN45 cell monoculture (+/− CEA-TCB) and treatment with a dose response
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of RG6146 for 72 h. Viability was assessed by CTG2.0 and results normalized to DMSO. Mean of
three technical replicates of one experiment is shown. (E-J) Viability of (E-G) HCT-116 and (H-
J) MKN45 cells as described in A. Data of three biological independent PBMC Donors is shown
(K) Western blot to detect cleaved PARP and Actin in MKN45 cells treated with supernatant
of a PBMC and MKN45 co-culture +/− CEA-TCB and increasing concentrations of RG6146.
One representative experiment is shown. (L) Quantification of western blot described in K.
Cleaved PARP levels were normalized to untreated control. Mean of three biological independent
experiments is shown. Statistical significance of differences between treatments was calculated
using a 2-way ANOVA (*p<0.05, **p<0.01. ***p<0.001, if not indicated: not significant). (M)
As described in A except that the co-culture for supernatant production was treated with CEA-
TCB and either a TNF-blocking molecule (anti-TNF) or isotype control (ITC). Mean of three
biological independent experiments is shown. Statistical significance shows difference between
highest concentration of RG6146 and anti-TNF or ITC (2-way ANOVA, ****p<0.0001).

Tumors are intrinsically heterogeneous and even though CEA-TCB treatment will rec-

ognize cells expressing high levels of CEA, tumor cells showing low CEA production

potentially escape T cell attack and might develop resistance against therapy. Bystander

killing is induced when activated T cells do not only kill target cells, but also cells in close

proximity through the release of cytokines. These bystander cells would usually not be

recognized by treatment with CEA-TCB (Figure 40 A). Hence, it was assessed if RG6146

boosts bystander killing of HCT-116 cells, which are CEA negative. RFP-positive MKN45

(CEA positive) cells were co-cultured with GFP-positive HCT-116 (CEA negative) cells

and PBMCs. Afterwards, cells were treated with CEA-TCB or control and a dose re-

sponse of RG6146, while cell growth was monitored over time (Figure 40 B). CEA-TCB

in combination with RG6146 resulted in significant reduction of HCT-116 cell density

compared to RG6146 single agent treatment (Figure 40 C-D).

In conclusion, RG6146 augments direct target cell killing induced by the CEA-TCB in

a TNF dependent manner. In addition, RG6146 also boosts bystander killing of CEA

negative cells indicating that this small molecule is a potential combination partner with

immunotherapy.
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Figure 40: (A) Shematic of bystander killing. MKN45 cells expressing CEA are recognized by
the CEA-TCB and induce T cell activation thereby promoting cell death of cells in close vicinity
regardless of the presence of CEA (B) Shematic of bystander killing assay set up. HCT-116 cells
expressing GFP (HCT-116-GFP) were co-cultured with MKN45 cells expressing RFP (MKN45-
RFP) and PBMCs as well as a dose response of RG6146 +/− 40 nM CEA-TCB. Growth was
monitored using a live cell imaging system and cell number of HCT-116 cells assessed after 72 h
of treatment. (C) As described in B. Mean of three biological independent experiments is shown.
Statistical significance shows difference between highest concentration of RG6146 and CEA-TCB
and RG6146 single agent treatment (2-way ANOVA, ****p<0.0001). (D) Representative images
of HCT-116-GFP cells of experiment described in B-C.

4.3.6 BETis as a potential co-therapeutic intervention together with Immunother-

apy in vivo

To further validate in vitro findings, the next consequent step was to verify these results in

vivo. Data acquired in previous in vivo studies by the oncology pharmacology department

at Roche and our collaborators has shown that mouse model tumors are less sensitive to

RG6146 treatment as compared to its precursor JQ1 (Data not shown). Therefore, a

direct comparison of JQ1 and RG6146 on viability was conducted in vitro by analyzing
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the human MKN45 and mouse MC38 colorectal cell lines (Figure 41 A). MC38 cells were

more sensitive to JQ1 and RG6146 in combination with TNF as compared to MKN45

cells. Furthermore, in both cell lines treatment with JQ1 and TNF showed a lower IC90

value indicating higher sensitivity (Table 4). However, while low concentrations of JQ1

combined with TNF clearly induced a stronger decrease in viability in MC38 cells, RG6146

had a more potent effect on viability at low concentrations in MKN45 cells (Figure 41 A).

Since MC38 was the selected tumor model for in vivo studies, it was assessed why this cell

line is less sensitive to RG6146 in vitro. One explanation could be the presence of ABCB1,

which is an export transporter responsible for the removal of RG6146 from the cytoplasm

[238]. Therefore, it was tested if the ABCB1 inhibitor Zosuquidar sensitizes MC38 cells

to RG6146 treatment. Since 0.5µM Zosuquidar did not decrease MC38 cell viability in

combination with TNF (Figure 41 B), this concentration was used for the combination

with BETis. Zosuquidar induced a significant change in sensitivity to RG6146 and TNF

treatment, while sensitivity was unchanged in cells treated with JQ1 and TNF (Figure 41

C). These results indicate that ABCB1 is responsible for the reduced sensitivity of MC38

cells to RG6146 and caused the use of JQ1 in MC38 tumor models in vivo.

Table 4: IC90 values (µM) of MC38 and MKN45 treated with TNF and BETi calculated

by GraphPad Prism 8 from data shown in Figure 41 A

Cell line & Treatment IC90 (µM)

MC38

15 ng/mL TNF+ Dose response JQ1 0.7

15 ng/mL TNF+ Dose response RG6146 3

MKN45

15 ng/mL TNF+ Dose response JQ1 2.5

15 ng/mL TNF+ Dose response RG6146 5

In vivo experiments were performed by Thomas Friess and Daniela Geiss. Syngeneic

mice were inoculated with MC38 tumor cells expressing CEACAM5 and treated with

the combination of CEA-TCB and JQ1, single agent or vehicle control while monitoring

tumor volume (Figure 41 D) and verifying that body weight was stable over the course of

treatment (Figure 41 E). JQ1 and CEA-TCB single agent decreased tumor volume by 50

and 60 %, respectively. The combination of both molecules, however, induced significant

tumor regression (Figure 41 F-G).
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Figure 41: (A) Viability of MC38 or MKN45 cells treated with a combination of BETi and
TNF for 72 h was assessed by CTG2.0. Data represents one biological experiment. (B) Vi-
ability of MC38 cells was assessed by CTG2.0 after 72 h of treatment with Zosuquidar alone
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or in combination with 15 ng/mL TNF. Data was normalized to control and shows mean of
three biological independent experiments. Statistical significance indicates difference between
Zosuquidar+TNF and Zosuquidar single agent treatment, If not indicated, not significant (2-
way ANOVA, ****p<0.0001). (C) Viability of MC38 cells was assessed 72 h post treatment
with a dose response of BETi in combination with TNF +/− 0.5 µM Zosuquidar by CTG2.0.
Data was normalized to DMSO and shows mean of three biological independent experiments.
Statistical significance shows difference between BETi+TNF+Zosuquidar and BETi+TNF. If
not indicated, not significant (2-way ANOVA, **p<0.01, ***p<0.001, ****p<0.0001). (D) She-
matic of in vivo assay. Human CEA transgenic C57BL/6 mice bearing CEACAM5 expressing
MC38 tumors (n=10 mice per treatment group) were treated with 2.5 mg/kg CEA-TCB anti-
body twice weekly, 50 mg/ kg JQ1 daily, or the combination and tumor growth was monitored
throughout the study. (E) Percent change in body weight of mice described in D. (F) Bar graph
showing the % change in tumor volume on day 13 compared to day 0 of study (relative to start of
treatment) as described in D. Statistical significance shows difference between treatment groups
(2-way ANOVA, **p<0.01, ***p<0.001, ****p<0.0001, ns: not significant). (G) Tumor growth
curves showing tumor volume over the course of treatment as described in D.

To identify the role of TNF on tumor regression induced by CEA-TCB and JQ1, a TNF

blocking molecule was added to the different treatment conditions. Under these condi-

tions, the body weight of mice was unaffected during the course of treatment (Figure 42

A). In general, combination treatment of JQ1 and CEA-TCB induced a significant but

less potent decrease in tumor volume as compared to the previous experiment (Figure

42 B-C). However, while anti-TNF treatment did not affect tumor growth in the vehicle

control treated group, the effect of the JQ1 and CEA-TCB combination group was damp-

ened by TNF blockade (Figure 42 B-C).

These results show that JQ1 and CEA-TCB induce potent tumor regression in MC38

syngeneic tumor models and this effect is most likely induced through BETi dependent

sensitization of cells to TNF induced cell death.

To further validate the potential combination of BETi and immunotherapy, MC38 syn-

geneic mice were treated with anti-PD-1 therapy and JQ1 by Dane Newman (Figure

43 A). Data of two biological independent experiments showed a significant decrease of

tumor volume upon JQ1 single agent treatment and a further significant decrease with

combination treatment, while only a marginal change in tumor volume was observed with

anti-PD-1 single agent treatment (Figure 43 B). Interestingly, even though JQ1 treatment

reduced tumor growth, this did not lead to prolonged survival of most mice. Mice that

did respond to anti-PD-1 treatment, however, showed a potent survival and this effect

was amplified with combination treatment (Figure 43 C).

In conclusion, these in vivo experiments further strengthen our hypothesis that BETis

are potent combination partners for immunotherapy including CEA-TCB and anti-PD-1

therapy by sensitizing cells to TNF induced cell death.
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Figure 42: (A-C) As described in Figure 41 A except that mice were additionally treated with
2 mg/kg TNF neutralizing antibody twice-weekly. (A) Percent change in body weight of mice.
(B) Bar graph showing the % change in tumor volume on day 14 compared to day 0 of study
(relative to start of treatment). Statistical significance was calculated with GraphPad Prism 8.
If not indicated, not-significant (2-way ANOVA, *p<0.05, **p<0.01). (C) Tumor growth curves
showing tumor volume over the course of treatment.
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Figure 43: (A) Shematic of in vivo assay. Wild-type C57BL/6 mice bearing MC38 tumors (n=10-
13 mice per treatment group) were treated with control or 50 mg/kg JQ1 daily (ip) and/or twice
weekly with 0.2 mg/kg anti-PD-1 (αPD1) (ip). (B) Average tumor growth curves of experiment
described in A. Mean of two independent experiments (+/− SEM) is shown. Statistical sig-
nificance indicates difference between treatment groups of the last tumor measurement (2-way
ANOVA, *p<0.05, **p<0.01). (C) Kaplan-meier survival curve of the experiment described in
A. Overall survival of mice in percent is shown.
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5 Discussion

5.1 Resistance of MM cell lines to RG6146 treatment

Acquired resistance to anti-cancer therapy is a challenge that can arise during the onset

of treatment [276]. The understanding of how cancer cells avoid destruction by therapies

is crucial to develop sucessful treatments such as combination therapies. In this thesis,

mechanisms of primary resistance in MM cell lines to RG6146 were evaluated focusing on

the expression of the transcription factor MYC, levels of pro- and anti-apoptotic proteins,

in addition to the export transporter ABCB1.

Expression of MYC as well as RG6146 dependent decrease in c-Myc protein level were

comparable between responders and non-responders indicating that sustained or elevated

c-Myc level is not responsible for inducing resistance in the tested cell lines. Nonethe-

less, resistance to BETi treatment has been linked to MYC expression in acute myeloid

leukemia (AML) [277]. In AML, BETi treatment initially decreased MYC expression,

however, levels of this transcription factor were quickly restored [277]. This observed re-

sistance mechanism was linked to the inactivation of PRC2 and subsequent remodeling of

regulatory landscapes including the activation and recruitment of important players of the

WNT signaling pathway to focal MYC enhancers [277]. Cancer cells thereby compensate

for the loss of BRD4 at enhancer elements [277]. To further validate these findings, over-

expression of MYC in responders should be assessed in the context of RG6146 treatment

as well as proteins involved in the WNT signaling pathway.

Another hypothesis was built on the fact that BETis have been shown to modulate the

balance between pro- and anti-apoptotic proteins and consequently induce cell death

[265, 266]. Our results did not give a clear conclusion between the regulation of pro-

and anti-apoptotic proteins by RG6146. Only a slight trend in upregulation of Mcl-1 was

visible for the non-responder cell line KMS-11. Additional experiments are needed to

further evaluate if Mcl-1 can induce resistance such as overexpression of Mcl-1 or other

anti-apoptotic proteins in responders. Interestingly, breast and hepatocellular carcinoma

cells have been shown to increase Mcl-1 levels upon BETi treatment thereby conferring

resistance to therapy [278, 279]. In this context, a combination of BETi and Mcl-1-

inhibitor was synergistic in cells with amplified MCL1 expression [279]. Another protein

that can be target to enhance sensitivity to BETi therapy is Bcl-2. In KMS-12-BM cells,

co-treatment with the Bcl-2 inhibitor Venetoclax and RG6146 enhanced tumor regression

when compared to single agent treatment. This is in line with findings by Spriano et al.,

where DLBCL cell lines, which are resistant to BET-inhibition, synergized with Veneto-

clax [280].

Lastly, it was investigated if the export transporter ABCB1 confers resistance to RG6146.

ABCB1 is a well-known mechanism of cells to induce resistance to small molecules [242]
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including RG6146 [238]. Indeed, the BETi-resistant cell line KMS-34 showed elevated lev-

els of ABCB1, which were even further enhanced by addition of RG6146. Co-treatment

with the ABCB1-inhibitor Zosuquidar restored sensitivity in this cell line. We therefore

conclude that ABCB1 is at least in part responsible for inducing resistance in KMS-34

cells. A similar mechanism was seen for MC38 cells, which showed a higher sensitivity

to JQ1 and TNF treatment as compared to RG6146 and TNF treatment. Also in MC38

cells, addition of Zosuquidar sensitized cells to RG6146 and TNF treatment, thereby fur-

ther confirming that ABCB1 expression reduces sensitivity to RG6146.

Taken together, this thesis gave some insight in potential resistance mechanisms of MM

cell lines to RG6146 treatment. During the course of this thesis, research groups have pub-

lished various findings supporting our hypothesis of Mcl-1 mediated resistance in other tu-

mor types [278, 279]. However, resistance to BETi might be mediated through additional

mechanisms. In castration-resistant prostate cancer (CRPC), for example, resistance to

BETi was induced through the loss of NCOR2, which is a potent inhibitor of DUB3 [281].

DUB3 deubiquitinates BRD4 and thereby stabilizes this BET protein. Catalytic activity

of DUB3 is regulated by CDK4/6 phosphorylation, thereby showing a potential combi-

nation strategy of CDK4/6 and BET-inhibition in CRPC [281]. It would be interesting

to test the protein levels of DUB3 and NCOR2 in resistant MM cells and validate if the

described mechanisms also play a role in conferring resistance to RG6146 in this can-

cer type. Furthermore, in ovarian cancer resistance to BETi has been linked to kinome

reprogramming [282]. This includes enhanced activity and dependence on PI3K/ERK

signaling and stabilization of MYC/FOSL1 upon chronic BETi treatment [282]. This

study opened a new therapeutic intervention using kinase inhibitors in combination with

BETis in ovarian cancer [282].

My results together with the mentioned published findings highlight the heterogeneity of

resistance-mechanisms developed by cancer cells. Further experiments are needed to vali-

date which mechanisms induce primary resistance to RG6146 in KMS-11 cells. It remains

elusive if several pathways are working in concert to confer resistance or if the modula-

tion of one specific protein like Mcl-1 can induce treatment resilience. The comparison of

RNA-seq analysis of sensitive versus resistant cell lines pre and post RG6146 treatment

will give further insights.

5.2 RG6146 modulates immune cell function

The effect of BETis on T cells is under strong debate. In fact these molecules can have im-

munosuppressive and immune activating functions. The group of Mele et al. [52] showed

that JQ1 suppresses the differentiation of näıve CD4+ T cells into Th17 cells and inhibits

the production of effector cytokines GM-CSF, IL-21 and IL-22. Further, direct binding

of BRD4 to the Il17 locus was inhibited by JQ1 thereby suppressing the production of
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IL-17. Differentiation of näıve CD4+ T cells into Th1, Th2 or T regs was not affected

by JQ1 in their assays. Since BETi treatment also decreased the differentiation of Th17

cells in vivo, BETis are thought to be a promising treatment strategy for autoimmune

diseases.[52] Wang et al. [283] recently proposed the underlying mechanisms of action that

induces this phenotype. The group showed that JQ1 interacts with the bromodomain of

p300 thereby inhibiting acetylation of RORγt, which is essential to induce transcription

of effector cytokines.[283] Though, another group showed that despite decreasing IL-17

production in Th17 cells, inflammation was hardly affected by BETi treatment in vivo

[284].

In contrast to the proposed immune suppressive functions of BETi, JQ1 has also been

shown to enhance expansion of central memory T cells (TCM) and stem cell like memory

T cells (TSCM) [53]. At the same time, the differentiation into effector memory T cells

(TEM) was suppressed by BETi treatment. It is suspected that p300 recruits BRD4 to

the BATF promoter thereby inducing differentiation into TEM and this mechanism is

inhibited upon addition of BETi. Further, JQ1 enhanced persistence of adoptively trans-

ferred CAR T cells in vivo leading to enhanced antitumor effects. These experiments

show promising combination treatment of BETi with CAR-T cell therapy.[53]

Due to the contradictory results regarding BETi effect on T cells described in literature,

we focused on the effect of RG6146 on CD4+ and CD8+ T cell activation. At early time

points, T cell activation was reduced by RG6146. A significant decrease in proliferation

and co-inhibitory markers clearly indicate a T cell suppressive phenotype upon BETi

treatment. A similar effect was also seen by Georgiev et al., who showed a decrease of

LAG3, GZMB and IFNG transcription upon BETi treatment [285]. In contrast, Banduk-

wala et al. demonstrated that BETi augment RNA-levels of the co-inhibitory receptor

LAG3 in Th1 cells 4 h post treatment [284]. Georgiev et al. [285] also validated anti-

proliferative effects of BETi through downregulation of genes involved in G1/S-phase cell

cycle transition and a significant decrease in T cell proliferation. Yet, no long term treat-

ment was analyzed in their assays [285]. Interestingly, they also described a significant

increase in BETi mediated death of T cells [285], which does not confirm our findings.

However, this discrepancy might be explained through the different BETis used in the

studies. We also observed a significant increase in CD69 level upon RG6146 treatment.

This effect was unexpected considering that CD69 is an early marker for T cell activation.

Despite suppression of T cell activation at early time points, the percentage of proliferat-

ing T cells was comparable to control treatment using a longer treatment time. Moreover,

RG6146 treated T cells had undergone a higher number of division cycles than untreated

T cells. These findings indicate that RG6146 does suppress T cell activation at early time

points, but enhances proliferation and activation during onset of treatment. If RG6146

treatment induces just a delay or even boosts T cell activation during a longer treatment
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period is unknown and needs further experimental validation. Whilst T cell activation

was analyzed in three distinct assays in vitro, a clear answer about the role of BETis on T

cell activation can only be achieved in in vivo models. This is especially valuable, because

in vitro isolation of T cells usually yields only a low number of cells. These cells are po-

tentially stressed by the isolation procedure and the following small molecule treatment

might further enhance cellular stress responses. Therefore, in vivo and clinical data is the

only reliable method to confirm in vitro findings.

While intracellular and released level of tested cytokines were mostly decreased by RG6146

treatment, a trend of increasing MIP1α level in the supernatant of the T reg suppression

assay was detected. MIP1α is a chemoattractant inducing recruitment of B cells, CD4+

and cytotoxic T cells [286] and has been shown to be produced by dendritic cells and

CD4+ T cells [287]. MIP1α recognition through the CCR5 receptor, is involved in the

migration of näıve CD8+ T cells towards antigen specific dendritic cell-CD4+ T cell inter-

action [287]. This is an important mechanism since MIP1α and MIP1β blockade reduces

number and effector activity of memory CD8+ T cells [287]. RG6146 mediated increase

in MIP1α levels is therefore a potential indication for enhanced recruitment of immune

cells to a site of infection. It is to note that RG6146 does not specifically elicit its function

in the tumor or at a site of infection and could therefore harbor the risk of inducing a

systemic immune cell activation enhancing the threat of autoimmunity.

The discrepancy of results presented in different research studies might be explained by

the use of different treatment time points, activation methods, T cell subsets used and

small molecule dosage. Further, the underlying mechanism of action is still unknown.

Therefore, it is of need to gain a deeper understanding of how and why BETi modulate

T cell activation in the future.

While one main focus of this thesis was to elucidate the effect of RG6146 on T cell ac-

tivation, one experiment also gave insights in potential effects of RG6146 on DCs. DC

maturation was suppressed with increasing concentrations of RG6146, which is in line

with findings by Schilderink et al. [288]. The authors demonstrated that iBET-151 was

able to suppress maturation of DCs and reduces levels of pro-inflammatory cytokines

including IL-6, IL-12p70 and IL-10 as well as costimulatory receptors CD80 and CD86.

BETi treatment of DCs also enhanced the generation of FoxP3+ T cells.[288] Toniolo

et al. [289] investigated a similar mechanism by using JQ1 to suppress DC maturation

in a STAT5 dependent manner. BETi treatment of DCs modulated levels of pro- and

anti-inflammatory cytokines, decreased levels of the costimulatory markers CD80, CD86,

CD83 and reduced proliferation of CD4+ and CD8+ T cells.[289] The suppressive effect

of RG6146 on DC maturation was only visible at high RG6146 concentrations in our

assays. Therefore, it will be of need to identify BETi concentrations that do not inhibit

DC maturation to circumvent the generation of an immune suppressive environment.
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5.3 RG6146 synergizes with TNF to induce cell death

While separate examination of cell types provided valuable insights on the molecular

mechanism of BETis, evaluation of its influence on the interface between immune and

cancer cells has further fostered the understanding of BETis and their potential combi-

nation strategies.

Our initial epigenetic small molecule screen identified BETis as the only class of epige-

netic modifiers that consistently induced specific and profound T cell mediated HCT-116

cell killing. These results suggest that it requires the engagement of a specific set of

transcriptional factors and not general defects in transcriptional activity to induce this

phenotype. Still, other epigenetic therapies such as HAT-inhibitors, demethylating agents

or HDACi might synergize with immunotherapy in a distinct mode. Indeed, previous stud-

ies have demonstrated that epigenetic modifiers are promising combination partners for

immunotherapy. Demethylating agents and HDACi have been shown to enhance the ex-

pression of antigen presenting molecules and tumor antigens [290, 291]. Other epigenetic

therapies induced viral mimicry and interferon production [292]. It would be interesting

to test if epigenetic modifiers enhance TNF production in a similar manner.

In this thesis, it was shown that BETis sensitize cancer cells to TNF induced cell death

by modulating NF-κB signaling, decreasing pro-survival target genes including BIRC2

(cIAP1) and BIRC3 (cIAP2) and induce cell death through extrinsic apoptosis (Figure

44). A similar mechanism was reported in a genetic screen in IFNγ-receptor-deficient

melanoma cells challenged with MART-1 T cells [293]. The group found that cells de-

ficient of TRAF2 or BIRC2 lowered the cytotoxic threshold towards TNF induced cell

death. The authors discovered that combining TRAF2 knockout with an IAP-inhibitor

augments sensitivity to TNF and enhances therapeutic outcome in combination with

immune checkpoint blockade.[293] In this context, SMAC mimetics which re-establish

apoptotic pathways by inducing the degradation of IAPs [137], would be promising com-

bination partners for immune oncology (IO) agents. Specifically, SMAC mimetics function

by enhancing the NF-κB pathway, which eventually induces production of TNF thereby

priming cells to induce apoptosis [136, 137, 294]. The similar function of BETis and

SMAC mimetics prompts the question of why BETis would be the superior treatment

option in this matter. Unlike SMAC mimetics, BETis are known to elicit additional ef-

fects on gene regulation in cells including the suppression of PD-L1, which can enhance

immunomodulatory properties of IO agents [49]. To gain further understanding on the

holistic mechanism of action, single cell RNA-seq of cells located in the TME will give a

clear insight on the effect of BETis on immune cell subsets. Studying the mechanism of

BETis in the TME in more detail will also help to choose patients that will respond best

to combination therapy.
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Our results show that TNF treatment enhances the recruitment of BRD4 to p65 bound

cis-regulatory elements and a partial loss of BRD4 binding at these sites was visible upon

addition of RG6146. The potential underlying mechanism of how BET proteins modulate

NF-κB signaling has also been addressed by different research studies. One study sug-

gests that BRD4 binds a p300 mediated acetylation of lysine-310 in the RelA(p65) protein

thereby operating as a transcriptional coactivator of some NF-κB target genes [295, 296].

This is in line with our findings, where BETi suppressed expression of a specific set but

not all genes activated upon TNF treatment. However, while cIAP2 level was not affected

by BETi and TNF treatment in a study by Zou et al. [296], we show that TNF-induced

cIAP2 production was strongly suppressed upon addition of RG6146. The hypothesis

that BRD4 directly binds acetylated p65 was underpinned by studies focusing on the

histone deacetylase SIRT1, which removes K310 acetylation of p65 resulting in inhibition

of NF-κB target genes and sensitization of cells to TNF induced apoptosis [297]. Work

in endothelial cells has shown that TNF induces p65 mediated recruitment of BRD4 to

form de novo super-enhancer regions thereby inducing pro-inflammatory gene transcrip-

tion [298]. Zou et al. presented results showing that BRD4 binding to acetylated p65

in A549 lung cancer cells stabilized and protected nuclear p65 from ubiquitination and

degradation and treatment with JQ1 decreased TNF mediated induction of κB-driven

reporter genes [298]. In contrast, we observed an increase in NF-κB luciferase reporter

signal by RG6146 or JQ1 in combination with TNF. This would suggest a possible dual

role of BETis in response to TNF. Thus, RG6146 could suppress some NF-κB target

genes and simultaneously enhance some others following TNF treatment. In fact, RNA-

seq analysis revealed genes that were even further enhanced upon addition of RG6146

indicating that not all NF-κB target genes are dependent on BET-binding. The fact that

some NF-κB target genes are increased in the presence of BETis and TNF could also

be explained by the concomitant suppression of the classical NF-κB pathway and activa-

tion of the alternative NF-κB-pathway (Figure 44). One prominent player of alternative

NF-κB activation is the NF-κB inducing kinase (NIK), which is constitutively active but

degraded in unstimulated conditions [299]. NIK degradation is mediated through binding

of TRAF3 and complex formation with TRAF2, cIAP1 and cIAP2 [113, 135, 300, 301],

which induce ubiquitination and proteasomal degradation of NIK [137]. TNF binding to

TNFR2 suppresses degradation of NIK and initiates NF-κB translocation to the nucleus.

How NIK is released from the complex is not entirely understood, but involves the re-

cruitment of TRAF2,3 and cIAP1,2 to the receptor. Subsequently, TRAF3 is degraded,

which is the direct binding partner of NIK.[301, 302, 303] In this scenario, unbound NIK

is able to induce the alternative NF-κB activation and processing of p100 to p52 [302]. In

short, cIAP1 and cIAP2 are essential for the activation and suppression of the classical

and alternative NF–κB pathway, respectively. Therefore, it is possible that suppression
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of cIAP1 and cIAP2 by RG6146 induces alternative NF–κB signaling. This hypothesis is

supported by the finding that also SMAC mimetics show an induction of the classical and

alternative NF-κB signaling pathway, processing of p100 to p52 and facilitating the tran-

scription of NF-κB target genes [136, 137, 304, 305]. In particular, in glioblastoma cells,

SMAC mimetics at non-toxic concentrations have been shown to induce cell elongation,

migration and invasion through upregulation of alternative NF-κB signaling [305]. The

similar mechanisms induced by SMAC mimetics and BETis raise the question if RG6146

in combination with TNF also induces cell migration. It is to note that the alternative

NF-κB-pathway is mainly present in neuronal subtypes, endothelial cells and T lympho-

cytes [306] and the presence and function of this pathway has not been evaluated in the

cancer cell lines used in the present study.

While cancer cell lines of diverse origin were sensitized to TNF-induced cell death upon

BETi treatment in our study, some cell lines did not respond to the combination or showed

enhanced survival. Identifying biomarkers to predict sensitivity would be beneficial to

define patient populations responsive to the combination of BETi and immunotherapy.

Various resistance mechanisms to TNF- mediated cell death have already been described.

One was linked to mutations in the p53 tumor suppressor thereby inducing NF-κB acti-

vation and decreased apoptosis upon TNF treatment [307]. Knockdown of mutant p53

sensitized these cells to TNF-induced cell death [307]. In line with these findings, another

group showed that TNF induces the interaction of mutant p53 with NF-κB to recruit RNA

Pol II and induce transcription of tumor promoting genes [308]. Other potential resistance

mechanisms include differential cleavage of secondary messenger molecules [309, 310] or

constitutive activation of NF-κB [311]. The latter induces overexpression of anti-apoptotic

downstream targets including FLIP, cIAPs and Bcl-xL [311]. Overexpression or mutation

of TRAF2 has been shown to induce resistance to T cell mediated TNF attack [293]. It

is interesting to note that some mutations of TRAF2 enhance sensitivity to TNF induced

cell death, thereby inducing an immune-editing pressure resulting in mutations in HLA

I alleles and β2 microglobulin (B2M) [293]. Overall, it is likely that TNF resistance in

cell lines is mediated through different pathways. To get further insights, it is of need to

identify alterations in gene signatures between responding and non-responding cell lines.

Understanding which specific mechanism of action an epigenetic therapy can have on im-

mune and cancer cells will be key to choose the right chemical agents to manipulate the

immune system towards cancer cell killing. Combining an agent that potentiates T cell

activation with a BETi-dependent TNF sensitization would be an attractive avenue for

therapeutic intervention. Since it was seen that RG6146 delays T cell proliferation but

enhances cell division at later time points, it is important to use immunotherapies that

specifically induce cell death only at the cancer site, otherwise systemic activation of the

immune system might induce undesirable side effects when combined with BETis.
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Figure 44: Potential mechanism of how BETis like RG6146 sensitize cells to TNF induced cell
death:
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Epigenetic processes are crucial in orchestrating gene expression. Therefore, it is not sur-

prising that dysregulations of writer, reader and eraser proteins are causative protagonist

in different types of diseases. Thus, epigenetic therapies have opened a novel opportu-

nity to treat diseases including cancer. However, since manipulation of the epigenetic

landscape influences a large variety of undiscovered transcriptional changes, the broad

picture of how epigenetic modifiers like BETis shape the genetic landscape of a cell is not

entirely understood. Work described in this thesis helps to understand the vast modu-

latory functions of BETis by elucidating the effect of the novel small molecule inhibitor

RG6146 on different cell types. This work did not only give insights in potential intrinsic

resistance mechanism of MM cells to BET-inhibition, but also elucidated the effect of

BETis on healthy and immune cells. The main work of this thesis focused on the effect of

BETis on the interface between cancer and immune cells. Taken together, by modulating

the expression of NF-κB pro-survival target genes, sensitizing cells to TNF induced cell

death and enhancing by-stander killing, we conclude that BETis in combination with

immunotherapy is a promising therapeutic intervention strategy in many tumor types. In

summary, this thesis helps to understand how RG6146 and other BETis modulate gene

expression. Still, a lot of open questions remain to be answered in the future in order to

entirely understand BET proteins and their inhibitors.
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7.1 Material

7.1.1 Chemicals

All chemicals used are listed in Table 5

Table 5: List of chemicals and their supplier

Chemical Supplier

Animal-Free Blocking Solution (5X) Cell Signaling

Bovin Serum Albumin Roche

Cell Lysis Buffer (10X) Cell Signaling Technology

Cell Extraction Buffer Thermo Fisher Scientific

CellTiter-Glo® 2.0 Assay (CTG2.0) Promega

Caspase-Glo® 8 Promega

Caspase-Glo® 3/7 Promega

CD14 MicroBeads, human Miltenyi

CD4 Micro Beads #130-045-101 Miltenyi

DC Protein Assay reagent A,B,S Bio-Rad

DMSO Sigma Aldrich

Ethylenediaminetetraacetic acid (EDTA) AlfaAeser

Fixation/Permeabilization Solution Kit with BD

GolgiPlug�
BD Pharmigen

Laemmli Buffer AlfaAeser

LDH Assay Roche

One-Glo� Promega

Pan-T cell isolation Kit human Miltenyi

Protease Inhibitor Cocktail Set III Calbiochem

Phosphatase Inhibitor Cocktail Set II Calbiochem

PMSF Thermo Fisher Scientific

Ponceau S Solution Sigma

Protease inhibitor Sigma-Aldrich

qScript� XLT One-Step RT-qPCR ToughMix® Quanta Bioscience

Regulatory T cell Isolation Kit #130-094-775 Miltenyi

CD4+CD25+CD127dim/− Regulatory T Cell Isolation

Kit II

#130-094-775 Miltenyi

RNeasy Mini Kit Qiagen

10x Tris/Glycine/SDS (TGS) Bio-Rad
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Chemical Supplier

10x Tris Buffered Saline (TBS) Bio-Rad

10 % Tween 20 Bio-Rad

0.25 % Trypsin Thermo Fisher Scientific

TrypLE� Express Thermo Fisher Scientific

Pha-L Sigma #L2769; 10 mg/mL

Western Bright Quantum Advansta

Western Bright Sirius Advansta

Versene Thermo Fisher Scientific

Small and large molecule inhibitors as well as peptides and their respective targets are

listed in Table 6.

Table 6: List of used inhibitors, the respective target and supplier

Name Target/ Description Supplier

RG6146 Bet proteins Roche

JQ1 Bet proteins Selleck Chemicals

OTX015 Bet proteins Selleck Chemicals

Apabetalone Bet proteins Selleck Chemicals

Mivebresib Bet proteins Selleck Chemicals

i-BET151 Bet proteins ChemScene

ABBV744 BRDII selective BET-inhibitor Selleck Chemicals

i-BRD9 BRD9 Selleck Chemicals

GSKJ4 HCL H3K27me3 Demethylase Selleck Chemicals

EPZ6438 EZH2 Selleck Chemicals

SGC0946 DOT1L Selleck Chemicals

SGC707 PRMT3 Selleck Chemicals

EPZ015666 PRMT5 Selleck Chemicals

Decitabine DMT TOCRIS

C646 p300/CBP Selleck Chemicals

I-CBP112 p300/CBP BPS Bioscience

SGCCBP30 p300/CBP TargetMol

Entinostat HDAC TargetMol

Panobinostat Pan-HDAC TargetMol

Vorinostat HDAC TargetMol

Birinapant SMAC-mimetic Selleck Chemicals
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Name Description Supplier

LCL-161 SMAC-mimetic Selleck Chemicals

Zosuquidar ABCB1 TargetMol

ZIETD-FMK Caspase-8 R&D Systems

CEA-TCB T cell bispecific antibody Roche

anti-PD-1 PD-1 Roche

anti-LAG3 LAG3 Roche

anti-TIM3 TIM3 Roche

CEA-TCB CEA and CD3 Roche

anti-PD-1 clone RMP1-14 (in vivo studies)

Isotype control clone 2A3 (in vivo studies)

TaqMan Gene Expression Assays used to determine RNA level are listed in Table 7 and

were purchased from Thermo Fisher Scientific.

Table 7: List of Target RNA of TaqMan Gene Expression Assays and the corresponding

reference

Target RNA Reference

GAPDH Hs02786624 g1

BIRC2 Hs01112284 m1

BIRC3 Hs00985031 g1

TRAF1 Hs01090170 m1

7.1.2 Gels, antibodies and markers

Precast SDS-gels, transfer packs as well as antibodies for western blot, flow cytometry

and rescue experiments are listed in Table 8.

Table 8: List of gels, antibodies, markers and the respective supplier

Name Supplier

Precast Gels and Transfer Packs:

Trans-Blot® Turbo� Midi Nitrocellulose Transfer

Packs

Bio-Rad
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Name Supplier

4-15 % Criterion� TGX� Precast Midi Protein Gel: Bio-Rad

26 well, 15 µL

18 well, 30 µL

12 + 2 well, 45µL

Markers:

Precision Plus Protein� Kaleidoscope� Prestained

Protein Standards

Bio-Rad

Antibodies for western blot, all anti-human:

Anti-Bcl-2 antibody [E17] Abcam

Anti-Bcl-xL antibody [E18] Abcam

Anti-c-Myc antibody [Y69] abcam

Cleaved PARP (Asp214) (D64E10) Cell Signaling

Anti-Mcl-1 antibody [Y37] Abcam

MDR1/ABCB1 (E1Y7S) Rabbit mAb Cell Signaling

Anti-Bim antibody [Y36] Abcam

Anti-cIAP1 Abcam

Anti-cIAP2 Cell Signaling

Anti-TRAF1 Cell Signaling

Anti-Caspase 8 Cell Signaling

Vinculin (E1E9V) XP® Rabbit mAb Cell Signaling

β-Actin (13E5) Cell Signaling

Secondary Goat-anti-rabbit Antibody Jackson Immuno Research

Antibodies for Flow Cytometry:

CEACAM5/CD66e Antibody (CEA31) Novus BioScience

Purified Mouse IgG1, κ Isotype Ctrl Antibody BioLegend

Cell Trace� CFSE Thermo Fisher Scientific

Goat Anti-Mouse Ig, Human ads-Alexa Fluor® 647 Southern Biotech

Zombie NIR� Fixable Viability Kit BioLegend

Zombie Aqua� Fixable Viability Kit BioLegend

CellTrace� Violet Thermo Fisher Scientific

Alexa Fluor® 700 anti-human CD4 Antibody BioLegend

APC anti-human CD8 Antibody BioLegend

PE anti-human CD279 (PD-1) Antibody BioLegend
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Name Supplier

FITC anti-human CD366 (Tim-3) Antibody BioLegend

FITC anti-human CD223 (LAG3) Antibody BioLegend

PE anti-human CD69 Antibody BioLegend

CD11C V450 BioLegend

HLA-DR Monoclonal Antibody (TU36), Thermo Fisher Scientific

Pacific Orange

APC anti-human CD40 Antibody Biolegend

Alexa Fluor® 488 anti-human CD80 Antibody BioLegend

PE/Cyanine7 anti-human CD86 Antibody BioLegend

PE anti-human CD274 (B7-H1, PD-L1) Antibody BioLegend

PE/Cyanine7 anti-human CD11c Antibody BioLegend

PE anti-human CD14 Antibody BioLegend

Alexa Fluor® 647 anti-human CD273 BioLegend

(B7-DC, PD-L2) Antibody

Pacific Blue� anti-human HLA-A2 Antibody BioLegend

Alexa Fluor® 488 anti-human TCR α/β Antibody BioLegend

PE/Cyanine7 anti-human CD8 Antibody BioLegend

APC anti-human CD279 (PD-1) Antibody BioLegend

anti-Granzyme B (PE) #561142 BD Biosciences

anti-IFNγ (PE-Cy7) #25-7319-82 Thermo

Fisher Scientific

PE anti-human CD120a Antibody BioLegend

PE Mouse IgG2a, κ Isotype Ctrl (FC) Antibody BioLegend

Alexa Fluor® 647 anti-human CD243 (MDR-1) BioLegend

Alexa Fluor® 647 anti-Mouse IgG2a, κ

CD5 (clone 53-7.3) BD Biosciences

CD44 (clone IM7) Biolegend

TNFα (clones MP6-XT22) eBioscience)

IFNγ (XMG1.2) eBioscience

Beads for Cytokine Assay:

General CBA Kit human BD Biosciences

TNF BD Biosciences

CD178 BD Biosciences

IFNγ BD Biosciences

MIP1alpha BD Biosciences

Granzyme BD Biosciences
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Name Supplier

Antibodies for Rescue experiments and T cell

activation:

TNF alpha Monoclonal Antibody (28401) Thermo Fisher Scientific

Mouse IgG1 Isotype Control (MOPC-21) Thermo Fisher Scientific

CD3 Mouse anti-Human, Functional Grade, Clone:

OKT3

Thermo Fisher Scientific

Purified NA/LE Mouse Anti-Human CD28 Clone

CD28.2 (RUO)

BD Biosciences

For in vivo: anti-TNF-α Mab BioLegend, #506347

7.1.3 Technical equipment

All technical equipment used is listed in Table 9.

Table 9: Technical equipment and respective manufacturer

Machine Name Manufacturer

Centrifuge Centrifuge 5801R Eppendorf

Cell Counter Countess II Invitrogen

Gel chamber Criterion� Vertical Electrophoresis Cell Bio-Rad

Incucyte IncuCyte S3 Essen BioScience

Microcentrifuge Eppendorf� 5424 Eppendorf

Microplate reader Spectrostar-Nano BMG Labtech

Microscope Olympus CKX53 Olympus

NanoDrop NanoDrop One Thermo Scientific

Plate Reader PHERAstar FSX BMG LABTECH

Sonicator Biorupter Pico Diagenode

Transfer System Trans-Blot® Turbo� Bio-Rad

Western Blot Imager Fusion FX7 Vilber

Flow Cytometry Cytoflex S Benchtop FACS Beckman Coulter

Flow Cytometry BD LSR Fortessa BD Biosciences

Flow Cytometry Intellicyt iQue Sartorius

qRT-PCR machine LightCycler® 480 System Roche
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7.1.4 Cell lines

All cell lines used in this thesis were provided by the Roche non-clinical biorepository

with the original source listed in Table 10.

Table 10: Cell lines, site of origin and source

Name Description Source

KMS-11 human, MM CELLO

KMS-12-BM human, MM DSMZ

KMS-20 human, MM JCRB

KMS-34 human, MM CELLO

MM1S human, MM ATCC

OPM-2 human, MM CELLO/DSMZ

NCI-H929 human, MM CELLO/ATCC

MKN-45 human, gastric adenocarcinoma CELLO/DSMZ

derived from liver metastasis

HCT-116 human, colon ATCC

HCT-116 NFκB Luciferase Reporter BPS Bioscience

293FT human, brain Invitrogen

MC-38 mouse, colon Roche Internal

HUVECC human Umbilical Vein Endothelial ATCC

HEK293 human embryonic kidney ATCC

PNT1A human post pubertal prostate normal CELLO

immortalised with SV40

B-LCL Donor222 human immortalized B-Lymphoblastoid -

cell line (Donor 222)

7.1.5 Culture media

Cells were cultured according to ATCC culture methods. Cell lines, their corresponding

medium and supplements are listed in table 11-12. Unless otherwise stated media was

purchased from Thermo Fisher Scientific. After addition of all supplements media was

filtered using a 0.22µm filter.
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Table 11: List of supplements used for cell culture medium and respective supplier

Supplements Supplier

Endothelial Cell Growth Supplement (ECGS) Sigma Aldrich

Fetal Bovine Serum Thermo Fisher Scientific

Human Serum Thermo Fisher Scientific

Geniticin Thermo Fisher Scientific

Glutamine (100x) Thermo Fisher Scientific

Heparin sodium salt from porcine intestinal mucosa Sigma-Aldrich

Grade I-A, =180 USP units/mg

Hepes Thermo Fisher Scientific

Hygromycin Invivogen

IL-2,Proleukin Novartis

β-Mercaptoehtanol Thermo Fisher Scientific

Non-essential amino acids (NEAA) Thermo Fisher Scientific

Penicillin-Streptomycin (Pen-Strep) Thermo Fisher Scientific

Puromycin Thermo Fisher Scientific

Table 12: List of cell lines and corresponding culture-medium

Cell line Medium

KMS-11 RPMI1640 (#A10491) + 10 % FBS

KMS-12-BM RPMI1640 (#61870) + 20 % FBS

KMS-20 RPMI1640 (#A10491) + 10 % FBS

KMS-34 RPMI1640 (#61870) + 10 % FBS

MM1S RPMI1640 (#61870) + 10% FBS + 10 mM HEPES

NCI-H929 RPMI1640 (#A10491) + 10 % FBS + 0.05 mM β-ME

OPM-2 RPMI1640 (#31870) + 10 % FBS + 2 mM Glutamine

HCT-116 RPMI1640 (#A10491) + 10 % FBS

HCT-116-NFκB- McCoys 5A (Gibco 26600) + 10 % FBS

reporter + 1 mg/mL Geniticin

MKN45 RPMI1640(#61870) + 20 % heat inactivated FBS

MC-38 DMEM (#41965)+ 10 % FBS + 25 mM Hepes

293FT DMEM (#41966) + 10 % FBS + 2 mM Glutamine

+ NEAA

HUVECC F-12K (#21127) + 10 % FBS + 100 µg/mL Heparin
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Cell line Medium

+ 0.03-0.05 mg/mL ECGS

HEK-293 DMEM (#41965) + 10 % FBS + 1xNEAA

PNT1A RPMI-1640 (#31870) + 10 % FBS + 2 mM Glutamine

CMV specific RPMI1640 (#61870) + 10 % FBS + 400 U/mL IL-2

T cells

B-LCL RPMI-1640 (#A10491) + 10% FBS

7.2 Methods

7.2.1 Computer Software

ChimeraX [312] was used to generate the structure of the bromodomain of histone acetyl-

transferase Gcn5p in complex with a peptide from acetylated Histone H4 using the Protein

Data Bank accession code:1E6I and Owen et al. [36].

The chemical structure of JQ1 and RG6146 was generated using ACD/ChemSketch

(v2019.2.2, Advanced Chemistry Development, Inc., Toronto, ON, Canada).

For flow cytometry analysis FlowJo version 10.6.1 or 10.6.2 was used [313].

Where indicated and for determining statistical significance, GraphPad Prism version 7.00

or 8.00 for Windows was used, GraphPad Software, La Jolla California USA.

www.graphpad.com

7.2.2 Cell lines and culturing methods

Cell lines (Table 10) and derivatives thereof were cultured in their corresponding medium

(Table 12) at 37 ◦C, 5 % CO2 and 95 % humidity. Unless otherwise stated, all experiments

were performed in the incbator at 37 ◦C, 5 % CO2 and 95 % humidity. Cells were passaged

when confluence reached 70-80 %. Adherent cell lines were trypsinized at 37 ◦C (0.25 %

Trypsin), resuspended in medium, centrifuged at 150xg and split according to their cell

density. Suspension cell lines were collected and passaged according to their cell density.

PBMC isolation: PBMCs were obtained from blood of healthy Donors. Buffy coats

(Blutspendezentrum Beider Basel) were transferred into Erlenmeyer tubes and mixed

1:1 with Phosphate-buffered saline (PBS). Ficoll was adjusted to room temperature and

15 mL added in each Leucosep separation tube and centrifuged for 15 sec at 1000xg. 25 mL

of blood/PBS mixture was added to each Leucosep separation tube and centrifuged at

1000xg for 10 min without break in a swinging rotor bucket. The enriched cell fraction

containing PBMCs was collected in a 50 mL tube and washed three times with 50 mL

PBS, 2 mM EDTA at 250xg for 10 min. Cells were resuspended in 50 mL RPMI (A10491)
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+ 10 % Fetal bovine serum (FBS) and cell number adjusted. Cells were either directly

used for experiments or frozen at 50 Mio cells/mL in 60 % RPMI (A10491) + 30 %FBS +

10 % Dimethyl sulfoxide (DMSO).

Feeder cell preparation for CMV-specific T cell maintenance: The first step of

Feeder cell generation is the same as described for the PBMC isolation. After resuspending

cells in 50mL RPMI + 10% FBS, cells were transferred into a 150 cm2 Flask and kept

in the incubator for 1 h. Monocytes will adhere to the Flask, while Feeder cells will stay

in the supernatant. Supernatant was transferred to a 50 mL tube and centrifuged for

5 min at 800xrpm. Cell pellet was resuspended in 10 mL T cell medium, 30 µL PHA-L

(30µg/mL) added, transferred in a 15 mL tube and placed horizontally in the incubator

for 1 h. PHA-L induces cytokine production during this time. LCL-cells were detached,

centrifuged (150xg, 3 min), cell concentration adjusted to 1 Mio cells/ mL in RPMI + 10 %

FBS and NLV peptide added to a final concentration of 10 nM for 20 min. LCL-cells were

centrifuged, resuspended in T cell medium to a cell density of 1 Mio/mL and transferred

to a 6-well plate (5 mL/well). Feeder cells were also transferred to a 6-well plate and

irradiated at 2500 rad (25 Gy), while LCL-cells were irradiated at 5000 rad (50 Gy). Both

cell types were counted and adjusted to reach a ratio of 1 LCL-cell:25-50 Feeder cells.

Cells were centrifuged, washed with PBS, resuspended in fresh T cell medium and added

to a 96 U-bottom plate (25x106 Feeder cells + 0.5-1x 106 LCL-NLV cells). CMV-specific

T cells, which were originally obtained from Roche Innovation Center Zuerich [314], were

seeded at a concentration of 10000 T cells/ well in T cell medium. Plates were placed into

the incubator and medium regularly exchanged by replacing 80µL of medium with 100µL

of fresh medium. After one week cells were transferred into a 48-well plate and one week

later into a 6-well plate. T cell growth was monitored over time and cells passaged when

density was over 1.5 Mio cells/mL.

7.2.3 Viability Assay

Cells were detached and seeded at 5000 cells/well in 100 µL for each well of a 96-well

plate (#3917 CoStar) and let adhere overnight in the incubator. The next day small

molecule dose response (1:3 dilution) or DMSO control were prepared at a final DMSO

concentration of maximal 0.15 % DMSO. TNF was diluted in PBS+0.5 % BSA to reach the

desired concentration. Cells were placed back into the incubator for 72 h. Before assessing

viability, plates as well as CellTiterGlo2.0 reagent were adjusted to room temperature.

50µL of CTG2.0 Assay reagent were added to 100 µL of cell solution and incubated for

10 min shaking. Luminescence was read on the PHERAStarFSX. Data was normalized

to DMSO control without TNF.
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7.2.4 Western Blot

Cells were detached and cell density adjusted to 0.15-0.25 Mio cells/ well in a 6-well plate

depending on cell growth. Cells were placed in the incubator overnight, medium replaced

the next day and cells treated with desired concentration of small molecule or 0.1 %

DMSO control. Cells were placed back in the incubator for the required treatment time,

washed with ice cold PBS and scraped off using a cell spatula and 75 µL of lysis buffer

(Cell lysis buffer + Phosphate and Protease inhibitor). Cells in lysis buffer were stored

at -20 ◦C until further use. Cells were sonicated five times for each cycle 30 sec on, 30 sec

off afterwards centrifuged at 14050xrpm for 10 min at 4 ◦C. Supernatant was transferred

into fresh Eppendorf tubes and samples normalized using the DC Protein Assay Kit. 1x

Laemmli Buffer was added and solution heated at 95 ◦C for 10 min. Samples or loading

control were loaded on 4-20 % or 4-15 % Criterion TGX precast gels and run at 180 V for

about 45 min in 1x TGS. Proteins were transferred using nitrocellulose membrane with

Bio-Rad trans blot turbo (25 V, 2.5 Ampere, 9 min). Blot was blocked with 1x Animal

blocking solution (ABS (Cell Signalling)) for 1 h and incubated with the primary antibody

in ABS+0.1 % Tween (Table 8) overnight at 4 ◦C. Blots were washed 3x with TBS + 0.1 %

Tween for 20 min, before applying the secondary antibody (Table 8) for 1 h. Blots were

washed 3x for 5 min with TBS + 0.1 % Tween and developed using 1:1 mixture of Western

bright Sirius HRP substrates using the Fusion Fx7 and the Fusion Capt Advance Software.

Protein Quantification was performed with the Fusion Capt Advance software and data

normalized to untreated control.

7.2.5 in vivo study MM

This assay was performed by Thomas Friess, Stefanie Lechner and Daniela Geiss.

Preparation of cell lines: KMS-11, KMS-12-BM, KMS-20, KMS-34, MM1S, OPM-2 and

NCI-H929 were purchased from ATCC and maintained by the internal cell bank of Roche

Penzberg. NCI-H929 were cultured in RPMI 1640 ATCC formulation (Gibco A10491)

containing 10 % FBS and 0.05 mM β-ME. All other cell lines were cultured in RPMI 1640

containing 10 % FBS and 2 mM L-glutamine. Cells were passaged twice a week and cell

passage 2-3 used for transplantation.

KMS-11:

Female CIEA NOG mice (from Taconic European Office, 6-7 weeks of age upon arrival)

were kept under specific-pathogen-free condition with daily cycles of 12 h light and 12 h

darkness. KMS-11 cells were harvested, washed with PBS and 5 Mio cells inoculated

subcutaneously in combination with martigel. After eight days, mice bearing solid tumor

xenografts were randomized into two treatment groups (10 mice/group) and treated with

vehicle control or 30 mg/kg RG6146 injected intraperitoneal (ip) daily. Treatment com-
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menced from day 8-15. Body weight of animals was monitored twice weekly throughout

the experiment and mice were checked daily for clinical symptoms or adverse events. Tu-

mor volume was measured twice weekly and determined using the following equation: V

= ab2 / 2; a: length; b: width of tumor measured with a caliper.

KMS-12-BM:

The assay set up was similar as described for KMS-11 except that 10 Mio cells were in-

jected into each animal and treatment with RG6146 commenced on day 12-16, day 19-22.

For the combination of RG6146 and Venetoclax, mice were treated QD with 30 mg/kg

RG6146 (ip) or 100 mg/kg Venetoclax (po) or the combination.

KMS-34:

The assay set up was similar as described for KMS-11 except that 10 Mio cells were in-

jected into each animal (CIEA NOG mice, 4-5 weeks of age upon arrival) and treatment

with RG6146 commenced on day 12-16, day 19-20.

MM1S:

The assay set up was similar as described for KMS-11 except that 10 Mio cells were in-

jected into each animal (female CIEA NOG mice, 5-6 weeks of age upon arrival) and

treatment with RG6146 commenced on day 16-29.

KMS-20:

The assay set up was similar as described for KMS-11 except that 10 Mio cells were in-

jected into female SCID beige mice (from Charles River, Sulzfeld, Germany, 4-5 weeks of

age upon arrival) and treatment with RG6146 commenced on day 13-17, day 20-24 and

day 27-29.

OPM-2:

The assay set up was similar as described for KMS-11 except that 10 Mio cells were in-

jected into female SCID beige mice (from Charles River, Sulzfeld, Germany, 6-8 weeks

of age upon arrival) and treatment with 30 mg/kg RG6146 commenced on day 12-16,

day 19-23 and day 26-30. Another group of mice was treated with 6 mg/kg RG6146 in-

jected subcutaneously twice daily (BID) on study day 12-30.

NCI-H929:

The assay set up was similar as described for KMS-11 except that 5 Mio cells were in-

jected into female SCID beige mice (from Charles River, Sulzfeld, Germany, 6-8 weeks of

age upon arrival) and treatment with RG6146 commenced on day 13-17, day 20-24 and

day 27-31.

7.2.6 Flow cytometry of cancer cells

7.2.6.1 Flow cytometry to detect ABCB1 MM cells were seeded at 0.4 Mio cells/well

in a 12-well plate and the next day cells were treated with 0.03-10 µM RG6146 or DMSO

control for 48 h. Cells were detached with TrypLE�, washed in PBS and stained with
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ZombieNIR 1:500 and 1:50 diluted anti-ABCB1 Ab (Alexa Fluor® 647) or isotype control

(Alexa Fluor® 647) at 4 ◦C for 30 min. Cells were washed twice with MACS buffer (PBS

+ 2mM EDTA + 0.5 % BSA), resuspended in 50 µL MACS buffer and read on cytoflex S

benchtop FACS.

7.2.6.2 Flow cytometry to detect TNFR1 HCT-116 and MKN45 cells were seeded

at 0.3 Mio cells/well in a 6-well plate and the next day cells were treated with 1-2.5µM

RG6146, DMSO control and/or 15 ng/mL TNF for 24 h. Cells were detached, washed

and 0.1 Mio cells stained with ZombieNIR 1:500 and 1:200 diluted anti-TNFR1 (PE) or

isotype control (PE) at 4 ◦C for 30 min. Cells were washed twice with MACS buffer,

resuspended in 50µL MACS buffer and read on cytoflex S benchtop FACS.

7.2.6.3 Flow cytometry to detect CEACAM5 HCT-116-GFP and MKN45-RFP

cells were seeded at 0.3 Mio cells/well in a 6-well plate and the next day cells were

detached, washed and 0.1 Mio cells stained with ZombieNIR 1:500 and a final concen-

tration of 20 µg/mL CEACAM5/CD66e antibody or Mouse IgG1, κ Isotype Ctrl at 4 ◦C

for 20 min. Cells were washed with MACS buffer, resuspended in 50 µL MACS buffer

containing 20 µg/mL of Goat Anti-Mouse Ig, Human ads-Alexa Fluor® 647 for 40 min at

4 ◦C. Subsequently, cells were washed with MACS buffer, resuspended in 50 µL and read

on cytoflex S benchtop FACS.

7.2.7 T cell Activation with anti-CD3, anti-CD28 and staining for flow cytometry

High binding plates were coated with 100 µL of anti-CD3 and anti-Human CD28 an-

tibodies (Table 8) to reach a final concentration of 2 µg/mL and incubated at 4 ◦C

overnight. Plates were washed 2x with sterile PBS. Pan-T cells were isolated from PBMCs

following the manufacturer’s protocol (Miltenyi, Table 8). Pan- T cells include acti-

vated, naive or memory T cells, TCRγ/δ+ T cells, and NKT cells (From Human Pan

T cells; Miltenyi Biotec; accessed January 2021 <https://www.miltenyibiotec.com/CH-

en/resources/macs-handbook/human-cells-and-organs/human-cell-types/pan-t-cells-

human.html>). Subsequently, Pan-T cells were washed, stained with 1:1000 diluted

CellTrace� violet in PBS and incubated for 20 Min at 37 ◦C. The same amount of heat

inactivated FBS (hiFBS) was added to the cell solution to bind unbound dye. Cells were

washed with RPMI + 10 % FBS and 0.1 Mio cells were seeded in each well of the coated

96-well plates. Plates were centrifuged at 1500 rpm for 5 min. Cells were treated with a

1:3 dilution of RG6146 or DMSO control reaching a maximum concentration of 0.15 %

DMSO. Depending on the set up of the experiment, also TNF was added to the cells. Cells

were treated for the desired time in the incubator. Subsequently, cells were centrifuged,

washed with PBS and stained with 50µL antibody mix (Dilution 1:200) for 30 min.
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Staining 1:

anti-CD4 (Alexa Fluor® 700), anti-CD8 (APC), anti-PD-1 (PE), anti-Tim-3 (FITC).

Staining 2:

anti-CD4 (Alexa Fluor® 700), anti-CD8 (APC), anti-LAG-3(FITC), anti-CD69 (PE).

Subsequently, cells were washed with 200µL of MACS buffer and resuspended in 50 µL

MACS buffer to acquire signal with the Cytoflex S benchtop.

7.2.8 Mixed Lymphocyte Reaction

Monocytes were isolated from PBMCs. PBMCs were thawed and resuspended in RPMI

(A10491) + 1 % human serum + pen-strep, filtered through a 70 µM sieve (Merck), cen-

trifuged and monocyte isolation performed by using CD14 Micro beads (Miltenyi Biotec)

following the manufacturer’s guidelines. 3 Mio monocytes were seeded in 3 mL RPMI

(A10491) + 1 % human serum + penstrep for each well of a 6-well plate and treated

with 20ng/mL GM-CSF and IL-4 (both Peprotech). Cells were placed in the incubator

and after 48 h additional 1.5 mL of medium containing IL-4 and GM-CSF to reach the

same final concentration of 20 ng/mL were added to the cells for another 24 h. Subse-

quently, cells were detached from the plates through resuspension and washing plate with

cold PBS and MACS buffer to help cell detachment. Cells were centrifuged at 1500xrpm

for 5 min and 2 Mio cells were plated in 2 mL of medium in each well of a 6-well plate.

20 ng/mL IL-4, GM-CSF and 10 ng/mL IFNγ (Peprotech), LPS (Sigma) were added and

incubated overnight. In one experiment, the DCs were treated with different concen-

trations of RG6146 overnight to compare the effect of BETis on DCs matured with all

cytokines versus only IL-4 and GM-CSF. For the positive control, plates were coated with

anti-CD3 and anti-CD28 as described in 7.2.7. The next day mature DCs were detached

by addition of ice cold MACS buffer and virgously resuspended by pipetting. DCs were

counted and resuspended in RPMI (A10491) + 10 % FBS + penstrep and desired number

of DCs depending on the DC:T cell ratio added to the plate. To analyze DC maturation

some cells were kept after each activation step and stained as described in Flow cytometry

of DCs. Pan-T cells were isolated from PBMCs (different Donor as DCs) according to the

Miltenyi isolation protocol and cell trace violet staining as described in 7.2.7. Pan-T cells

were seeded at a cell density of 0.1 Mio cells/ well to the DCs. Co-culture was pre-treated

with 10 µg/mL anti-PD-1 and anti-LAG3 antibodies for 1 h before adding different con-

centrations of RG6146. Cells were placed in the incubator for the desired time.

Flow cytometry of DCs:

Monocytes, immature and mature DCs were collected and transferred to a 96-well U-

bottom plate (#3799). Cells were washed with PBS and separated to prepare two dif-

ferent staining’s containing antibodies described in Table 13 prepared (all diluted 1:200,

ZombieNIR 1:500). 50 µL of staining was added to the cells and incubated for 20-30 min
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at 4 ◦C. Cells were washed with 200µL MACS buffer, resuspended in 100 µL MACS buffer

and data acquired with the Fortessa.

Table 13: FACS Staining panel for dendritic cells

Staining 1:

CD11C V450

HLA-DR Monoclonal Antibody (TU36), Pacific Orange

APC anti-human CD40 Antibody

Alexa Fluor® 488 anti-human CD80 Antibody

PE/Cyanine7 anti-human CD86 Antibody

PE anti-human CD274 (B7-H1, PD-L1) Antibody

ZombieNIR

Staining 2:

PE/Cyanine7 anti-human CD11c Antibody

HLA-DR Monoclonal Antibody (TU36), Pacific Orange

PE anti-human CD14 Antibody

Alexa Fluor® 647 anti-human CD273 (B7-DC, PD-L2) Antibody

Pacific Blue® anti-human HLA-A2 Antibody

ZombieNIR

Flow cytometry of T cells:

T cells were resuspended and transferred to a 96-well U-bottom plate (#3799), washed

with PBS and stained with antibodies as described in Table 14 (all diluted 1:200, Zombie-

NIR 1:500) for 30 min at 4 ◦C. Cells were washed twice with 200 µL MACS buffer, cells

resuspended in 100 µL MACS buffer and data acquired at the cytoflex S benchtop FACS

machine.

Table 14: FACS Staining panel for T cells

anti-TCR α/β (Alexa Fluor® 488)

anti-CD4 (Alexa Fluor® 700)

anti-CD8 (PE/Cyanine7)

anti-CD69 (PE)

anti-PD-1 (APC)

ZombieNIR

CellTrace� Violet
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7.2.9 T reg suppression Assay

For the following assay R10 medium (supplemented with penstrep and GlutaMax) was

used.

Isolation of T convs and CD4− cells

100 Mio PBMCs were treated according to the Miltenyi CD4+CD25+ Regulatory T Cell

Isolation Kit (Miltenyi) and loaded on an LD column (Miltenyi). Flow through and wash

(CD25− cells) were collected and centrifuged at 440 xg for 6 min. Cells were resuspended

and treated according to the Miltenyi protocol using CD4 MicroBeads to separate CD4−

cells (flowthrough) and CD4+ cells (bound to column). 10 Mio CD4+CD25− cells (T conv)

were stained with 1 mL PBS + 1 % BSA in a final concentration of 5µM Cell Trace CFSE

for 5 Min in the dark (room temperature). Cells were washed twice with medium and

adjusted to 2 Mio cells/mL. The CD4−CD25− cells were irradiated at 5000 rad and cell

number adjusted to 1.25 Mio cells/mL.

Isolation of T regs

100 Mio PBMCs were treated according to the Miltenyi CD4+CD25+CD127dim/− Regu-

latory T Cell Isolation Kit II and loaded on a LD column to collect flowthrough and wash

containing CD127dim cells. Cells were further processed to collect CD25+ cells bound to

the MS column (Miltenyi). 10 Mio CD4+ CD25+ CD127dim (T regs) were stained in 1 mL

PBS + 1 % BSA 5µM Cell Trace Violet solution for 5 Min in the dark. Cells were washed

in medium and resuspended at 1.6 Mio cells/mL.

Co-culture set up

Per well 0.05x106 T regs and 10 µg/mL anti-PD-1, anti-LAG3 or anti-PD-1, anti-TIM3

were added to the wells. The plate was incubated for 30 Min at room temperature, be-

fore addition of 0.1x106 T convs to each well. After another 30 min of incubation the

CD4− CD25− cells (from a different PBMC Donor) were added at a concentration of

0.1x106 cells/well. The next day different concentrations of RG6146 or DMSO control

were added to the co-culture and incubated for another 4 days in the incubator. Cells were

processed by adding 2µL Golgi Plug and Golgi Stop (BD Pharmingen) per 1 mL medium

and incubated for 5 hours in the incubator. Cells were washed and stained with Zombie

Aqua (1:1000) and anti-CD4 (Alexa Fluor 700, 1:100) for 30 min at 4 ◦C. Fix/Perm solu-

tion was added to the cells (2 in 1 solution) overnight at 4 ◦C and cells washed twice with

BD Perm/Wash. Subsequently, cells were stained for anti-Granzyme B (PE, 1:100) and

anti-IFNγ (PE-Cy7, 1:200) for 1 h at 4 ◦C. Cells were washed, resuspended in Permwash

and analyzed using the Cytoflex. The suppression of T convs activation was assessed by

calculating the suppression of Granzyme B and IFNγ:

100-((C/C0)*100); with C:Level of Cytokine in the co-culture upon treatment or un-

treated; C0: Level of Cytokine in the untreated T convs mono-culture
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7.2.10 HCT-116 NLV co-culture assay and compound screening

HCT-116 cells were detached with Versene, transferred to a 15 mL tube and incubated

with NLV (NLVPMVATV; thinkpeptides) or EBV (GLCTLVAML; thinkpeptides) pep-

tide at a final concentration of 10 nM for 1 h rotating in the incubator. Cells were washed

once with PBS and cell density adjusted to 0.01 Mio cells/ well in 100 µL of RPMI A10491

+ 10 % hiFBS in a 96-well plate (#3917). Cells were kept in the incubator for a minimum

of 1.5 h to let cell adhere to the bottom of the plate. CMV specific T cells were generated

as described in 7.2.2, collected, washed with PBS and resuspended in medium to reach

a final cell density of 0.01 Mio cells/well in 100µL and added to the HCT-116 cells (1:1

Effector:Target ratio). The co-culture was placed in the incubator for 30 min before addi-

tion of 2.5-5µM of small molecule (Table 6) or DMSO control reaching a maximal DMSO

concentration of 0.25 %. After 48 h supernatant containing the T cells was removed, plates

washed with PBS and 100µL of fresh PBS added to the cells. 100 µL of CTG2.0 assay

reagent was added to the cells and luminescence read using the PHERAStarFSX. Data

was normalized to the DMSO control.

For the anti-TNF rescue experiment, the HCT-116 cells were plated in 50µL of medium

per well. The T cells were resuspended in a mixture of medium and anti-TNF or ITC

(Table 8) to reach a final concentration of 20 µg/mL of the antibodies in the co-culture.

7.2.11 MC38-Ova and OTI T cell co-culture

The study described in 7.2.11.1 and 7.2.11.2 was performed by Simon Hogg and Dane

Newman.

7.2.11.1 OTI T cell activation 6-10 week old perforin-wild-type (C57Bl/6.OTI) or

perforin-deficient (C57Bl/6.OTI.Prf−/−) mice were used to harvest whole spleens. Spleens

were then dissociated through a 70µM cell strainer. Subsequently, 20 ng/mL of SIIN-

FEKL peptide (Sigma-Aldrich) and 100 IU/mL recombinant human IL-2 (Biolegend)

were added in RPMI media supplemented with 10 % FBS, GlutaMax (2 mM), peni-

cillin/streptomycin, non-essential amino acids, sodium pyruvate (1 mM), HEPES (10 mM)

and β-mercaptoethanol (50 µM) to activate and expand OTI T cells. After 3 days of in-

cubation, OTI T cells were passaged into fresh media (IL-2 only, without SIINFEKL),

and cultured for additional 1-4 days prior to use in co-culture killing assays.

7.2.11.2 MC38-Ova and OTI co-culture screen MC38 cells stably expressing MSCV-

OVA-GFP (MC38-OVA) were plated at 0.15 Mio cells per well in a 48-well plate. MC38-

OVA cells were incubated for 6-8 h to give time to adhere. Activated OTI cells were

washed with PBS, re-suspended in supplemented DMEM and serial diluted before ad-
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dition to MC38-OVA target cells. Co-culture was treated with RG6146 or DMSO con-

trol and incubated for 18-20 h at 37◦C with 10 % CO2. Subsequently, the supernatant,

which contained OTI T cells and dead cells was collected, and adherent MC38 cells were

trypsinized. Cells contained in the supernatand and detached cells were combined, washed

in flow cytometry buffer (PBS + 2 % FBS + 5 mM EDTA) and OTI cells stained with

anti-mouse CD5 APC-conjugated antibody (clone 53-7.3; eBioscience). Cells were washed

twice with flow cytometry buffer and 2µg/mL propidium iodide added directly prior to

analysis. Flow cytometry was performed on an LSR II flow cytometer (BD Biosciences).

Data was analyzed with FlowJo (Tree Star). The CD5+ OTI cells were gated out of

analysis. Dead MC38-OVA cells were recognized as GFP-PI+.

7.2.11.3 Intracellular staining of OTI T cells This assay was performed by Dane

Newman. A co-culture of MC38-OVA cells and activated OTI T cells (1:4 Effector:Target

ratio) was cultured in 0.6µL/mL GolgiStop (BD Biosciences) as well as RG6146 or DMSO

control for 5 h. After harvest, cells were stained with Zombie Aqua and fluorochrome-

labelled T cell-specific antibodies targeting CD5 (clone 53-7.3) and CD44 (clone IM7).

After cell fixation using 4 % paraformaldehyde for 10 min, cells were washed with stain-

ing buffer and resuspended in Perm/Wash buffer for 15 min. Subsequently, cells were

stained with fluorochrome-labelled antibodies targeting TNFα and IFNγ (clones MP6-

XT22 and XMG1.2). Cells were examined by flow cytometry (BD LSR Fortessa X-20,

BD Biosciences).

7.2.12 Cell line screen

This Screen was performed by Oncolead. Cell lines (obtained from ATCC, NCI, CLS and

DSMZ) were cultured according to recommendation. A dose response of RG6146, DMSO

control or 15 ng/mL TNF was added to cells and treatment proceeded for 120 h before

cell number was assessed using total protein concentration. Adherent and suspension

cells were fixed for 1 hour at 4◦C with 10 % or 50 % tricholoracetic acid, respectively.

Cells were washed with deionized water and dried. Cells were stained using 0.04 % (wt/v)

Sulforhodamine B (SRB) for 30 minutes at room temperature. Cells were washed six times

with 1 % (v/v) acetic acid and plates were dried. SRB was solubilized in 10 mM Tris base

prior to measurement of fluorescence with a Seelux-LED96 plate reader (492, 520 and

560 nm). The background density (medium only) was subtracted from each experimental

well. TNF synergy was determined by subtracting maximal growth inhibition of RG6146

alone from maximal growth inhibition of RG6146+TNF.
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7.2.13 Caspase Assay

Cells were detached and seeded at 0.04 Mio cells/ well in 100µL medium for each well of

a 96-well plate (#3917 CoStar) and let adhere overnight in the incubator. The next day

small molecule dose response (1:3 dilution) or DMSO control were prepared, as well as

1 µM of Caspase-8 inhibitor (ZIETD-FMK) at a final DMSO concentration of maximal

0.15 %. TNF was diluted in PBS + 0.5 % BSA to reach the desired concentration. Cells

were placed back into the incubator for 8 h. Before assessing Caspase activity, plates

as well as Caspase-Glo3/7, 8 reagent were adjusted to room temperature. 100 µL of

assay reagent were added to 100 µL of cell solution and incubated for 60 min shaking.

Luminescence was read on the PHERAStarFSX. Data was normalized to DMSO control

of each condition.

7.2.14 Knockdown of Caspase 8

siPools targeting Caspase-8 or control (siTOOLs Biotech) were prediluted to reach 1 µM

and 30 µL of this solution added to 1 mL Opti-MEM to reach a final siPool concen-

tration of 3 nM. Solution was vortexed and centrifuged. 20µL of RNAiMAX was mixed

with 1 mL Opti-MEM (Lipofectamine RNAiMAX Transfection Reagent #13778150; Opti-

MEM #51985026 both ThermoFisher) and this mixture was added to the Opti-MEM +

siPools solution, mixed well and incubate for 5 min at room temperature. This mix-

ture was added on the bottom of a petri dish and 2 Mio of HCT-116 cells in 8 mL

added dropwise to the transfection mix. The next day cells were collected and seeded

at 1500 cells/well in a clear flat bottom 96-well plate. 2.5 uM RG6146, 15 ng/mL TNF or

control were added to the plate and plates placed in the IncuCyte S3 Live-cell Analysis

System (Essen BioScience) to monitor cell growth over time. Data was normalized to time

point of treatment (T0). Cells not used for the growth assay were replated and treated

with 15 ng/mL TNF for 8 h before collecting cells and assessing knockdown efficacy by

western blot.

7.2.15 Sample preparation for RNA-seq

Cells were washed, detached and cell density adjusted to 0.25 Mio cells/ well in a 6-well

plate. The next day, cells were treated with 2.5µM RG6146 or DMSO control for 1 h.

Subsequently, 20 ng/mL TNF or PBS 0.5 % BSA were added for additional 2 h. Before

harvest, cells were washed with PBS and incubated with 500 µL TrypLE� Express for

cells to detach. Cells were collected in 1.5 mL Eppendorf Tubes, centrifuged and washed

with PBS. Cell pellet was frozen in liquid nitrogen and stored at -80 ◦C for further use.

RNA-sequencing was performed at Roche internally and analysis was performed by Simon

Hogg.
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7.2.16 3′-mRNA sequencing

Analysis of this assay was performed by Simon Hogg.

RNA extraction was performed with the Qiagen RNeasy Mini Kit (#74104), following the

manufacturer’s instructions with the exception that lysate was loaded on a QIAshredder

column before loading on a spin column. 100 ng RNA was used as an input to generate se-

quencing libraries with the Illumina TruSeq Stranded mRNA LT Sample Preparation Kit

(Set B, #RS-122-2102) following the manufacturer’s instruction. Sequencing of libraries

was performed on an Illumina HiSeq4000 using paired-end sequencing 2x50 bp reads to an

average depth of 18 to 37 million sequences per sample. Base calling was conducted us-

ing BCL to FASTQ file converter bcl2fastq (v2.17.1.14) from Illumina. To estimate gene

expression levels, STAR aligner (v2.5.2a) with default mapping parameters was used to

map paired-end RNASeq reads to the human genome (hg38) [315]. SAMTOOLS software

[316] was used to combine numbers of mapped reads for all RefSeq transcript variants of

a gene (counts) into a single value. Differential gene expression analysis was conducted by

the VoomLimma workflow to compute statistical significance. All further RNA-seq data

analysis and generation of figures was done in Rstudio (v3.6.1). GO Term analysis was

conducted using the software ToppGene. Gene Set Enrichment Analysis (GSEA) software

(v3.0) was used for identification of enriched gene sets, obtained from the MSigDB KEGG

and Hallmarks datasets.

7.2.17 quantitative real time-PCR (qRT-PCR)

Cells were detached with 0.25 % Trypsin and cell density adjusted to 0.25 Mio cells/

well in a 6-well plate depending on cell growth. Cells were placed in the incubator

overnight, medium replaced the next day and cells treated with desired concentration

of small molecule or 0.1 % DMSO control. Cells were placed back in the incubator for the

required treatment time, washed with ice cold PBS and scraped off using 350 µL of cell

extraction buffer (RNeasy Mini Kit) and stored at -80 ◦C until further use. RNA extrac-

tion and purification procedure was handled as described by the manufacture’s protocol

(RNeasy Mini Kit) including DNA digest (RNase-Free DNase Set). PCR-mix contained

300 ng RNA, 10 µL qScript� XLT One-Step RT-qPCR ToughMix® (Quanta Bio), 1µL

TaqMan Gene expression assay (Table 7) and filled with water to 20µL. 10µL of this

mix were loaded into each well of LightCycler® 480 Multiwell Plate 96 (Roche). Plates

were sealed with LightCycler® 480 Sealing Foil (Roche) and placed into the LightCycler®

480 System (Roche). The qRT-PCR program is summarized in table 15. The 2∆∆Ct-

Method was used to calculate the relative RNA expression and normalized to GAPDH

housekeeping genes.
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Table 15: qRT-PCR program

Number of cycles Temperature Time

1 cycle 50 ◦ 20 min

1 cycle 95 ◦ 1 min

45 cycles 95 ◦ 15 sec

60 ◦ 1 min

7.2.18 Overexpression

BIRC2 (GeneID: 321827), BIRC3 (GeneID: 321828; BIRC3 Restriction Resistant (GeneID:

327673) (for double overexpression)), TRAF1 (GeneID: 327672) or control overexpress-

ing cassettes (GeneID: 321830) in lentiviral plasmids (pD2107-CMV: CMV-ORF, Lenti-

ElecD) were purchased from Atum and lentivirus was generated in house. 15 µg of plas-

mid were mixed with 1.5 mL Opti-MEM and Mission Lentiviral packaging (1:100, Sigma

#SHP-001-1.7mL). To this mix, 45 µL of XtremeGENE HP DNA transfection reagent

(Roche #6366236001) was added drop by drop, mixed and incubated at room tempera-

ture for 15 min. 293FT cells were plated the previous day at 10 Mio cells/100 mm Petri

dish, medium exchanged and transfection mix added dropwise to cells. 24 h later, the

culture medium was changed to IMDM (ThermoFisher #21980032) + 10 % FBS and in-

cubated for another 24 h. Subsequently, supernatant was collected and filtered through

a 0.45 µM filter, 4 mL PEG-IT (Systembio #LV810A-1) added and stored in the fridge.

Fresh IMDM + 10 % FBS was added and collected 24 h later as described before. Subse-

quently, supernatant was pooled and centrifuged at 1500xg for 30 min. Virus pellet was

resuspended in IMDM and frozen at -80 ◦C. MKN45 cells were plated at a cell density of

0.25 Mio and 24 h later medium exchanged containing 10-100 µL virus and polybrene di-

luted 1:1000 (Merck #TR-1003-G). The following day, medium was exchanged containing

2 µg/mL Puromycine or 600 µg/mL Hygromycin. Status of overexpression was detected

by western blot.

7.2.19 Chromatin immunoprecipitation and sequencing ChIP-seq and ATAC-seq

assay set up and analysis

Experimental set up and data analysis for this assay was performed by Simon Hogg and

all buffers used are listed in table 16. MC38-Ova cells were treated with RG6146 (2.5 µM),

TNF (10 ng/mL) or the combination for 3 hours, cells were washed with ice cold PBS and

crosslinked within tissue culture plates with 1 % formaldehyde for 20 minutes at room
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temperature. 1.25 M glycine was used for quenching prior to manually scraping cells off

plates. Cells were washed three times with ice-cold nuclear extraction buffer, and cell lysis

was performed in ChIP lysis buffer. Cells were sonicated with a Covaris ultrasonicator at

maximum power for 16 minutes to generate an average DNA fragment size of 300-500 bp.

A 1:1 dilution of sonicated chromatin in ChIP dilution buffer was used in combination

with a 1:1 ratio of protein A and G magnetic beads (Life Technologies) and immunoprecip-

itation reactions were performed overnight at 4◦C. Antibodies used for ChIP-seq include:

NF-κB p65 polyclonal antibody (Diagenode, C15310256), H3K27Ac (Abcam, ab4729),

and BRD4 (Bethyl, A301-985A100). Next, samples were washed once in ChIP dilution

buffer, wash buffer 1, wash buffer 2, and TE buffer prior to incubation for 4 h shaking

in reverse crosslinking buffer at 55◦C. Supernatant was reverse-crosslinked overnight (12-

16 hours) at 65◦C prior to ChIP DNA isolation using Zymogen ChIP DNA Clean and

Concentrator Kit (Zymo Research, D5205). Libraries for ChIP-seq were prepared using

the NEBNext Ultra II DNA Library Prep Kit (NEB, E7645) and sequenced on an Ilu-

mina NextSeq 550 with 75 bp single-end reads. D1000 high-sensitivity screen tape with

a 4200 TapeStation Instrument (Agilent Technologies) was used to conduct Library QC

and quantification. Size was selected between 200 bp and 500 bp with the use of a Pippin

Prep system (Sage Science).

Raw sequencing reads, contained in the ChIP-seq and ATAC-seq datasets, were demulti-

plexed using bcl2fastq (v2.17.1.14) and quality control assessed with FASTQC (v0.11.5).

Adaptor sequences were removed using CutAdapt (v1.14) and reads aligned to the ref-

erence genome (mm10) using Bowtie2 (v2.3.5). SAM and BAM files were processed

with Samtools (v1.4.1), after which Model-based Analysis of ChIP-Seq (MACS2, v2.2.5)

was conducted for peak calling. The bamCoverage function (Deeptools, v3.0.0) with the

settings (–normalizeUsing CPM –smoothLength 150 –binSize 50 -e 200 scaleFactor 1)

converted BAM files into BigWig files. Subsequently, these files were imported into Inte-

grative Genomics Viewer (IGV, v2.7.0) for visualization of specific loci. Average profile

plots and heatmaps were generated by computing read average read density across de-

fined genomic intervals using computeMatrix (Deeptools (v3.0.0)). Data was plotted by

plotProfile and plotHeatmap. Genomic regions spanning mm10 blacklist intervals (EN-

CODE) were excluded in Deeptools.

Putative super enhancer regions from H3K27ac ChIP-seq data were annotated by Rank-

ing Ordering of Super Enhancer (ROSE, v1.0.5). To reduce promoter bias, a 12.5 k.b.

stitching distance and a 2.5 k.b. TSS exclusion was used. MACS2 (default parameters)

was used to conduct peak calling . Subsequent annotation of ATAC-Seq/ChIP-Seq peaks

to proximal genes and motif analyses was done with annotatePeaks.pl and findPeaks

(Homer, v4.8).
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Table 16: List of buffers used for ChIP-seq

ChIP lysis buffer 20 mM Tris-HCl

150 mM NaCl2

2 mM EDTA

1 % IGEPAL CA-630 (Sigma-Aldrich)

0.3 % SDS in water

ChIP dilution buffer 20 mM Tris-HCl

150 mM NaCl2

2 mM EDTA

1 % Triton-X

phosphatase/protease inhibitors

in water

wash buffer 1 0.1 % SDS

1 % Triton X-100

2 mM EDTA

500 mM NaCl

20 mM Tris-HCl pH 8

wash buffer 2 0.5 % deoxycholate

0.5 % NP-40

2 mM EDTA

250 mM LiCl

20 mM Tris-HCl pH 8

TE buffer 1 mM EDTA

10 mM Tris-HCl pH 7.5

reverse crosslinking buffer 200 mM NaCl

100 mM NaHCO3

1 % SDS

300µg/mL Proteinase-K

7.2.20 NF-κB based Luciferase Assay

For this assay HCT-116 cells were used, which stabelly express a NF-κB luciferase re-

porter construct. This construct contains a firefly luciferase gene under the control of

an NF-κB response element located upstream of the TATA promoter (From NF-κB Re-

porter (Luc) - HCT116 Recombinant Cell Line; BPS BioScience; accessed October 2020

<https://bpsbioscience.com/nf-kappa-b-reporter-luc-hct116-recombinant-cell-line>).
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0.005 Mio cells were seeded per well in a 96-well flat bottom plate and cells treated the

next day with a dose response of RG6146 or TNF as well as RG6146 in combination with

15 ng/mL TNF. Cells were kept in the incubator for 8 or 72 h. Temperature of plates was

equilibrated to room temperature for 30 min before addition of 100 µL OneGlo (Promega).

Cells were placed on a shaker for 1 min and Luciferase signal assessed at the PHERAS-

tarFSX. For the 72 h time point plates were seeded in duplicate and one plate assessed for

Luciferase-Reporter signal, while the other plate was assessed for viability using CTG2.0.

Data was normalized to each control or to the viability for the 72 h time point.

7.2.21 CEA-TCB Co-culture assay

MKN45 cells were detached and 0.025 Mio cells/ well were seeded in a 96-well flat bottom

plate in 100 µL/well in assay medium (RPMI1640 (31870) + Glutamine + 1 % FBS). Cells

were kept in the incubator to give time to adhere overnight. PBMCs were isolated from

buffy coats and if thawed the day before, PBMCs were kept in the incubator in RPMI +

GlutaMAX + 10 % FBS. PBMCs were added to the MKN45 cells at 0.25 Mio cells/ mL

in 50 µL assay medium. CEA-TCB were diluted in assay medium to final concentrations

of 1, 0.5, 0.25 nM or control in 50 µL assay medium. As a negative control, PBMCs and

MKN45 cells were left untreated (Spontaneous Release) and MKN45 cells were seeded in

150µL without PBMCs (Maximal Release). After 24 and 48 h, 50 µL of assay medium

containing 4 % of Triton were added to the MKN45 cells (Maximal Release) to reach a

final concentration of 1 % Triton inducing cell lysis 2 h prior to assay read out. For read

out of cell lysis, plates were centrifuged for 2 min at 350 g and 50µL of supernatant was

transferred to a new 96-well flat bottom plate. Dye and catalyst solution (Cytotoxicity

Detection kit, (LDH), Roche) was mixed as described in the manufacturer’s protocol and

50µL/well added to the supernatant and incubated for 30 min protected from light. The

plate was read using the SpectroStar Nano and %-tumor lysis calculated as described in

the manufacturer’s protocol.

7.2.22 CEA-TCB Supernatant Assay

Set up of the co-culture including MKN45 cells and PBMCs as described in 7.2.21 and

treated +/−20 nM CEA-TCB. As a control supernatant was also generated from a Mono-

culture containing either PBMCs or MKN45 cells +/− CEA-TCB. After 24 h of co-

culture, supernatant was collected and 100µL of supernatant was frozen at -20 ◦C for

cytokine analysis. The rest of the supernatant was filtered (0.22 µM SterfiFlip, Millipore)

and added on HCT-116 or MKN45 cells plated the previous day at 5000 cells/ well in

a 96-well plate (#3917 CoStar) and treated with a dose response of RG6146 or DMSO

control (0.15 %). 72 h post treatment, viability was assessed by CTG2.0 treatment as de-
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scribed in 7.2.3. Data was normalized to DMSO control +/− CEA-TCB. For the rescue

experiment with TNF blockade, Anti-TNF or Isotype Control (Table 8) were added to

the co-culture of MKN45 and PBMCs to reach a final concentration of 10 µg/mL.

For the western blot assay, co-culture was set up as described above and supernatant

collected 24 h later. MKN45 cells were seeded at 0.25 Mio cells/ well in a 6-well plate and

let adhere overnight. The next day, medium was exchanged with freshly generated super-

natant from the co-culture assay and treated with 1-2.5 µM RG6146 or DMSO control for

24 h. Samples were harvested and protein level assessed as described in 7.2.4.

7.2.23 Flow cytometry cytokine Analysis

Samples collected in the CEA-TCB assay were diluted 1:1 and 1:10 in assay diluent (BD

BioScience #558264) and 10µL placed in a V-bottom plate (Falcon # 353263). Standard

of the corresponding beads (Table 8) was diluted 1:2.5 and also added to the V-bottom

plate. Beads described in table 8 were vortexed and diluted 1:50 in bead diluent and

10µL added to the samples. Cells were shaked at 500xrpm for 5 min and incubated on

a plate shaker for 1 h at 300-600rpm at room temperature. PE Detection reagent from

the same Kit was diluted 1:50 in detection reaction diluent, 10 µL added to the sample

and after an initial 5 min shake at 500xrpm, plates were incubated on a plate shaker for

2 h in the dark at 300xrpm. 100 µL/well wash buffer was added on a 1.2 µM filter plate

(Millipore #MSBVN1210) and vacuum applied to drain wells. 150 µL of wash buffer were

added to the sample, transferred to the filter plate and vacuum applied. 40µL of wash

buffer were added to the filter plate, shaked on a plate shaker to resuspend sample and

data acquired on the iQue FACS machine. Cytokine concentration was calculated using

the iQue Forecyt® software.

7.2.24 Bystander Killing Assay

A co-culture of HCT-116-GFP and MKN45-RFP cells were seeded at 0.02 Mio cells/ well

in a 96-well (#3903 CoStar) and let adhere in the incubator overnight. PBMCs, if not

freshly isolated on the day of the assay, were thawed, resuspended in RPMI + 10 % FBS

and kept in the incubator overnight. The next day, PBMCs were added at a cell density

of 0.4 Mio cells/ well to the co-culture as well as 40 nM CEA-TCB or control. The co-

culture was treated with a dose response of RG6146 or DMSO control reaching a maximal

concentration of 0.15 % DMSO. The assay plates were placed in the incubator for six days

and cell confluence as well as GFP and RFP staining monitored by the Incucyte S3 Cell

imaging system. Data was analyzed with the software of the instrument by looking at

GFP (mm3) corresponding to HCT-116 cell confluence. Data was normalized to HCT-116

cell confluence at time point of treatment (T0).
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7.2.25 in vivo study MC38 CEA-TCB

This in vivo study was performed by the Oncology Pharmacology department at Roche

innovation center Munich from Thomas Friess and Daniela Geiss.

MC38 cells were transfected with CEACAM5 (MC38 HOMSA CEACAM5) internally

and cultured in DMEM high-glucose medium supplemented with NEAA, 4 mM glutamine,

2 mM sodium pyruvate, 10 % FBS, 500µg/mL G-418 in the incubator. Cells were passaged

twice a week and the third passage was used for transplantation. Cells were injected

subcutaneously with martigel at a concentration of 0.5 Mio cells into mice.

Female C57/Bl6 human CEA transgenic (huCEA tg) mice (from Charles River, France;

5-8 weeks of age at arrival) were checked daily for clinical symptoms, adverse events and

the body weight was monitored throughout the experiment. Animals were randomized

when tumor size reached 100 or 130 mm3. Each treatment group contained 10 animals.

2.5 mg/kg CEA-TCB antibody was administered intravenously (iv) as single agent or

in combination twice weekly (4x). 50 mg/kg JQ1 (HY-13030, MedChemExpress) was

administered ip as single agent or in combination once daily for 14 days. For the rescue

experiment, 2 mg/kg anti TNF-α Mab (cat 506347, BioLegend) was given as single agent

or in combination twice weekly and was injected iv (4x).

Twice a week the tumor volume was measured and determined using the equation:

V = ab2 / 2 with a: length; b: width of tumor measured with a caliper. The tumor

growth inhibition (TGI) for mice in the same treatment group was calculated using the

following formula: (1 - [T - T0] / [C22 - C0]) x 100. T: Mean tumor volume of mice in

the same treatment group (last measurement), T0: Mean tumor volume of mice in the

same treatment group (first measurement), C: Mean tumor volume of mice in the control

group (last measurement), C0: Mean tumor volume of mice in the control group (first

measurement).

The %-change in tumor volume was calculated with the following equation: ([M - M0] /

[M0]) x 100. M: Tumor volume last measurement, M0: Tumor volume first measurement.

7.2.26 in vivo study MC38 anti-PD-1

This in vivo study was performed by Dane Newman.

MC38 cells (wild type) were injected subcutaneously into male C57BL/6 mice (6-8 weeks

old). Mice were randomized into four groups after 6 days of tumor inoculation (10-

13 mice/group). Treatment with DMSO or JQ1 was performed daily at a concentration

of 50 mg/kg ip (days 6-22 post tumor inoculation). Anti-PD-1 treatment was performed

at 0.2 mg/kg (clone RMP1-14) or isotype control (ITC; clone 2A3) ip (Days 9, 13, 26 and

20 post tumor inoculation). Tumor volume was measured as described in 7.2.25. Results

contain data from two biological independent experiments.
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Contributions

Thomas Friess’ group performed the in vivo assays described in Figure 12, 16, 41 E-G

and 42. Thomas Friess, Stefanie Lechner and Daniela Geiss performed the in vivo

studies described in Figure 12. Thomas Friess and Stefanie Lechner performed the

in vivo studies described in Figure 16. Thomas Friess and Daniela Geiss performed

the in vivo assays with JQ1 and CEA-TCB summarized in Figure 41 E-G and 42.

Simon Hogg performed the in vitro assay described in Figure 27 E, RNA-seq Analysis

shown in Figure 32 B-E and 33 as well as the ChIP-seq experiment described in Figure

35 and 36.

Dane Newman performed the in vitro assay described in Figure 27 G and the in vivo

study described in Figure 43.

The cell screen described in Figure 29 A was conducted by the company Oncolead,

Karlsfeld Germany.

The figures 11, 12, 13, 14, 15, 16 are partially or completely included in the following

manuscript, which is currently prepared for submission:

� Lisa C. Wellinger∗, Simon J. Hogg∗, Dane M. Newman, Thomas Friess, Daniela

Geiss, Stefanie Lechner, Andrea Newbold, Peter Fraser, Jake Shortt, Daniel Rohle,

Astrid Ruefli-Brasse, Ricky W. Johnstone. Targeting Hematologic Malignancies

With Second-Generation BET Bromodomain Inhibitor RG6146
∗these authors contributed equally

The figures 27, 29, 31, 32, 33, 34, 35, 36, 38, 39, 40, 41, 42 and 43 are partially or

completely included in the following manuscript, which is currently under review at Cancer

Discovery and available as a preprint on bioRxiv:

bioRxiv 2021.02.15.429851; doi: https://doi.org/10.1101/2021.02.15.429851 :

� Lisa C. Wellinger∗, Simon J. Hogg∗, Dane M. Newman, Thomas Friess, Daniela

Geiss, Jessica Michie, Kelly M. Ramsbottom, Marina Bacac, Tanja Fauti, Daniel

Marbach, Laura Jarassier, Phillip Thienger, Axel Paehler, Leonie A. Cluse, Conor

J. Kearney, Stephin J. Vervoort, Jane Oliaro, Jake Shortt, Astrid Ruefli-Brasse,

Daniel Rohle#, Ricky W. Johnstone#. BET Inhibition Enhances TNF Mediated

Anti-Tumor Immunity
∗these authors contributed equally; #these authors contributed equally

The figures 27, 29, 31, 38, 39, 40, 41, 42 and 43 are partially or completely included in

the following patent:

� Marina, Bacac, Tanja A. Fauti, Simon J. Hogg, Ricky W. Johnstone, Astrid Ruefli-

Brasse, Daniel Rohle, Lisa C. Wellinger. Sensitization of cancer cells to TNF by

BET inhibition WO 2020/169698, August 2020
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vani Mohan, Valeria Nicolini, Martina Carola Birk, Amandine Ongaro, Christophe

Prince, Reto Gianotti, Gregory Dugan, Christopher T. Whitlow, Kiran Kumar

Solingapuram Sai, David L. Caudell, Armando G. Burgos-Rodriguez, J. Mark

Cline, Michael Hettich, Maurizio Ceppi, Anna Maria Giusti, Flavio Crameri,

Wouter Driessen, Peter N. Morcos, Anne Freimoser-Grundschober, Victor Levitsky,

Maria Amann, Sandra Grau-Richards, Thomas von Hirschheydt, Stella Tournaviti,

Michael Molhoj, Tanja Fauti, Viola Heinzelmann-Schwarz, Volker Teichgräber, Sara
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