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1 Introduction

1.1 Importance of the immune response

The goal of organisms is to preserve cellular and genome stability and stay healthy '2.
Several aspects contribute to human health, such as the immune system and cellular
functions that maintain genome stability 3. Most eukaryotes, including humans, live in a
symbiosis with bacteria that support cellular function and contribute to the overall health
of the organism #. For example, 10’ is an estimate of the number of microorganisms
present in the human gastrointestinal tract °. However, specific exogenous factors such
as invading pathogenic microorganisms challenge our health 2. Higher eukaryotes,
including humans, have a complex immune system that detects and eliminates invading
pathogens such as bacteria, viruses, and fungi 2. In addition to pathogens, the immune
system can also detect and eliminate also intrinsic factors that challenge the organism,

for example, diseased, damaged, or apoptotic cells °.

A complex network of cooperating cells, tissues, and organs is the basis of the immune
system 2. The immune system can be divided into two branches: the innate and the
adaptive immune response ’. In the first instance the innate immune cells sense the toxic
challenge, secrete destructive substances such as hydrolases and finally eliminates
them 28. If the infection is not destroyed by this process, additional adaptive immune cells
with specialized, systemic, and memory functions are recruited 2. This process involves
multiple immune cells cooperating in an orchestrated manner °. Disruptions in the immune
response or changes in the specificity of the immune cells have pathophysiological
consequences: underactivity can lead to infections and tumors of immunodeficiency,
whereas overactivity can lead to allergic and autoimmune diseases 3. An example of the
disruption of the host immune response is provided by pathogenic bacteria such as
Yersinia species '°. These pathogens use their type three secretion system to inject six
effectors that, for example neutralize the host phagocytic activity '>'". Most notably, the
spread of the Gram-negative bacterium Yersinia pestis in 1347 caused an estimated two
hundred million deaths (“Black Death”) 2. The discovery of antibiotics drastically limited
the spread of pathogenic bacterial infections 3. However, the emergence of multi-resistant

bacterial pathogens poses a threat to human health 4.



1.1.1 Innate immune system response

As stated above the immune system in vertebrates has two branches: the innate immune
system and the adaptive immune system (Figure 1) '°. The innate immune system, also
called general, is a broad and rapid response to foreign microorganisms within hours 2. It
is a non-specific response that is present from birth and provides immediate protection
against a broad range of conserved pathogenic patterns 2. The first line of defense
consists of mechanical and chemical barriers such as skin, saliva, and mucus 6. If
pathogenic microorganisms pass through this first barrier, they can be recognized by cells
of the innate immune system that aim to eliminate the pathogen 2. Innate immune cells
recognize common pathogen surface molecules, called pathogen-associated molecular
patterns (PAMPs) 7. PAMPs are conserved within a microorganism type, are essential
for its survival, and their molecular characteristics are not present in the host and can
therefore be classified as “non-self” 7. Examples include lipopolysaccharide (LPS), which
is part of the outer membrane of Gram-negative bacteria, or chitin, which is part of the
fungal cell wall 8%, Immune cells can also recognize apoptotic or damaged host cells, by
specific released damage-associated molecular patterns (DAMPs) '7. Recognition of
PAMPs and DAMPs is mediated by extracellular or intracellular pattern recognition
receptors (PRRs) "8, Extracellular PRRs are localized at the cell membrane and
recognize for example LPS 7. Whereas intracellular PRRs are in the cytoplasm of the cell
or in distinct vesicles like endosomes and recognize for example viral nucleic acids ?°; see
Chapter 1.1.3 on PRRs.

The seven major cell types of the innate immune system and their function are briefly

summarized below (Figure 1):

(1) Macrophages: Early in the immune response, macrophages are one of the first cells
at the infection site 2. Macrophages recognize and phagocytose (engulf and digest)
microorganisms 2. They present the lysed pathogenic proteins, as an antigen to migrating
T cells 2'22, Macrophages secrete cytokines to recruit other immune cells to the infection
site 2. Furthermore, macrophages contribute to tissue homeostasis by clearance of

apoptotic cells 23. For more details on macrophages, see Chapter 1.1.6.
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(2) Dendritic cells: Similar to macrophages, they are derived from monocytes 23. Dendritic
cells express a wide range of PRRs to detect changes in the environment, such as the
presence of PAMPs and DAMPs %4, Dendritic cells are also phagocytic cells 2'. In contrast
to tissue-resident macrophages they are highly migratory cells and move from tissues to
B cell and T cell zones in lymphoid organs and activate T cells (B cells and T cells see
below) 23. They present antigens on their surface to T cells in local lymphoid tissues and

thus are the main antigen-presenting cells 2124,

(3) Neutrophils: Among the white blood cells, neutrophils are the most abundant 2'. Upon
cytokine activation they emigrate from the bone marrow to the blood and to the tissues 2°.
Similar to macrophages, neutrophils also phagocytose pathogenic microorganisms 2*. In
addition, they release granules containing antimicrobial compounds such as cathepsins
by degranulation 2°. Neutrophils release reactive oxygen species to eliminate extracellular

microorganisms and secrete cytokines to further recruit immune cells 2°.

(4) Natural killer cells: Natural killer cells play a role in eliminating virus-infected cells 2'.
Natural killer cells recognize the presence of “alert” signals on the host surface 2°. Host
cell apoptosis is achieved through release of perforin and granzymes 2'. By secreting
interferon-gamma, natural killer cells mobilize antigen-presenting cells to the site of

infection 2.

(5) Basophils: Basophils are the least abundant granulocytes in the human blood and play
a role in the defense against parasites 2. Through degranulation, they release histamine
to improve the blood flow 28. Their secretion of interleukin-4 stimulates other immune cells,

for example the activation of B-cells 8.

(6) Eosinophils: Eosinophils play a role against parasites ?'. They have phagocytic
properties and are essential for clearance of parasites that are too large for
phagocytosis 2'. Through degranulation, they release mediators stored in their granules
such as eosinophil peroxidase to eliminate invaders 2°. They are also involved in

lymphocyte recruitment through the secretion of a variety of cytokines .
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(7) Mast cells: Upon the coordinated effects of integrins, cytokines, and adhesion
molecules, mast cells migrate to the infection site 3'. Mast cell granules contain proteases

such as tryptase, and histamine and heparin to regulate the blood flow 3'.

The innate and adaptive immune system are supported by the complement system 32.
The complement system, or complement cascade, is a network of tightly regulated
proteins with essential functions in host defense 33. More than 30 proteins, either blood-
soluble or membrane-bound, are part of the complement cascade and are activated in a
sequential enzymatic cascade 33. For example, the membrane attack complex is made of
the complement proteins: C5b-9, C6, C7 and C8 (and C9) 33. The complement system
leads to the opsonization of pathogenic microorganisms, thereby facilitating or enabling

the elimination by phagocytotic cells 3. It also enhances the clearance of apoptotic cells 3.

1.1.2 The adaptive immune system

The adaptive immune response, also called specialized, is not present at birth and
develops over time 5. It has a slower response than the innate immune system, usually
within days 5. The cells of the adaptive immune system specifically and effectively identify
and target the pathogen and “remember” it, providing long-term protection against specific
pathogens (called immunological memory) 34. Antigen-presenting cells, such as dendritic
cells and macrophages, are an important link between the innate and adaptive immune
system 2. The main effector cells of the adaptive immune cells are T cells and B cells
(Figure 1) 1.

(1) T cells: The primary site of T cell development is the thymus 3°. T cells are present at
low frequencies and undergo clonal expansion after activation 3. Antigen presentation is
required for proliferation and differentiation 36. The strength and duration of exposure to
the antigen and co-stimulatory stimulation affects the differentiation process of T memory
cells and effector cells (can be divided into CD4+ and CD8+) 3¢. Antigen-presenting cells
such as phagocytes present via major histocompatibility complex Il antigens to CD4+ T
cells 3. CD4+ T cells can differentiate into T helper cells 3’. T helper cells maximize the

bactericidal activity of phagocytes, activate CD8+ T cells and determine B cell antibody
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class switching 3’. CD8+ T cells recognize via MHC | antigens and can directly kill infected
cells, and thus also known as killer T cells 8.

(Note: MHC | are present on almost all cells and result from proteasomal degradation in
the cell and are transported via the ER to the cell surface. CD8+ T-cells can thus identify
for example virus-infected cells by the presence of viral antigens 3°. MHC Il is only present
on antigen-presenting cells such as macrophages and dendritic cells and B cells and is
recognized by CD4+ T cells °. The antigens presented on MHC Il result from lysosomal

degradation after phagocytosis 3°.)

(2) B cells: B cells are characterized by their successive rearrangement by expression of
the surface markers immunoglobulin (Ig) heavy (H) and light (L) gene segments %°. B cells
undergo a process of maturation and selection to exclude self-antigen binding 4°. After
antigen recognition, B cells present “their” antigen to CD4+ T cells via MHC Il and receive
activation signals 4°. The predominant role of B cells is the production of antibodies
(humoral immunity) 4°. Binding of the antibody to the antigen neutralizes the pathogen or

marks it for elimination 41.

During antigen-dependent activation B cells and T cells, B cells and T cells can develop
to memory cells 2. Memory B cells are persistent antigen-specific B cells generated during
infection, and B cell and T cell memory is the basis for immunological memory of lasting
antibody titers 43. These memory cells are essential for the second and faster response
when encountering the pathogen again 44. The generation and maintenance of memory

cells is also the basis for the success of vaccination 44.
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Figure 1: Simplified overview of the cells of the innate and adaptive immune system.
The innate immune system provides the first and rapid response to pathogenic
microorganisms. Part of the innate immune response are soluble factors such as the
complement system and several cellular components such as granulocytes (basophil,
neutrophil and eosinophil), mast cells, macrophages, dendritic cells and natural killer cells.
The adaptive immune response is slower than the innate immune response but provides
antigenic specificity and memory. Part of the adaptive immune response are antibody
producing B cells and T cells. T cells can be further classified into CD4+ and CD8+
T lymphocytes. Macrophages and dendritic cells present antigens to B cells and T cells
and thus provide a link between the innate and adaptive immune system. Natural killer
cells belong to the innate immune system, however, based on their morphologic similarity
and expression they are more similar to lymphocytes. Figure created with Biorender.com
based on 446
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1.1.3 Pattern recognition receptors (PRRs)

PRRs can specifically recognize and bind a wide range of molecular features present on
pathogens, called PAMPs, and those on damaged/ apoptotic host cells, called DAMPs
(Table 1) '7. Most pathogens contain a variety of PAMPs and are therefore recognized by
a combination of PRRs that activate specific signaling pathways 4’. Different pathogenic
microbes require a dynamic and versatile orchestration of PRR signaling to specifically
inhibit pathogenic spread with limited damage to host cells 4’. PRRs have a ligand
recognition domain, an intermediate domain, and an effector domain 7. Most PRRs can
be classified into five families based on protein domain, structural homology and specific
target (Table 1) '".PRRs at the cell membrane (extracellular) recognize for example fungal
cell wall components such as chitin 819, Intracellular PRRs can recognize for example

viral nucleic acids inside the cell 2°.

Upon ligand binding, PRRs recruit adaptor molecules through the effector domain to
initiate downstream signaling pathways leading to specific gene expression changes such
as inflammatory mediators 748, The hallmark of PRR activation is the secretion of pro-
inflammatory cytokines that either directly neutralize the pathogen or attract other immune
cells such as phagocytes in a paracrine manner 74°, PRR recognition and signaling will
be discussed in more detail in the next section 1.1.4 using TLR4 recognition of LPS as an

example.
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Table 1: Overview of pattern recognition receptors (PRRs) in the innate immune
response 1750

ltem PRR Domain Site(s) of action
Toll-like receptors (TLRs) TLR1-9 LRR, TIR  Cell surface,
endosomes
TLR10
(human)
TLR11-13
(mouse)
Nucleotide-binding oligomerization NOD1-2 LRR, NBD Cytoplasm,
domain-like receptors (NLRs) (/NLRC1-2) endosomal
membrane
NLRC3-5
NLRP1-9
and 11-14
NAIP1, 2,
56
RIG-I-like receptors (RLRs) RIG-I (RD)-CTD- Cytoplasm
DexD/
MDAS H helicase
domain—
LGP2 CARD
C-type lectin receptors (CLRs) Dectin-1-2 CTLD- Cell surface
ITAM
Absent in melanoma-2-like receptors  AlM2 HIN-200-  Cytoplasm
(ALRs) PYD
IFI16

Nucleotide-binding and oligomerization domain (NOD), NLR family CARD domain
containing (NLRC), NOD-, LRR- and pyrin domain-containing protein (NLRP), NLR family,
apoptosis inhibitory protein (NAIP), Retinoic acid inducible gene | (RIG-I1), Melanoma
differentiation-associated protein 5 (MDAS5), Laboratory of genetics and physiology 2
(LGP2), Absent in melanoma 2 (AIM2), Interferon gamma inducible protein 16 (IFI16),
Leucine-rich repeat (LRR), Toll/IL-1R domain (TIR), Nucleotide-binding domain (NBD),
Repressor domain (RD), C-terminal domain (CTD), Caspase activation and recruitment
domain (CARD), C-type lectin-like domains (CTLD), Immunoreceptor tyrosine-based
activation motif (ITAM), Pyrin domain (PYD).
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1.1.4 LPS recognition by TLR4

Among the PRRs is the toll like receptor (TLR) family (Table 1) °°. The family members
differ in their location and are functionally subdivided into cell membrane TLRs
(TLR1,2,4,5,6,10) and intracellular TLRs or nucleic acid sensors (TLR3,7,8,9) 8. TLR4 is
a member in the TLR family (see Table 1) and induces a pro-inflammatory response upon
pathogen recognition ®'. TLR4 is mainly expressed on myeloid immune cells such as
monocytes, macrophages and dendritic cells 2. TLR4 specifically recognizes LPS, which
is part of the outer membrane of Gram-negative bacteria (Figure 2A-B) 8. TLR4 can also
recognize other PAMPs such as fungal-derived mannans 48. However, data indicate that
TLR4 can also be activated by DAMPs such as high mobility group box protein 1 and
hyaluronic acid, which are released during tissue injury 53%4. TLR4 has an extracellular
LRR domain, a hypervariable domain, a transmembrane domain, and a conserved

cytoplasmic Toll/IL-1R domain (TIR) domain 52,

LPS in the serum is transported by LPS-binding protein (LBP) to the LRR structural protein
CD14 on the surface of e.g. macrophages (Figure 2B) 175255 CD14 lacks an intracellular
domain for signal transduction %2. CD14 transfers the bound LPS molecule to the complex
of TLR4 together with myeloid differentiation factor 2 (MD2), which is stably associated
with the extracellular part of the receptor (Figure 2B) %1535 LBP and CD14 only seem to
enhance the TLR4 signaling and are not necessarily required for TLR4 recognition 525,
The conserved part of LPS, the acyl chains and phosphate groups of lipid A, are essential
for the TLR4/MD-2 binding (Figure 2B) 5'. After ligand binding, TLR4 receptors
homodimerize through the TIR domains, leading to conformational changes °2. This
recruits the cytoplasmic TIR domain containing adapter molecules to initiate intracellular

signaling *2.
TLR4 can trigger two pathways named after the adaptor proteins (Figure 2B):
1) Myeloid differentiation factor (MyD)-dependent pathway, with TIR domain containing

adaptor protein (TIRAP) and MyD88 adaptor proteins in the plasma membrane 2. This

pathway regulates early NF-kB activation leading to cytokine production such as IL-12 52,



17

2) Toll-interleukin-1 receptor domain-containing adaptor inducing IFN beta (TRIF)-
dependent pathway, where TRIF-related adaptor molecule (TRAM) and TRIF adaptor
proteins start in early endosomes after receptor endocytosis %'. This pathway also
regulates the interferon regulatory factor 3 (IRF3) transcription factor, leading to type |
interferon secretion %2. It also leads to TNF-alpha secretion and TNF-alpha binding to its
receptor upregulates NF-kB 2. In addition, it induces the expression of co-stimulatory
molecules such as cluster of differentiation 40 (CD40) and CD80 °2. Macrophages
constitutively express the cell surface tumor necrosis factor receptor superfamily member
CD40 °7. CD40 activation induces cytokine synthesis and the upregulation of MHC-Il and
co-stimulatory molecules such as CD80 °7. CD40 stimulation is mediated by CD4+ T cells
via CD40 ligand (CD154) %8,

Endocytosis of the TLR4 receptor terminates the MyD-dependent pathway and activates
the TRIF-dependent pathway °'. The termination of the TRIF-dependent pathway
depends on its following endosome maturation and lysosomal degradation of TLR4 5.
The lysosomal degradation contributes to the termination of the inflammatory immune
response 7.

Thus, the two adaptor protein pathways are activated consecutively and depend on the
redistribution of activated TLR4 from the plasma membrane to endosomes °'. Both
pathways activate two different sets of cytokines with partial redundancy °'. Both pathways
activate the NF-kB pathway leading to expression of pro-inflammatory cytokines %52, The
TRIF-dependent pathway can also activate the IRF3 transcription factor leading to

expression of type | interferons 5152,

The cellular level of TLR4 and its signaling must be tightly regulated °'. If the TLR4
inflammatory signaling is exaggerated or uncontrolled during an infection, it can lead to

sepsis, septic shock and even death 7.
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Figure 2: Overview of the lipopolysaccharide (LPS) structure and its recognition by
Toll like receptor 4 (TLR4).

A) Structural details of LPS from Gram-negative bacteria. LPS is amphipathic and consists
of three different regions: lipid A (hydrophobic), core polysaccharides and O-antigen
(n can be up to 40 repeats of polysaccharide chains). B) LPS is transported by LBP to
CD14 and recognized by the TLR4/MD-2 receptor complex. The signaling can be divided
in MyD88-depent and independent pathway. Both pathways lead to proinflammatory
cytokine transcription via NF-kB. The MyD-independent pathway via TRIF also leads to
activation of IRF3. Cluster of differentiation (CD14); lipopolysaccharide-binding protein
(LBP); TIR domain containing adaptor protein (TIRAP); TRIF-related adaptor molecule
(TRAM); Myeloid differentiation factor 88 (MyD88); toll-interleukin-1 receptor domain-
containing adaptor inducing IFN beta (TRIF); Myeloid Differentiation factor 2 (MD-2);
Nuclear factor 'kappa-light-chain-enhancer' of activated B-cells (NF-kB); interferon
regulatory factor 3 (IRF3). Figure created with Biorender.com and adapted from 52:59.60,
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1.1.5 NLRP3 inflammasome assembly

Among the PRRs is also the NLR family (Table 1) %°. The NLR family differs in their type
of the N-terminal domain and can be divided into four groups (acidic transactivation, pyrin,
caspase recruitment domain (CARD), and baculoviral inhibitory repeat (BIR)-like
domains) 6. The NOD-, LRR-, and pyrin domain-containing protein 3 (NLRP3) is a
member in the NLR family and acts as an intracellular sensor that detects various PAMPs
and DAMPs that lead to inflammasome assembly (Figure 3) %062 Inflammasome
assembly occurs in a two-step process: first, the priming signal and in the second step,
the activation signal 3. The priming signal from PAMPS, DAMPs or cytokines, such as
TLR ligands (see Chapter 1.1.1), leads to the upregulation of NF-kB, pro-IL-1 beta, and
NLRP3 63, The activation signal can be extracellular ATP, viral RNA or potassium
ionophores 364 The inflammasome includes the sensor NLRP3, the adaptor apoptosis-
associated speck-like protein containing a CARD (ASC), and the effector caspase 1
(Figure 3) 2. NLRP3 harbors a pyrin domain, a domain present in NAIP, CIITA, HET-E
and TP1 (NACHT domain) that has ATPase activity and is thus essential for NLRP3 self-
assembly and function, and a leucine-rich repeat (LRR) domain that is crucial for
autoinhibition by backfolding onto the NACHT domain ¢2. ASC has a pyrin domain and a
caspase recruitment domain 2. Caspase 1 also has a caspase recruitment domain and
two catalytic subunits (p20 and p10) 2. To activate NLRP3, ion fluxes are required as a
stimulus 2. For example ATP leads to calcium influx via its trimeric ion channel (P2X
purinoceptor 7) and potassium efflux 2. The potassium efflux leads to endoplasmatic
reticulum linked calcium store release 2. Another example is nigericin, a microbial toxin
from Streptomyces hygroscopicus 2. Nigericin is a potassium hydrogen ionophore that
promotes potassium efflux leading to IL-1 beta maturation 626567 NLRP3 activation
further promotes ionic flux events such as potassium and chloride efflux, calcium
mobilization, and sodium influx 3. It is supposed that potassium efflux leads to NLRP3

conformational changes ©3.

When the NLRP3 inflammasome is activated, NLRP3 oligomerizes via the NACHT
domains (Figure 3), interacts with ASC via the pyrin-pyrin interaction, and ASC filament
formation is initiated; large aggregates are formed, called “ASC specks” 2. Via CARD-

CARD interaction ASC recruits caspase 1, initiating its self-cleavage and activation 62,
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Activated caspase 1 then cleaves pro-IL-1 beta (Figure 3) and pro-IL-18, as well as
gasdermin D, which gets incorporated into the membrane and leading to pores that cause

pyroptosis 2.

Signal 1: Signal 2: Secretion of
"priming" ~_ "activation” active IL-1 beta
Bacteria fatty acids A
nigericin '
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Figure 3: Host response to bacterial infection.

Stimulation by lipopolysaccharide, which is part of the outer membrane of Gram-negative
bacteria, is recognized by TLR4. This leads to the degradation of IkB and translocation of
pS50 and p65 (subunits of the transcription factor NF-kB) to the nucleus after
phosphorylation of p65. NF-kB binding leads to the expression of inflammatory cytokines
such as IL-1 beta. IL-1 beta is expressed as an inactive precursor and is cleaved by
activated caspase 1. Caspase 1 is activated after stimulation with a second stimulus such
as nigericin, which causes oligomerization of the inflammasome. Created with
Biorender.com based on %871, Lipopolysaccharide (LPS); Nuclear factor 'kappa-light-
chain-enhancer' of activated B-cells (NF-kB); Inhibitor of kB kinase-related kinase (IKK),
Toll like receptor (TLR), NF-kB essential modulator (NEMO), NOD-, LRR- and pyrin
domain-containing protein 3 (NLRP3), Apoptosis-associated speck-like protein containing
a CARD (ASC).
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1.1.6 Role of macrophages

1.1.6.1 Macrophages origin

Macrophages were first described by Metchnikoff in 1894 while studying immune
mechanisms in primitive animals 72. Macrophages in adult tissues are either derived from
circulating monocytes or are established before birth and are resident (Figure 4) 3. These
resident macrophages are derived from primitive yolk sac macrophages (primitive
hematopoiesis) or embryonic fetal liver monocytes 7375, They are partially maintained by
local proliferation 3. During embryogenesis, they colonize organs in each tissue and
contribute to tissue development (Figure 4) 76. Depending on its location every
macrophage type has a name, such as microglia in the brain and Kupffer cells in the
liver 73. Each tissue-resident macrophage population has a distinct phenotype 7. They
exhibit different expression profiles that are tissue-specific and serve the developmental
and homeostatic needs of the tissue 7. During adulthood, pluripotent hematopoietic stem
cells in the bone marrow give rise to monocytes (Figure 4) 8. Circulating monocytes in
the blood enter into damaged tissue following chemokine gradients from macrophages at
the site of infection 8. These circulating monocytes mature into macrophages and

outnumber the tissue-resident macrophages 2.

Growth factors and cytokines released by the local tissue lead to phenotypic and
functional characteristics of the of recruited and resident macrophages 8. The
environmental signals regulate the expression of specific transcription factors that shape
the role and phenotype of the macrophages ’’. However, these hematopoietic stem cell-
derived macrophages also replenish to the macrophage population in many tissues, and
together with yolk sac-derived monocytes contribute to tissue function and homeostasis
(Figure 4) 78,
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Figure 4: Origin and contribution of macrophages to tissue development and
function.

Yolk sac erythro-myeloid progenitors (EMPs) are the source of pre-macrophages (pMac)
and monocytes. They differentiate into tissue-resident macrophages that are long-lived
with high self-renewal capacity. EMP-derived macrophages are responsible for the tissue
development. Hematopoietic stem cells (HSCs) are the source of monocyte-derived
macrophages during early postnatal stage and adulthood. They are short-lived and require
replenishment from monocytes. During homeostasis or inflammation, they support and
contribute to tissue function. Figure created with Biorender.com based on 76,
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1.1.6.2 Macrophages function

Based on function and activation, macrophages can be classified as classically activated
(M1) macrophages and alternatively-activated (M2) macrophages 7°. The microbial
component LPS can polarize macrophages to the M1 state 7°. The M1 state is
characterized by an inflammatory response and the production of inflammatory cytokines
such as IL-6 and the overexpression of cell surface markers such as CD80 °. M1
macrophages are involved in phagocytosis and lysis of pathogens as well as antigen
presentation 8. M2 macrophages are characterized by an anti-inflammatory response,
polarized by IL-4 8. M2 macrophages contribute to tissue repair ”°. However, this M1/M2

classification is obsolete as further complexity is discovered 8.

The main characteristic task of macrophages is phagocytosis "8. Macrophages express a
wide range of TLRs to recognize PAMPs and DAMPs &2, This is important for (1) tissue
homeostasis and (2) pathogen clearance for the innate immune response and subsequent

antigen presentation to the adaptive immune system 7678,

(1) Macrophages are present in all organs and maintain tissue homeostasis by recycling
dead cells or debris via engulfment of particles (phagocytosis) 7883, They perform organ-
specific functions, for example, Kupffer cells clear senescent red blood cells and thus
maintain iron homeostasis ’’. Neurons and astrocytes, for example, release colony-
stimulating factor 1 and IL-34 to maintain microglia in the central nervous system niche
and function 6. Microglia clear for example dead neurons and therefore ensure neural

network maintenance 76:84,

(2) During infection, monocyte-derived macrophages follow chemotactic signals and
recognize pathogens at the site of infection via PRRs (see also Chapter 1.1.1) 7885,
Macrophages also express complement receptors (CR1 and CR3) to bind opsonized
targets 8. Macrophages digest phagocytosed pathogens in phagolysosomes containing
several hydrolases 7887 The phagolysosome with the resulting pathogen peptides (12-25
amino acids) fuses with endoplasmatic reticulum-derived vesicles containing MHC I
molecules "®. They are transported to the cell surface and presented to B or

T lymphocytes, particularly T helper cells 88, Three signals are required for T cell
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activation and its clonal expansion . First, the T cell receptor interacts with the MHC-
peptide complex 8. Second, a complex costimulatory molecule between T cell (CD28)
and macrophage (expression of maturation markers such as CD80) are required 8°. Third,
cytokine secretion from in local environment by macrophages and other immune cells &°.
Phagolysosome-associated enzymes promote the production of reactive oxygen species

(ROS) to eliminate the pathogenic microorganisms 789,

In addition, macrophages recruit and activate other immune cells such as dendritic cells,
T cells, eosinophils and basophils by secreting proinflammatory cytokines °'-°2. Binding of
PAMPs by TLRs leads to activation of the NF-kB signal pathway, which orchestrates the
cytokine expression 7893, For example, interleukin-1 beta (IL-1 beta) and tumor necrosis
factor alpha (TNF alpha) lead to increased vascular permeability and lymphocyte
activation, whereas interleukin-12 (IL-12) activates natural killer cells 78949  Because of

its central role, the NF-kB signal pathway will be discussed in Chapter 1.1.7.

1.1.7 NF-B signaling pathway

The NF-kB transcription factor family is essential for the inflammatory and apoptotic
responses 8. It consists of five subunits: NF-kB1/ p50, NF-kB2/ p52, p65/ RELA, RELB,
and c-REL1, which can homo- or heterodimerize 78%6-%°_ They all have an N-terminal Rel-
homology domain (named after their homology to the retroviral oncoprotein v-Rel), a
conserved DNA binding and dimerization domain '°°. The Rel-homology domain has two
beta barrel domains that can bind DNA in the major groove ', p65, RELB and c-REL
have C-terminal transcriptional activation domain and thus p50 and p52 require them in
the dimer for transcription activation 2. Three dimensional structure of the transactivation
domain is missing, putatively it leads to recruitment of co-activators '°. NF-kB1 and NF-
kB2 are expressed as inactive precursors, p105 and p100, respectively '%°. They have C-
terminal ankyrin repeats that inhibit the protein activity and require proteolysis prior to

activation 199,

NF-kB proteins are inactive in the cytoplasm and bound by the inhibitor IkB (IkB)
complex 78194 The activation of NF-kB proteins involves the canonical and the

noncanonical pathway %5, The canonical pathway is activated for example by several
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ligands of cytokine receptors, PRRs, TNF receptor family members, T cell receptor, and
B cell receptor (Figure 3) "%, The activation leads to degradation of IkBa through site-
specific phosphorylation of the IkB kinase (IKK) complex '°°. The IKK complex includes the
catalytic serine protein kinases IKKa and IKKB and the scaffold, sensing NF-kB essential
modulator (NEMO also called IKKy) (Figure 3) %, Phosphorylation of IkB leads to its
proteasomal degradation 19919 This leads to nuclear translocation of NF-kB dimers such
as p50/p65 or p50/c-REL1 (Figure 3) '%5. The dimers bind to 10 bp, called kB sites
(consensus motif is 5-GGGRNYYYCC-3; R=purine, N=any nucleotide,

Y= pyrimidine) %7,

Alternatively, the noncanonical pathway is activated by certain receptor binding, such as
B-cell activating factor . This activates NF-kB inducing kinase (NIK), leading to
activation and phosphorylation of IKKa . IKKa facilitates the processing of p100 to p52,
which dimerizes with RELB 781%_ |n addition, a variety of post-translational modifications
of the proteins involved further orchestrate the regulation and function of the NF-kB
pathway, such as p65 phosphorylation sites that modulate the activity and promote
transactivation 19819 Since NF-kB is a master regulator of most cytokines 19, those
relevant for this PhD study are listed below focusing on the major and early cytokines
according to the literature in the innate immune response ''-'13. Additionally, IL-10 was
chosen based on its anti-inflammatory effect in contrast to the inflammatory cytokines 4.
The cytokines were also selected based on their potential to fold G4s, exemplary the IL-1

beta and TNF alpha promoters are shown (Supplementary figure 1).

IL-1 beta is a proinflammatory cytokine produced by monocytic lineage cells and
stimulated by PAMPs or DAMPs 15116 |t is synthesized as an inactive precursor, is
cleaved into mature IL-1 beta by caspase 1 upon a second PAMP or DAMP stimulus, and

finally secreted ''6117_|L-1 beta circulates even to the brain and can induce fever 118119,

IFN beta is produced by almost all cell types in response to DNA and RNA and has
antiviral and antiproliferative effects 12912, |t reduces antigen presentation and changes

the cytokine expression, but it was also shown to resolve bacterial inflammation 12%.122,
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IL-6 is a proinflammatory cytokine playing a role in cell differentiation and proliferation and
contributes to the expression of acute inflammation genes '23. IL-6 is mainly produced by

macrophages and monocytes and promotes B cell differentiation 123124,

IL-10 has an anti-inflammatory effect by inhibiting the activity of macrophages, T helper
cells, and natural killer cells and is produced by macrophages, dendritic cells, B cells, and
T cells 4. IL-10 limits the expression of proinflammatory cytokines 4. Although these
cells are necessary for pathogen clearance, they can damage the tissue if not tightly

regulated "4,

TNF alpha is an inflammatory cytokine produced by macrophages and monocytes and
contributes to necrosis or apoptosis '?°. It is produced by macrophages and natural killer

cells and raised research interest to its ability to induce necrosis of tumors 6.

IL-18 is expressed by macrophages and dendritic cells and pro IL-18 is constitutively
expressed but requires processing by caspase 1 "8, It contributes with IL-12 to the T cell

population activation and differentiation by inducing interferon y 27

IP-10 triggers an inflammatory response and serves a chemoattractant mainly for
lymphocytes '?8. It is interferon y induced '?° and plays a role in chemotaxis, apoptosis via

activation of caspase 3, and cell growth 130.131,

IL-12 is a proinflammatory cytokine produced by phagocytic cells leading to interferon y

production and promotes T helper cell activation 32.
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1.2 Structural aspects of DNA and RNA

Both DNA and RNA can adopt multiple secondary structures. Apart from the canonical B-
DNA (right-handed helix), DNA can have alternative conformations such as cruciform and
triplexes 133, and RNA can fold into loops, bulges, hairpins, and helices '34. Not only are
these structures predicted from sequence motifs, but they have been shown to form and
play functional roles in vivo '33. Among the stable secondary structures are G-

quadruplexes (G4s).

1.21 G-quadruplex structures

It has been known since 1910 that guanylic acid can form a gel and suggested that
guanine-rich regions could self-assemble '3°. Later, X-ray diffraction proved that guanylic
acids form tetrameric structures in which four guanines form a square planar arrangement
and stacking of these G-quartets forms a G-quadruplex (G4) structure 33136, G4s form in
guanine-rich regions of DNA and RNA '37. Guanines bind via Hoogsten hydrogen bonds
to form a planar array stabilized by a monovalent cation in the center (mostly K* and
Na*) 8. The consensus G4 motif is Gs+-N1.7-G3+-N1.7-G3+-N1.7-G3+-N1.7 37, Non-
consensus quadruplex-structures with longer loops have been shown to impact biological
processes in vivo ', and G-columns with only two guanines have also been shown to
fold in vitro 4%-142 G4s are highly thermodynamically stable structures with melting
temperatures up to 72°C %3, The properties of the stabilizing cation influence the stability
of the G4 (K*>Na.>NH4*>Li*) 140144 |n addition, the G4 stability depends on the loop
length 133. Long loops lead to less stable G4s because they are counteracted by the effects

of entropy 140:145,

The topology formation can vary from intermolecular to intramolecular folded
(Figure 5) 46147 Based on the strand orientation they can vary from parallel to hybrid to
antiparallel (Figure 5) 146148 A parallel G4 has parallel G-tracts, whereas an antiparallel
G4 has two parallel and two antiparallel G runs (Figure 5) 140, A mixture of one parallel

and three antiparallel G-tracts, called hybrid, is also possible 4.
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Figure 5: G-quadruplex (G4) topologies.

G4s can fold in guanine-rich regions and can vary based on the strand orientation from
parallel to antiparallel and can vary with the number of participating molecules from inter-
to intramolecular. Figure created with Biorender.com.

1.2.2 General characteristics of G-quadruplex

The folding potential and location of G4s are conserved in most species and their number
has increased during evolution from lower to higher organisms 49151 G4s are not
randomly distributed across the genome, highlighting their potential as functional
elements '°2. G4s are enriched at telomeres, promoters, and splicing sites 152154,
Putative G-quadruplex sequences (PQS) are based on computational prediction using a
consensus motif 55, However, they neglect non-conical long loop structures and lack
information on whether they fold under physiological conditions '5%156 High-throughput
sequencing has identified experimentally observed G4s in all organisms sequenced to
date, e.g. 434,272 G4s in humans and 797,789 G4s in mice '%5. The abundance of G4s
varies dynamically depending on the cell cycle or cell type, making it pivotal to regulate
the folding and unfolding of G4s 157-159

The dynamic folding and unfolding of G4s is tightly regulated by G4 binding proteins,
stabilizing proteins, and unwinding proteins/ helicases '6°. Human nucleolin is an example
of an RNA G4 stabilizing protein involved in chromatin decondensation, transcription,
translation and cell proliferation %716 An example of a DNA G4 binding protein is the

human Myc-associated zinc-finger protein (MAZ), which functions as a transcriptional
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regulator 7162 Fanconi anemia complementation group J helicase (FANCJ) resolves
G4s during DNA replication with the assistance of DEAH-box helicase 36 (DHX36), which
promotes the bypass of the replication factors 3. The two helicases have partially
redundant functions to ensure the robustness of the unwinding process 6. Misregulation
of G4 folding and unwinding has severe consequences, for example defects in the G4
unwinding helicases are associated with diseases such as Werner and Bloom
syndromes "%, Werner’'s syndrome leads to premature aging and a high risk of cancer,
and Bloom’s syndrome to dwarfism, immunodeficiency and several types of cancer 16>
167, Both helicases can unwind DNA G4s in vitro %818, The diseases share mutations in
the RQC (RecQ C-terminal domain), the G4 DNA binding domain %8, The genomic

instability in the absence of the helicases leads to the early cancer development 168,

Thus misregulation in the un/-folding and localization of G4s promotes their biologically
significant role in the disease development '7°. This led to the research interest in synthetic
compounds that interact with G4s and serve as a tool to regulate G4s and study their
function in detail '"'. Much attention has been focused on the characterization and
synthesis of G4 ligands, and more than 2000 G4 stabilizing ligands have been
described 72173, These small chemical compounds often share common features such as
an aromatic core 1. The aromatic core allows for -1 stacking with the G-tetrads '"". The
binding affinity of the G4/ligand complex, measured by the dissociation constant Kp, is a
pivotal parameter in the ligand synthesis '"'. The Kpis in the uM range for most of the

ligands 7.

G4 ligands have become an interesting target in cancer therapy, because several
oncogene promoters are G4-rich, such as KRAS, one of the most mutated oncogenes,
and the c-Myc oncogene 74177, C-Myc overexpression has a poor prognosis in cancer
therapy and G4 stabilization has been shown to repress the transcription '78-181_ CX-5461
is a G4 ligand tested in clinical trials with breast cancer 1/2 (BRAC1/2)-deficient tumors 182,
CX-5461 was shown to block replication forks and cause DNA damage 8. Failure of the
BRCA and non-homologous end joining (NHEJ) pathways to repair the DNA damage led
to the selective lethality in the BRAC1/2-deficient tumors 182,



30

One of the well-known and established ligands is pyridostatin (PDS). PDS is widely used
due to its high specificity and affinity for G4s (Kp 490 nm) and thermal stability 18-85, The
aromatic ring of PDS matches with the G-tetrad planes and enhances the -1 stacking,
and thus achieving the specificity for G4s 8. PDS has been used in combination with
other methods and technologies, for example to visualize G4 formation in human cells
and in next-generation experiments to map G4s in the human genome 19%156.158,183 ppS
induced polymerase stalling and decreased the proliferation of several cancer cell lines
through DNA damage-induced cell cycle arrest 8. Due to its outstanding molecular

characteristics and broad application in the G4 field, PDS was also used in this study.

1.2.3 Existence of G-quadruplexes in vivo

In silico predictions using the G4 consensus motif revealed PQS in functional elements in
the genome, and G4s have been shown to fold in vitro 136:187.188 \Whether they fold in vivo
has been actively debated in the past, but experimental evidence has established their

existence in vivo and revealed their functional roles 133.189-191

First, the presence of helicases indirectly demonstrates the need for of the cell to regulate
and resolve G4 formation (see Chapter 1.2.2). Second, the aforementioned conservation
of G4s between organisms and their enrichment at functional sites in the genome
demonstrates their favorable biological role in evolution 3314° The first experimental
evidence for G4s was the visualization by immunofluorescence with the telomeric G4-
specific single-chain antibody fragments Sty3 and Sty49 in the ciliate Stylonychia
lemnae 192, Later, G4s could also be visualized in fixed human cells with the development
of the single-chain structure-specific antibody BG4 '°8. Treatment with PDS increased the
BG4 signal, whereas treatment with DNase 1 abolished the signal, and thus clearly
demonstrating G4 formation in vivo '°8. The development of a fluorescent G4-specific
probe (SiR-PyPDS) allowed the real-time detection of G4s in living cells '°3. This technique
revealed the fluctuation of folding and unfolding as well as cell cycle dependent G4
formation 3. Thus previous hypotheses of this dynamic process were experimentally

confirmed in living cells 193,
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BG4 was used to develop a G4 genome-wide chromatin immunoprecipitation-DNA
sequencing (ChlP-Seq) method 8. This was the first approach to map G4s genome-wide
in human cells '8°. Thus, in silico predictions of the G4 locations were confirmed and G4
landscapes of twelve different species were generated by G4-seq (a polymerase stop
assay) '%°. These data showed that experimentally observed G4s were enriched, for
example, in promoters, suggesting their role as functional elements '°. The G4 landscape
of different breast tumors revealed differentially enriched G4s regions '°*. These regions
were associated with the promoters of highly transcribed genes '%4. Differences in the
differentially enriched G4s correlated with distinct transcription factor programs '°4. These
data clearly demonstrated the functional role of G4s as hubs for transcription factors and

their role as biomarkers and drug targets in cancer therapy 94.

1.2.4 Biological functions of G-quadruplexes

Several experiments have shown that folded G4 structures have both positive and
negative effects on various cellular functions 15219119519 |n the following, | will briefly
describe the current knowledge on the biological relevance of DNA G4s for (1) telomeres,

(2) replication, (3) transcription, and (4) genome stability.

(1) The highest number of predicted G4s is found at telomeres (TTAGGG repeats) 197.198,
At telomeres, G4s are thought to act as a capping structure to protect against degradation
by nucleases, thus contributing to telomere maintenance (Figure 6) 152199200 G4s at
telomeres affect the telomerase binding and activity and putatively act as a negative
regulator of telomerase elongation 2°'. G4 formation at telomeres has been shown to
contribute to the organization of telomeres to the nuclear scaffold, called tethering, in

ciliates 202.203_

(2) Approximately 90% of human replication origins contain PQS 204296 During
replication, the DNA double helix is transiently single-stranded, allowing G4s to fold 2%7.
G4 formation during replication causes stalling of the DNA polymerase and thus the
replication fork to stall (Figure 6) 2°7208, Helicases such as FANCJ resolve G4s during
replication or single-strand DNA binding proteins such as replication protein A coat the

lagging strand and unfold G4s 2%92'0_|n vivo evidence is lacking whether the impact of the
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G4 formation on the leading or lagging strand is greater 2°’. Due to the discontinuous

nature of the lagging strand, it is hypothesized to be more accessible for G4 formation 2'".

(3) In silico analysis revealed that G4 motifs are enriched in promoters of oncogenes and
regulatory genes, whereas they are underrepresented in housekeeping genes and tumor
suppressor genes '33212213  G4s have been implicated as transcriptional repressors by
inhibiting the polymerase progression and leading to transcription termination
(Figure 6) 192214215 " This ‘roadblock” model was supported by the finding that G4
stabilization of the predicted G4 in the c-Myc oncogene led to its downregulation 179216,
The model was further supported by follow-up experiments on other G4 formations in
oncogenes such as c-KIT ?'7. These studies relied mainly on ligands and in vitro data,
neglecting endogenous gene expression 2'®. Genome-wide experiments such as BG4
ChIP-Seq have shown that G4s are enriched at promoters of highly transcribed genes
and thus may function as transcriptional enhancers rather than repressors
(Figure 6) 194216218219 How G4 formation might affect transcription initiation could be by
facilitating transcription factor binding and thus serving as a "hub’ for several transcription
factors such as the transcription factor E2F4 9. Alternatively, G4 formation could also
contribute to activate gene expression via guanine oxidation 2'6. G4s in promoters are
highly susceptible to guanine oxidation by reactive oxygen species, which can lead to
direct gene activation 220221, In summary, G4s at promoters are a key regulatory element

for transcription 216.

(4) Uncontrolled G4 folding and stabilization poses a risk of genome instability, and G4
motifs overlap with DNA double-strand break sites 133222, G4s challenge genome stability
by stalling the replication fork, altering transcription, and inducing mutations 209.222-226_ The
correct unfolding is regulated by helicases, thus maintaining genome stability 227
However, in the absence of helicases G4 formation challenges genome stability 191228, At
telomeres, for example, mutation of the G4-resolving helicase regulator of telomere
elongation helicase 1 (RTEL1) leads to a “fragile telomere” phenotype, a replication
stress-induced break formation 203229231, The G4s sites are hotspots for DNA breakage,
leading to deletions and other chromosome rearrangements 232-234, Despite of the role of

G4s in contributing to DNA damage, they can also stimulate DNA repair pathways 228235,



It is hypothesized that G4 formation caused by replication fork stalling are processed by
homologous recombination to restart replication 228236237 This is supported by the finding

that homologous recombination factors such as exonuclease 1 are involved in the binding

and unwinding of G4s 228238

In summary, G4s play a role in diverse biological processes and whether their effect is

positive or negative depends largely on the control of their folding and unwinding.
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Figure 6: Biological relevance of G-quadruplexes (G4s).

G4s can influence a variety of biological processes: G4s can cause the stalling of the
replication fork, maintain telomere homeostasis, and can cause the initiation and
termination of the transcription. The figure was created with Biorender.com.
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1.2.5 Immune system and G-quadruplexes and consequences of G4 stabilization
G4 stabilization is used as a target in cancer therapy '8223°_ First of all, it reduces the
accessibility to telomerase 239240, Upregulated telomerase activity, which allows
replication without telomere shortening, is a problem in the majority of cancer cells 247,
Second, G4 stabilization challenges the genome stability (see also Chapter 1.2.4) and
could thus contribute to increased apoptosis rates and autophagy in cancer cells 239242243,
Finally, G4s targeted in the promoter of oncogenes such as c-Myc reduce the expression
of oncogenes (see also Chapter 1.2.4) '7°. Consistent with this, G4 ligand treatment was

shown to reduce the pancreatic tumor cell growth in xenografts 244,

A hallmark of cancer is prolonged inflammation 24°. Whether it contributes to tumor
initiation or to its growth is largely context dependent 246, Nevertheless, as tumors
proliferate, the immune landscape in the tumor microenvironment changes 246, The tumor
microenvironment alters the myeloid cells into an immunosuppressive state, e.g. by
secreting immunosuppressive mediators such as IL-10 246247 |n this context, tumor-
associated macrophages (TAMs) are discussed as a link between cancer and
inflammation 248, TAMs express high levels of IL-10 and low levels of IL-12 24%-252_ The
missing IL-12 production results in a lack of NK cell activation and thus facilitates tumor
progression 251252, TAMs produce programmed death ligand-1 (PD-L1), and binding to its
receptor PD-1 can cause T cell apoptosis, further contributing to immune
suppression 2°22%3 |t is therefore not surprising that the presence of TAMs indicates poor

clinical outcome in cancer treatment 252:254,

However, experimental evidence is lacking on how the immune system is affected by the
G4 ligand treatment. It has been shown that prolonged chemical G4 stabilization induced
micronuclei formation in cancer cells and that this DNA damage activated the cytoplasmic
STING (stimulator of interferon response cGAMP interactor 1) 2°°. This led to an
interferon B response in the cells, thus triggering an innate immune response 2°°.
Therefore, the data highly suggest a link between G4 ligand treatment in cancer cells and

an immune system response 2%,
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1.3 Aim of this thesis

Diseases caused by bacteria and the limit for therapeutical approaches, such as antibiotic
resistance, can be life-threatening. Targeting G4s is a promising novel therapeutic
strategy against cancer such as breast cancer, but apart from the above-mentioned
biological functions of G4s, little is known about their relevance and role in immune cells.
In addition, TAMs play an important role in cancer proliferation, but experimental evidence
on how and when G4s are formed in macrophages is lacking. As G4s are known to
positively and negatively impact cellular functions, | predict that it may modulate the host

defense against bacteria in macrophages.

The primary aim of this thesis is to shed light on the function of G4 formation in mouse
macrophages and how it impacts the immune response to bacterial infection. It is
important to understand the molecular mechanisms by which G4s affect the immune
response in order to target and modify it in the future in therapeutical approaches such as
cancer treatment. As part of this thesis, | investigated how G4s influence the immune

response to bacterial infection in macrophages.



36

2 Material and Methods

21 Methodology

2.1.1 Bacteria cell culture

All E. coli strains were grown on LB agar plates at 37°C. Single colonies were transferred
to LB liquid growth medium and grown overnight at 37°C and 200 rpm agitation. All plates
and media contained the appropriate antibiotic concentration (100 ug ml”" ampicillin,
50 ug mlI' kanamycin). OD600 was checked by a spectrophotometer. For cryo-
conservation 600 pl bacterial overnight culture were mixed with 50% glycerol and stored
at -80°C. For transformation 50 pl chemical-competent DH5a E. coli cells were thawed
and 10 ng plasmid DNA were added and incubated for 30 min on ice. The heat shock was
carried out at 42°C for 30 sec and the suspension was placed back on ice for 5 min. 450 pl
SOC medium were added followed by incubation for 30 min at 37°C at 500 rpm agitation.
The bacteria were collected by centrifugation (1 min 8000 xg), resuspended in 100 ul SOC
medium and spread on appropriate LB agar plates. The plates were incubated overnight
at 37°C.

2.1.2 Eukaryotic cell culture

iBMDMs (immortalized bone marrow-derived macrophages) were received from the
Abdullah laboratory and originally isolated from femur and tibiae and immortalized by
SV40 virus transformation 2%. The iBMDMs were cultivated in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS) and
100 U mlI"" Penicillin-Streptomycin (PenStrep) and for the RAW-Blue™ NF-kB SEAP
reporter cells the medium was supplemented in addition with 100 ug ml"' zeocin and
100 yg ml' normocin and all cells were grown at 37°C and 5% CO.. Confluent cells
(iBMDMs) were passaged by washing with PBS and dethatched by addition of Trypsin-
EDTA. The reaction was stopped by the addition of new media and cells were seeded in
new dishes and if required counted by using a hemocytometer. For cryo-conservation a
cell suspension was centrifuged (200 xg, 5 min) and resuspended in freezing medium
(DMEM plus 10% FBS plus 10% DMSO) to a final concentration of 3-10° cells/ml and
every aliquot contained 1 ml cell suspension. The stocks were frozen in the Mr. Frosty ™

freezing container at -80°C for one week and long-term stored at -150°C. The cells were
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kept for a maximum of 20 passages before a new vial was thawed. The stocks were
thawed at 37°C and added to a 15 ml reaction tube containing DMEM. The cells were
centrifuged for 5 min at 200 xg and the pellet was resuspended in 10 ml DMEM,
transferred to a 10 cm cell culture petri dish and incubated at 37°C and 5% COa. For the
RAW-Blue™ NF-kB SEAP reporter cells the first passage after thawing was performed
without selective antibiotics (zeocin and normocin) and cells were passaged at 80%

confluency using a cell scraper (not trypsin).

2.1.3 Treatment of macrophages

If not indicated otherwise the cells were seeded the day before and treated the next
morning with 25 yM PDS and/ or 200 ng/ml LPS or H20> for 4 h or with nigericin for 1 h at
37°C with 5% COa.

2.1.4 AlamarBlue™ assay

The metabolic activity after PDS and LPS was performed by using the AlamarBlue™
assay. The iBMDMs were seeded (6 - 10* cells per well) in triplicate in a black bottom
clear 96 well plate and treated the next morning. Afterwards 10 pl of 10% AlamarBlue™
solution was added to a final volume of 100 pl and incubated at 37°C for 3 h. The Thermo

Scientif™ Fluorskan™ FL plate reader was used to measure the emission at 590 nm.

2.1.5 Protein biochemistry

2.1.5.1 Protein isolation from eukaryotic cells

The cells were seeded in a six well plate (3 - 10° cells per well) the evening prior to the
treatment and collected using a cell scraper. The cells were collected by resuspension in
50 ul 1:6 diluted SDS loading dye supplemented with 1:1000 diluted benzonase. The
samples were incubated for 5 min at RT and either processed for western blot analysis or
stored at -20°C.
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2.1.5.2 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

The proteins were separated according to their molecular weight by denaturing
discontinuous sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE).
The 12% separating and 4% stacking gel contained 0.1% SDS and the polymerization
was achieved by ammonium persulfate (1:100) and tetramethylethylendiamin (1:1000). 6x
SDS loading dye was added to the samples to a final concentration of 1x, denatured for
5 min at 95°C and 20 pl protein sample were loaded per well. The run was performed at
100 V for ca. 2 h using 1x SDS running buffer.

2.1.5.3 Coomassie staining
The SDS-PAGE gel was covered with Coomassie staining solution and incubated for 1 h
at RT under agitation. Afterwards destaining solution was added for 30 min under agitation

and the gel was kept in distilled water.

2.1.5.4 Western blot

The SDS-PAGE gel was used for subsequent analysis by western blot. The blotting
sandwich was assembled (whatman paper, nitrocellulose membrane, SDS gel and
whatman paper) after all components were soaked with blotting buffer. The semi-dry
blotting was adjusted to 1 h with 2 mA per cm? gel size. For blocking the membrane
incubated for 1 h with TBS-T +5% BSA. The membrane was incubated overnight at 4°C
under rotation with the according primary antibody in TBS-T +5% BSA. Three washes for
10 min with TBS-T were performed prior to incubation with the corresponding fluorescent
secondary antibody (1 h at RT under rotation). Again three washes for 10 min with TBS-
T were performed and subsequent detection with the BioRad Molecular Imager
ChemiDOC XRS Imaging System with automatically calculated detection times was

performed. In order to quantify the protein intensities Imaged (Fiji) was used 2°7.

2.1.5.5 BG4 purification
The BG4 purification protocol was established in the Balasubramanian laboratory %8 and
modified in the Marco Di Antonio laboratory. In short, BL21 cells containing the pSANG10-

3F-BG4 plasmid were expanded overnight in 50 ml 2x TY medium supplemented with
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50 mg/ml kanamycin and 1% glucose at 30°C with 200 rpm agitation. The next morning
10 ml overnight culture were used to inoculate one liter 2x TY medium and cells were
grown for 24 h at 18°C with 200 rpm agitation. The culture was centrifuged (4000 xg,
30 min, 4°C). The pellet was resuspended in 100 ml TES buffer supplemented with
protease inhibitor. Afterwards 1:5 diluted TES buffer supplemented with 20 ul benzonase
and 5 mM MgCl, were added and the lysate was centrifuged (8000 xg, 20 min, 4°C). The
supernatant was filtered (0.45 ym). For the column 3 ml cobalt resin were washed with
10 CV PBS and the cell lysate was pipetted on the column and the bead-cell lysate mixture
was incubated for 30 min at 4°C in rotation. The column was washed with 3 CV wash
buffer and the protein was eluted with three times 5 ml elution buffer. The elution buffer
was exchanged with intracellular salt buffer and concentrated by using Amicon® Ultra-15
centrifugal filters with 10 kDa cutoff (MERCK). The purity of BG4 was checked by SDS-
PAGE and Coomassie staining. The concentration was quantified by using Qubit

fluorometer (ThermoFisher).

2.1.6 RNA biochemistry

2.1.6.1 RNA purification from cells and 3’'RNA-Seq

The cells were seeded in a six well plate (3 - 10° cells per well) the evening prior to the
treatment and collected by addition of 500 yl TRIzol (Thermo Fisher Scientific) per well
and followed by incubation for 5 min. 100 ul chloroform were added, vortexed and
incubated for 3 min. Centrifugation (12,000 xg, 15 min, 4°C) was used for phase
separation and the upper phase was transferred to a new tube containing one volume of
isopropanol. The samples were mixed and incubated on ice for 20 min. The RNA was
pelleted by centrifugation (20,000 xg, 10 min, 4°C), washed with 75% ethanol and dried
for 5 min. The pellet was resolved in appropriate amount of ddH>O and a Nanodrop device
was used for determining the concentration. For 3’'RNA-Seq the samples were processed
by the Next Generation Sequencing Core Facility from the Medical Faculty in Bonn
(HiSeq 2500 V4, 10 M raw reads, 1x150 bp). The Partek® Flow® Software was used for
data analysis. The sequencing reads were aligned to the mm10 genome using the STAR
method 2°8. To check the representation of G4s in the PDS treated samples, the DNA G4
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map from mouse ' was correlated with the 3'RNA-Seq using

http://yeast.genomes.nl/mouse.html (by Victor Guryev).

2.1.6.2 Reverse transcription

In order to perform reverse transcription the Quantitect RT Kit (Qiagen) was used
according to the manufacturer’s instructions. In brief, 500 ng RNA were mixed with 1 ul 7x
gDNA wipe-out-buffer and incubated for 2 min at 42°C. Afterwards 0.5 pl reverse
transcriptase, 0.5 pl primer mix and 2 ul 5x buffer were added per sample and incubated
for 15 min at 42°C followed by 3 min at 95°C.

2.1.6.3 Quantitative Polymerase Chain Reaction (QPCR)
The obtained cDNA was diluted 1:20. 3 pl cDNA were mixed with 6 ul SYBR Green
mastermix and 3 yl primer mix (1 yM forward and reverse primer). The qPCR was

performed in technical replicates in a 96-well plate using the BioRad CFX96 RealTime

System.

Step Time Temperature Cycle
Initial denaturation 3 min 95°C 1Xx
Denaturation 15s 95°C

Annealing 20 s 60°C 40x
Elongation 30s 72°C

2.1.7 Molecular biological experiments

2.1.7.1 Fluorescent microscopy to detect G4 structures (BG4 staining)

Macrophages (8 - 10%) were seeded on sterile coverslips (14 mm diameter) in 24 well-
plates. For fixation the cells were incubated for 5 min at RT with pre-fix solution. After two
brief washes with the fix solution, the cells were fixed with fix solution for 10 min at RT.
The cells were washed once with PBS and permeabilized by addition of the
permeabilization solution for 3 min at RT. Next the cells were washed three times in
agitation for 5 min at RT. The cells were blocked in blocking solution in agitation for 1 h at
RT and afterwards incubated with 2 ug BG4 per slide in blocking buffer in agitation for 2 h

at RT. Next, the cells were washed three times with wash solution in agitation each for
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10 min, followed by incubation with a rabbit antibody against the FLAG epitope in blocking
buffer for 1 h in agitation at RT. The cells were washed three times as described above
and the cells were incubated with anti-rabbit Alexa Flour® 488 diluted in blocking buffer
for 1 h at RT in agitation. The cells were washed again and the cover slips were mounted
with Fluoroshield with DAPI (Sigma-Aldrich). The slides were imaged (DAPI and Alexa
Fluor 488) using a Zeiss Axio observer five and at least 100 nuclei per slide/ condition
were captured. For quantification of the nuclear G4 levels ImageJ (Fiji) was used 2°’. The
BG4 stained picture was redirected to the DAPI picture and the particles were analyzed
and the integrated density divided by the area was chosen to be displayed as fold change

compared to the untreated samples.

2.1.7.2 BG-flow (BG4 staining using FACS)

Instead of analyzing the G4 levels by BG4 IF, we developed in our laboratory a method to
use FACS analysis to perform the BG4 staining, called BG-flow 2°°. In brief, the samples
are trypsinized for collection and all steps are performed in tubes. The steps are identical
to BG4 IF (see 2.1.7.1) except that the cells were centrifuged (1,500 rpm, 5 min) after
every step. At the end the cells were resuspended with 3 ml PBS and transferred to FACS

tubes.

2.1.8 System-wide experiments

2.1.8.1 CUT&Tag

The cells were trypsinized and adjusted to 2 - 10° cells per condition with wash buffer. The
samples were centrifuged (600 xg, 4 min, 4°C) and the pellet was resuspended with
antibody binding buffer and centrifuged again. The pellet was resuspended in antibody
binding buffer supplemented with BG4 (0.01 mg/ml) and incubated under rotation at 4°C
overnight. The samples were centrifuged (600 xg, 4 min), washed 3x with 200 pl Dig-
Wash-BSA buffer and resuspended in DIG-Wash-BSA buffer supplemented with anti-
FLAG antibody and incubated for 1 h at RT under rotation. Afterwards the samples were
centrifuged and washed again and the pellet was resuspended with anti-mouse antibody
in Dig-Wash-BSA buffer and incubated for 1 h at RT under rotation. The samples were

centrifuged and washed and the tagmentation was started by addition of the Tn5 assembly
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mix (15 yl Tn5, 3.2 yl mosaic adapter A&B) diluted in DIG-Wash-BSA buffer and
incubated for 1 h under rotation at RT. The samples were centrifuged, washed with Dig-
Wash-BSA buffer and resuspended in 200 ul tagmentation buffer, followed by incubation
at 37°C for 1 h. The tagmentation was stopped by the addition of EDTA (0.5 M), SDS
(10%) and proteinase K (10 yl of 10 mg/ml). The gDNA was extracted with
phenol/chloroform and quantified with Qubit. The protocol and reagents including the Tn5

were kindly provided by the Simon Elsasser laboratory 26°.

2.1.8.2 ATAC-Seq

The cells (5 - 10%) were washed with PBS and the pellet after centrifugation (200 xg, 5 min)
was resuspended with 50 pl ATAC lysis buffer and centrifuged (500 xg, 10 min, 4°C). The
pellet was resuspended with 50 ul transposition reaction mix and incubated at 37°C for
30 min. The DNA was isolated using the Qiagen MinElute cleanup kit according to the
manufacturer’s instructions and eluted in 10 uyl elution buffer. The samples were
sequenced at the Cologne Center for Genomics (50 M reads, paired end 2x150 bp).
Partek Flow® was used for the analysis and the reads were aligned to the mm10 genome

using Bowtie2 261

In cooperation with Jasper Spitzer the further ATAC-Seq analysis was done. The ATAC
reads were trimmed using cutadapt (V1.18) 262 and aligned to the mm10 reference
genome using bowtie2 (V2.4.5) %67, Reads were deduplicated using Picard (V2.26.10)
(https://github.com/broadinstitute/picard) and sorted using samtools (V1.14) 253, Sorted
and filtered reads were used for peak calling with macs2 (V2.2.7.1) 254, Consensus peaks
per condition were created using IDR (v2.0.4.2) 265, Motif enrichment for TF binding was
performed using HOMER (V4.11) 256, Differentially accessible regions were called using
diffbind (V3.10) 267 and correlated to 3’'RNA-Seq data using Pearson correlation. G4 motif
discovery followed the published consensus motif 137, using the Biostrings R package
(V2.68.1) 258 to identify peaks with motifs based on the consensus peaks. For peak motif
distribution, only the 1000 most common motifs per condition were considered. Read
distribution around peaks was visualized using deeptools (V3.5.2) 26, computeMatrix and,

plotHeatmap. Visualizations were created using R 27° and the tidyverse packages 2.
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2.1.8.3 NF-kB ChIP Seq

The cells (1 - 107) were seeded in a 15 cm petri dish. Cross-linking was performed by
adding 0.5 ml 30% formaldehyde (vol/vol) to 15.5 ml growth medium and the cells
incubated for 10 min at RT with 30 rpm shaking. Addition of 0.12 M glycine and incubation
for 10 min was used to stop the cross-linking reaction. The cells were washed twice with
10 ml cold PBS and scraped for collection. The cells were pelleted (300 xg, 5 min, 4°C),
washed with PBS and centrifuged again. The cell pellet was resuspended in 0.8 mi
hypotonic buffer (Chromatrap) and incubated on ice for 10 min. The mixture was
centrifuged (5,000 xg, 5 min, 4°C) and resuspended in 1 ml lysis buffer (Chromatrap) and
incubated for 10 min. The sonication was performed using a Covaris connected to a
cooling system. The sonication mode was 20 cycles (30 sec on/ 30 sec off). The DNA was
isolated using the MinElute kit (Qiagen) according to the manufacturer’s instructions and
the sample was eluted with 20 pl and the fragment size distribution was checked on a 2%
(wt/vol) agarose gel.

2 ug antibody were added per sample containing 5 ug chromatin (except for the input)
and incubated at 4°C overnight under rotation. The next morning, 80 yl Dynabeads-
Protein G washed with washing buffer were added per sample and incubated at 4°C for
2 h under rotation. The beads were washed three times with washing buffer using a metal
stand on a magnet. The DNA was eluted by the addition of 75 ul TE buffer supplemented
with 2 ul proteinase K and incubated at 65°C for 3 h and 16 h at 4°C. The DNA was
isolated using the MinElute kit and the final elution volume was 25 ul. The sequencing was

performed at the Cologne center for genomics (paired end, 2x 150 bp, 50 M reads).

2.1.9 Macrophage specific experiments

2.1.9.1 Maturation marker (CD40 and CD80) staining

The cells were trypsinized and adjusted to 1 - 10° cells/ml and collected by centrifugation.
The cells were washed once with PBS, centrifuged and resuspended in FACS buffer
containing the appropriate antibodies (MTG+MTDR, MTG+MitoSox, CD40, CD80) and
incubated for 30 min on ice or for 30 min at 37°C for the mitochondrial marker (MTG,
MTDR, MitoSox). The cells were centrifuged and washed again with FACS buffer and
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proceeded for Flow cytometry analysis (Canto I) and appropriate single stains and FMOs

were included. The FlowdJo (FlowJo LLC) software was used for the analysis.

2.1.9.2 Phagocytosis uptake assay

The cells were trypsinized and adjusted to 2-10° cells/ml. The heat-inactivated
Salmonella mCherry strain (provided by the Abdullah laboratory) was adjusted to
4 - 107 CFU/ml. The medium containing the bacteria was supplemented with 50 pl/ml
normal mouse serum (NMS) (provided by the Abdullah laboratory) or as control only
medium and incubated for 15 min at 37°C. Afterwards 0.5 ml cells were mixed with 0.5 ml
bacteria or medium and incubated for 1 h in a tube rotator at 37°C. The cells were
collected by centrifugation (1,500 rom, 5 min), washed once with FACS buffer and
resuspended in FACS buffer containing the appropriate antibodies (L/D, CD11b, F4/80)
and incubated for 30 min on ice. The cells were centrifuged and washed again with FACS
buffer and proceeded for Flow cytometry analysis (Fortessa Il). The FlowJo (FlowJo LLC)

software was used for analysis.

2.1.9.3 Phagocytosis killing assay

The cells (5 - 10°) were seeded in medium without antibiotics and infected with 50 pl
Listeria (MOI 5). The medium was replaced with DMEM supplemented with gentamycin
(100 pg/ml) after 30 min. After 1 h and after 4 h the cells were washed twice with PBS and
incubated with 500 pl lysis buffer for 5 min. Afterwards the lysate was diluted (1:10 dilution
for 5 times) with distilled water and 20 ul dilution was plated on BHI plates. The plates
incubated overnight at 37°C and the colonies were counted the next morning and the

CFU/ml was calculated.

2.1.9.4 Procartaplex assay

The supernatants of treated iBMDMs were collected in triplicates. The Procartaplex 9 Plex
assay (Thermo Fisher Scientific) was performed according the manufacturer’s
instructions, the MFI was measured and the concentrations were calculated by the

Thermo Fisher Scientific software based on the standard curves.
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2.1.9.5 RAW-Blue cell QUANTI-Blue assay (Invivogen)

The RAW-Blue NF-kB SEAP reporter cell line is commercially available. They are derived
from RAW 264.7 cells and express a secreted embryonic alkaline phosphatase (SEAP)
upon NF-kB activation. The SEAP secretion was detected by using the QUANTI-Blue
assay according to the manufacturer’s instructions. In brief, 1 - 10° cells were per well
seeded in 96-well plate using DMEM without selective antibiotics. 10 pl of RAW-Blue cell
supernatant was mixed with 190 yl QUANTI-Blue solution and incubated for 6 h at 37°C.
The solution was mixed and SEAP levels were measured with a SpectraMax Mb5e

spectrophotometer at 630 nm.

2.1.9.6 HTRF IL-1beta

The supernatants of treated iBMDMs were collected in triplicates and the kit was used
according to the manufacturer’s instructions. In brief, 8 yl sample, 8 ul medium, 4 pl
antibody mix and 16 ul standard were mixed and incubated overnight at RT in the dark. A

SpectraMax M5e plate reader was used (665 and 620 nm).
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3 Results

3.1 G4 formation in mouse macrophages can be stabilized by PDS

G4s play a role in variety of biological processes such as transcription 272274 and
replication 2° and have recently been discussed as a target in cancer therapy 2%°. Since
tumor development can be influenced by immune cells 278, there is an urgent need to
analyze G4 folding and their role in immune cells. Among the immune cells, macrophages

are widely used model systems for phagocytosis or oxidative burst, for example 27”.

The first research question was to address whether G4s can form in mouse macrophages.
In order to monitor G4 levels via immunofluorescence, the structure-specific single chain
antibody BG4 was used '%8. As indicated by a low but specific punctate nuclear signal,
G4s were detected in the nucleus of untreated iBMDMs (Figure 7A). Although G4s can
fold in the cytoplasm, the cytoplasmic signal was not detectable and thus neglected for

this study.

As a tool to study G4-mediated mechanisms, G4s can be stabilized by G4 specific
ligands '83. Due to its high specificity among the G4 ligands, the small molecule PDS was
chosen 8. Since G4 stabilization poses a challenge for genome stability that can cause
DNA damage 33186222 western blot was performed after PDS treatment to analyze the
yH2AX levels, a DNA double strand marker. It was shown that four hours incubation with
25 uM PDS did not lead to DNA double-strand breaks (Figure 7D). Unlike the positive
control H202, which lead to yH2AX foci after four hours incubation with 6 mM H20-
(Figure 7D). Macrophages supply a lot of energy for phagocytosis and production of
antimicrobial compounds such as ROS 278279 thus the mitochondrial fitness and cellular
metabolism of macrophages is sensitive and could be compromised by ligand treatment.
An Alamarblue assay was performed to monitor the metabolic activity of iBMDMs treated
with PDS. The assay confirmed that iBMDMs were metabolically active after four hours
treatment with 25 yM PDS (Supplementary figure 2). Using FACS analysis with the
specific mitochondrial tracker (MitoTracker™ Green, MitoTracker™ Deep Red,
MitoSOX™), it was demonstrated that four hours ligand treatment did not compromise the

mitochondrial fitness of iIBMDMSs (Supplementary figure 2).
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Four hours treatment with 25 uM PDS significantly increased the number of BG4 foci by
1.5 fold compared to untreated (Figure 7A-B). Thus the iBMDMs are sensitive for PDS
treatment. Since four hours treatment with 25 yM PDS increased the nuclear BG4 level
without impacting the mitochondrial and metabolic activity, this concentration and
treatment time was used for all subsequent studies. G4s can impact cellular functions
positively and negatively and thus it was investigated next how it affects macrophages
function during fighting bacterial infections. Lipopolysaccharide (LPS) treatment
(200 ng/ml) for four hours was used to mimic a bacterial infection by inducing a TLR4
response 8%, Nuclear BG4 levels did not change after LPS treatment compared to
untreated (Figure 7B). Interestingly, the four hours co-treatment with PDS and LPS did
not reveal any significant differences in the nuclear BG4 foci level compared to the
untreated cells (Figure 7B). To validate the G4 levels with a different technique, we
established a new method using flow cytometry, called BG-flow 2°°. The BG-flow
experiments showed as well a significant 1.5 fold nuclear and cytoplasmic BG4 level
increase for the PDS treated cells and similar BG4 levels in the PDS and LPS co-treated
cells like the untreated «cells (Figure 7C). Thus the results obtained by

immunofluorescence for the nuclear BG4 levels were confirmed (Figure 7C).

Next, it was investigated whether G4s can impact macrophage function when they are
stabilized prior to the LPS treatment. In this time course experiment pre-treatment of
macrophages with 25 uM PDS for four hours followed by the addition of LPS for four hours
was applied (total treatment time for eight hours). The hypothesis was that PDS pre-
treatment would increase the nuclear BG4 level again, unlike simultaneous treatment of
PDS and LPS. Indeed, pre-treatment of PDS followed by LPS treatment significantly
increased the nuclear BG4 level by 1.5 fold (Figure 7B). Vice versa, pre-treatment of LPS
for four hours followed by the addition of PDS for 4 hours, was hypothesized to unvarying
G4 levels. It was confirmed that LPS pre-treatment did not increase the nuclear BG4 level
compared to untreated (Figure 7B). In the following the PDS and LPS co-treatment (for
four hours) was used for further experiments. Overall, LPS treatment did not alter the
nuclear BG4 level, but it demolished the G4 level increase by PDS in the double treatment

without decreasing the total BG4 level.
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Figure 7: G-quadruplex (G4) quantification in mouse macrophages.

A) iBMDMs (immortalized bone marrow derived macrophages) were treated with PDS
(25 pM) and/or LPS (200 ng/ml) for four hours or with PDS first and then with LPS (total
eight hours when indicated with “first’) and vice versa. Immunofluorescence showing
orange BG4 foci in the nucleus (white line are the boundary of the DAPI signal). The scale
bar represents 10 um. B) The graph displays the nuclear BG4 quantification. At least 100
nuclei were counted per condition and four biological replicates are shown. C) The
immunofluorescence data were validated by BG4 flow cytometry (BG-flow) and
normalized over the untreated sample. The mean fluorescence intensity was analyzed of
the BG4 signal (FL1 channel). Three biological replicates are shown. D) Western blot
analysis of yH2AX after PDS (25, 50 and 100 uM) and H20- treatment (1, 3, 6 and 12 mM)
for four hours and GAPDH as loading control. Example of one western blot out three
replicates is shown. UT=Untreated; p-value<0.05=*; p-value<0.01=** (unpaired t-test);
scatter plot mean with SD.
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3.2 G4 stabilization by PDS does not alter the phagocytosis behavior but slightly
decreases the expression of maturation markers
Since the total G4 level was not affected when macrophages are activated by LPS, the
next step was to investigate the role of G4s in phagocytosis. Macrophages engulf
microorganisms such as pathogenic bacteria and can trigger an adaptive immune
response by presenting antigens 22", Therefore, it was evaluated whether G4 stabilization
by PDS can influence the phagocytic uptake and lysis/ killing of bacteria. To analyze the
phagocytic uptake rate, pre-treated iBMDMs with PDS and/ or LPS were incubated with a
Salmonella strain labelled with the mCherry reporter gene. The mCherry signal was
detected by flow cytometry and reflected the engulfed bacterial rate. The geometric mean
of the mean fluorescence intensity was around 3,000 for all conditions (Figure 8A). Thus
pre-treatment with PDS and/ or LPS did not alter significantly the phagocytic uptake rate
of mCherry labelled Salmonella (Figure 8A). Next, the phagocytotic killing of PDS pre-
treated iBMDMs was investigated using Listeria infection. As a positive control, iBMDMs
were pre-treated with IFNy (100 ng/ml for 20 hours). The infection was followed by
macrophages lysis and plating of the lysate to count the remaining Listeria colonies. The
Listeria colony formation reflected the iBMDMs phagocytotic lysis/ killing behavior. PDS
pre-treatment did not change the Listeria colony formation compared to untreated, for
untreated and PDS the colony formation is around ten (Figure 8B). IFNy and PDS plus
IFNy pre-treatment slightly decreased (not significant) the Listeria colony formation to
lower than five, indicating increased phagocytotic killing behavior of the iBMDMs
(Figure 8B). Conclusively, G4 stabilization does not affect the phagocytic behavior of

macrophages.

The macrophages response to pathogenic microorganisms includes the overexpression
of maturation markers such as CD40 and CD80 to orchestrate the inflammatory process
such as T cell activation 8°. Thus, the next step was to investigate if G4 stabilization can
impact the maturation marker expression. The expression of CD40 and CD80 was
analyzed by flow cytometry analysis. The iBMDMs were pre-treated with PDS and/ or LPS
for four hours. Pre-treatment with LPS increased (not significantly) the maturation marker
expression of CD40 and CD80 1.5 fold (Figure 8C-D). Pre-treatment with PDS had no

effect on the maturation marker expression compared to untreated (Figure 8C-D).
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Whereas G4 stabilization decreased the expression in the co-treatment with LPS and PDS
compared to LPS treatment alone (Figure 8C-D). To conclude, G4 stabilization by PDS
does not affect the maturation marker expression of CD40 and CD80, but it inhibits the

overexpression of CD40 and CD80 in the co-treatment with LPS.
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Figure 8: Phagocytosis behavior and maturation marker expression after G-
quadruplex stabilization.

G4 formation does not impair phagocytosis and slightly decreases the maturation marker
expression. iBMDMs (immortalized bone marrow derived macrophages) were treated with
PDS (25 pM) and LPS (200 ng/ml) for four hours. A) mCherry labelled heat-inactivated
Salmonella (2- 108 CFU/ml) were incubated for two hours with iBMDMs and FACS
analysis was performed considering Cd11b+ and alive cells. B) iBMDMs were treated with
100 ng/ml IFNy for 20 hours and infected for 5 h with Listeria (MOI 5). The cells were lysed
and bacterial colonies were counted the next day. C-D) FACS-analysis of the activation
marker CD40 and CD80 on alive cells. Three biological replicates are shown and data
points are not significant (unpaired t-test); scatter plot mean with SD; MFI=mean
fluorescence intensity. The experiments were performed in cooperation with Jennifer
Szlapa and Konstantinos Symeonidis (Abdullah laboratory).
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3.3 G4 formation reduces the cytokine-mediated immune response to bacteria

The observation that G4 stabilization inhibits the LPS-mediated overexpression of
maturation markers, arose the question whether G4 stabilization leads to transcriptome-
wide changes after co-treatment with LPS in macrophages. In order to analyze
transcriptomic changes, iBMDMs were treated with PDS and/ or LPS, RNA was isolated
and followed by 3'RNA-Seq. First of all, the 3’'RNA-Seq analysis focused on overall
changes (Figure 9), and later specifically analyzed the LPS-mediated cytokine immune

response (Figure 10).

The highest proportion of down-regulated genes (2662 genes, 63.5%) was observed in
the co-treatment of PDS and LPS, only 764 genes (49.5%) were significantly up-regulated
(Figure 9A-B). Treatment with LPS resulted in up-regulation of 491 genes (31.8%) and
downregulation of 968 genes (23.1%). The least transcriptomic changes were caused by
PDS treatment: 149 genes (9.7%) were up-regulated and 35 genes (0.8%) were down-
regulated (Figure 9A-B). The GO annotation overview shows that the PDS and LPS co-
treatment led to the up-regulation of genes with kinase activity, whereas genes of the
type | interferon-mediated signaling pathway were down-regulated (Figure 9C). The
strong down-regulation in the PDS and LPS co-treatment is further illustrated by the
volcano plots (Figure 9D-F). To exemplify the regulation of the cytokines, interleukin-1
beta (IL-1 beta) is highlighted: it is one of the highly up-regulated genes after LPS
stimulation and is down-regulated in the PDS and LPS co-treatment (Figure 9E-F). Early
growth response protein 1 (Egr1) is up-regulated in the PDS treatment (Figure 9D) and is
known to have putative quadruplex sequences 282, The up-regulated and down-regulated
genes in the PDS treatment correlated significantly (p<0.001) with experimental mapped
DNA G4s %5, CC-chemokine ligand 3 (Ccl3), interferon gamma-induced protein 10 (IP10)
and NF-kB1 and 2 are involved in the immune response 283-28% and up-regulated in the
LPS treated samples (Figure 9E). Ccl3 and NF-kB inhibitor zeta (NF-kBIZ) are down-
regulated in the PDS and LPS co-treatment (Figure 9F). Thus, the PDS and LPS

treatments showed distinct patterns of the differentially expressed genes (DEGSs).
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Figure 9: Transcriptome changes after 3° RNA-Seq.

A-B) Venn diagrams of the significantly (p<0.005) regulated genes C) and their top three
hit GO annotations. D-F) Volcano plots represent the negative logarithmic false discovery
rate (FDR) on the y-axis and the logarithmic fold change on the x-axis. The transcripts
identified as significantly differentially expressed (FDR<0.05) are colored in red. The
3’'RNA-Seq was performed in three biological replicates.



53

Since cytokines were among the DEGs in LPS and in the PDS and LPS co-treatment, the
analysis was further focused on cytokines. IL-1 beta is a pro-inflammatory cytokine
involved in the host defense and signaling 7. After macrophages are primed by exposure
to pathogen-associated molecular patterns (PAMPs), IL-1 beta is expressed as an inactive
precursor and is processed and secreted upon triggering by a second stimulus 7. To
validate the 3" RNA-Seq results of IL-1 beta expression levels, RT-gPCR was performed
(Figure 10A). Stimulation with LPS resulted in an upregulation (more than 10,000 fold) of
IL-1 beta compared to untreated, whereas co-treatment with PDS and LPS significantly
downregulated the expression (Figure 10A). The endotoxin nigericin was used as a
second stimulus for the inflammasome to induce IL-1 beta processing and secretion 7.
IL-1 beta secretion levels were significantly upregulated to 12,000 pg/ml when primed with
LPS and nigericin for eight hours (Figure 10B). In contrast to that, the IL-1 beta expression
levels were significantly downregulated by triple treatment with PDS, LPS and nigericin
(circa 1,000 pg/ml). The same trends were observed after four hours, although the total

secretion levels were lower (and not significant) (Figure 10B).

The 3" RNA-Seq heatmap of interleukins illustrates that the down-regulation (negative Z-
score) after co-treatment with PDS and LPS was not only observed for IL-1 beta, but also
for the interleukins in general (Figure 10C). The genes of the LPS-mediated immune
response are highly up-regulated after LPS treatment (positive Z-score) and down-

regulated after G4 stabilization and LPS treatment (Figure 10C).

In conclusion, IL-1 beta expression and secretion are decreased in the PDS and LPS
treatment compared to LPS (Figure 10A-B). The expression of other cytokines, apart from
IL-1 beta, showed the same expression profile and were also down-regulated after G4
stabilization by PDS (Figure 10C).
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Figure 10: Figure 10: Cytokine expression after G4 stabilization.

A) IL-1 beta transcript level was measured by RT-gPCR four hours after treatment,
normalized by GAPDH and the fold change is calculated compared to untreated.
B) Additionally, IL-1 beta secretion was analyzed by HTRF using the supernatant after
four and eight hours (10 pg/ml nigericin for one hour). C) Heat map of 3'RNA-Seq for
subgroup of interleukins that are differentially expressed. The x-axis shows the gene
names and for gene names that are listed more than once the transcript-ID is indicated.
On the y-axis are three biological replicates displayed for every treatment. Z-score
hierarchical clustering based on Euclidean distance measure and average linkage for the
linkage analysis was used. Experiments were performed in three biological replicates; p-
value<0.05="; p-value<0.01="*; p-value<0.0001=*** (unpaired t-test); scatter plot mean
with SD. Figure panel B was performed in cooperation with Nathalia Rosero (Franklin
laboratory).
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Since exposure to the potent immune-activating stimulus LPS results in the secretion of a
variety of other cytokines in addition to IL-1 beta to orchestrate and extend the
inflammatory response 286287 the ProcartaPlex™ assay was performed (Figure 11). This
assay allows for the detection of multiple proteins in a single sample and was designed to
quantify the cytokine secretion levels of interferon beta (IFN beta), interferon alpha (IFN
alpha), interleukin-6 (IL-6), interleukin-10 (IL-10), tumor necrosis factor alpha (TNF alpha),
interleukin-18 (IL-18), interferon gamma-induced protein 10 (IP-10 also known as C-X-C
motif chemokine ligand 10 (CXL10)) and interleukin-12 (IL-12) (Figure 11A-H).

IFN beta secretion increased 300 pg/ml after LPS treatment and decreased significantly
to 50 pg/ml after PDS and LPS co-treatment (Figure 11A). IFN alpha decreased
significantly 10 pg/ml after G4 stabilization and LPS treatment (Figure 11B), whereas IL-
6 decreased even 6,000 pg/ml in the LPS and PDS co-treatment compared to LPS
treatment (Figure 11C). The secretion of the anti-inflammatory cytokine IL-10 decreased
10 pg/ml after PDS and LPS treatment (Figure 11D). TNF alpha secretion increased
5,000 pg/ml after LPS stimulation, whereas it decreased to 2,000 pg/ml after PDS and
LPS co-treatment (Figure 11E). IL-18 only decreased slightly around 30 pg/mi
(Figure 11F). IP-10 secretion increased to 2,000 pg/ml after LPS stimulation (Figure 11G)
and IL-12 to 50 pg/ml (Figure 11H), for IP-10 and IL-12 the secretion levels after PDS and
LPS treatment were too low to be detected. The secretion level of the untreated cells was
always included as control and was always close to zero except for IL-18. To sum up,
stimulation by LPS resulted in the secretion of the above mentioned cytokines (e.g. IFN
beta and IL-6), whereas they were down-regulated by co-treatment with PDS and LPS
(Figure 11A-H).

In conclusion, G4 stabilization affects the expression and secretion of important cytokines

involved in mediating the immune response to bacteria (Figure 9 - Figure 11).
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Figure 11: Cytokine secretion levels after G4 stabilization.

Cytokine secretion levels of iBMDMs four hours post treatment measured with
ProcartaPlex™ Multiplex Immunoassay. For IP-10 and TNF alpha two values for LPS
were higher than the standard and are displayed as the maximum of the highest standard.
Three biological replicates are shown, p-value<0.05=*; p-value<0.01="%,
p value<0.0001=*** (unpaired t-test); scatter plot mean with SD. The experiment was
performed in cooperation with Jennifer Szlapa (Abdullah laboratory).

3.4 G4 formation reduces the NF-kB activity

The collected data strongly suggested that G4 stabilization negatively affects the LPS-
mediated immune response via cytokine expression and secretion. To further test this
hypothesis, the signaling pathway of the involved and above tested cytokines was further
investigated. IL-1 beta 288, IFN beta 28, IL-6 2°, IL-10 2°7, TNF alpha 22, IP-10 ?®3 and IL-
12 2% are target genes of the transcription factor NF-kB. NF-kB is a master regulator of

pro-inflammatory cytokine expression '°°. Thus, the role of G4 stabilization for the
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transcription factor NF-kB was investigated. To quantify the NF-kB response to stimulation
by LPS, the RAW-Blue™ NF-kB SEAP reporter cells (Invivogen) were used. Upon NF-kB
activation, this cell line secretes an alkaline phosphatase that can be used for monitoring
the activity level. Priming with LPS activated the transcription factor NF-kB by 3 fold,
whereas co-treatment with PDS and LPS significantly reduced its activity by almost 2 fold
(Figure 12A). The NF-kB subunit p65 is phosphorylated and translocated to the nucleus
after LPS stimulation 2%5. Western blot analysis showed that the total p65 protein levels
did not change between PDS and/ or LPS treatments (Figure 12C). However, p65 was
significantly less phosphorylated in the co-treatment of PDS and LPS compared to LPS
(Figure 12B). G4 stabilization does not affect the p65 protein levels, but it alters the

phosphorylation and reduces the NF-kB activity.
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Figure 12: NF-kB activity after G4 stabilization.

NF-kB activity is negatively influenced by G4 stabilization via PDS. A) The RAW-Blue™
cells contain a secreted embryonic alkaline phosphatase inducible by NF-kB. SEAP
secretion levels were monitored by measuring the absorbance at 630 nm after addition of
QUANTI-Blue™ detection medium. B-C) NF-kB p65 protein levels were measured by
western blot for iBMDMs four hours after treatment and quantified. UT=Untreated;
®=phosphorylated; At least three biological replicates are shown, p-value<0.05=*
(unpaired t-test); scatter plot mean with SD.
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3.5 G4 stabilization alters the chromatin accessibility

To rule out if the observed expression changes in the LPS-mediated immune response
after G4 stabilization correlate with G4 locations, a genome-wide G4 mapping was done.
BG4 cleavage under targets and tagmentation (CUT&Tag) was performed in LPS and/ or
PDS treated samples. BG4 CUT&Tag is an enzyme-tethering method used to map native
G4s 280, For the LPS-treated samples, 479 unique peaks were detected compared to the
untreated samples and the peaks were enriched for experimental mapped DNA G4s
(p=0.052) '*°. No unique peaks were observed for PDS and PDS+LPS treated samples
compared to the untreated sample. The LPS peak regions were mapped to the
corresponding genes (coding region of the genes) and Table 2 shows the first Amigo GO
annotation hits for these genes. The proteins encoded by these 146 genes were analyzed
in an interaction network (Supplementary figure 3) and several kinases were found 2.
Among the kinases were cyclin-dependent kinase 6 (Cdk 6) which regulates the G1/ S
transition in the cell cycle, hematopoietic cell kinase (Hck) which is important for signaling
transmission in the innate immune response, protein kinase C epsilon type (Prkce) which
is associated with cytoskeletal proteins, and abelson murine leukemia viral oncogene
homolog 1 (Abl1), a tyrosine-protein kinase involved in cytoskeleton remodeling following
extracellular stimuli 2%. In addition, regulatory associated protein of mtor (Rptor), which is
involved in cell growth, survival and autophagy was detected in the protein interaction

network (Supplementary figure 3) 2.

Table 2: First hits of GO annotation for genes from called peaks by CUT&Tag for the LPS
treatment

Condition GO annotation
LPS cell surface toll-like receptor signaling
pathway

innate immune response activating cell
surface receptor signaling pathway
cellular response to stimulus
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To further investigate how G4 stabilization has genome-wide effects, the chromatin
landscape became the focus of research. Changes in the chromatin landscape have been
reported to be associated with LPS stimulation 2°7-3%0 G4s fold predominantly in open
chromatin regions 9. Therefore, | asked whether G4 stabilization affects the chromatin
remodeling induced by LPS stimulation. To investigate the chromatin landscape, an assay
for transposase-accessible chromatin using sequencing (ATAC-Seq) was performed in
LPS and/ or PDS treated iBMDMs. This assay takes advantage of the hyperactive Tn5

that cuts open chromatin regions.

The analysis first focused on general alterations observed in the ATAC-Seq and in the
second part focused on the correlation with G4s. The samples clustered into two
categories: in untreated or LPS treated samples and in PDS or PDS plus LPS treated
samples. In the first category 26,931 and 32,386 peaks were detected, whereas in the
second category 10,438 and 18,544 peaks were detected (Figure 13A). The majority of
the peaks were detected at the transcription start site (TSS) (Figure 13B).The transcription
start site plots show that the transposase accessible regions were highly accessible in the
untreated and LPS treated samples, whereas the TSS sites were barely accessible in the
PDS and PDS plus LPS treated samples (Figure 13C-F).

The ATAC-Seq reads from LPS correlated significantly with differentially expressed genes
in the 3’'RNA-Seq (correlation of linear regression 0.4) (Supplementary figure 4). The PDS
and PDS plus LPS readouts did not correlate with the differentially expressed genes in
the 3’'RNA-Seq (data not shown).
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Figure 13: Chromatin landscape after G4 stabilization (ATAC-Seq).

A) Peak calling (using MACS2) results from ATAC (Assay for Transposase-Accessible
Chromatin) Sequencing for iBMDMs treated for four hours. B) The cake chart displays the
category of the previous called peaks. C-F) Coverage heat maps showing the density of
mapped reads 5000 bp upstream and downstream of the Ensembl annotated TSS labelled
as 0. Each peak represents a horizontal line and the heatmap shows the accessibility
around the peaks. TSS=Transcription start site; TTS= Transcription termination site.
ATAC-Seq was performed for n = 3 and the results for n = 1 are displayed in this figure,
however n = 2 und n = 3 showed similar results.
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These differences in the accessibility were also reflected in the transcription factor motif
enrichment. Untreated and LPS treatment showed similar motifs among the ATAC-Seq
peaks (Supplementary figure 5). The p65 subunit of the NF-kB motif was highly enriched
in LPS compared to untreated samples (Figure 14A). The NF-kB motifs (p50, p52, p65)
were significantly enriched in LPS compared to PDS plus LPS (Figure 14B). This role and

involvement of NF-kB is consistent with previous data presented in this study (Figure 12).

B
Motif enrichment in LPS over untreated NFkB motifs enriched in LPS

NFkB-p65

NFkB-p50,p52 —|
Bcl6

Isl1

NFKB-p65 —|
KLF14

THRb

0 0.5 1.0

Fold Enrichment over untreated Fold Enrichment over PDS+LPS

Figure 14: Motif enrichment for ATAC-Seq peaks.

(A) The motif enrichment shows the enriched motifs in the LPS treated sampled over the
untreated samples. (B) The NF-kB motifs are enriched significantly (p<0.005) in LPS
treated samples over PDS plus LPS treated samples. Nuclear factor 'kappa-light-chain-
enhancer' of activated B-cells (NF-kB); B-cell ymphoma 6 (Bcl6); Insulin gene enhancer
protein (Isl1); Krueppel-like factor 14 (KLF14); thyroid hormone receptor beta (THRb). All
three biological replicates of the ATAC-Seq were considered. In cooperation with Jasper
Spitzer (Schmidt laboratory).

The next step was to correlate the ATAC-Seq peaks with the G4 consensus motif 137, As
expected, the PDS treated samples had more G4 motifs enriched in their peaks compared
to untreated and LPS treated samples (Supplementary figure 6). The G4-containing peaks
were broader than the baseline (/no G4-containing) peaks (Figure 15A). In addition, the
G4 motif composition varied between the treatments. In the untreated and LPS treated
samples, the G-tracts had more Gs (magenta fraction) and in the PDS and PDS plus LPS

treated samples the loop length was longer (yellow fraction) (Figure 15B).
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Figure 15: The ATAC-Seq peak correlation to G4 motifs.
(A) The ATAC-Seq peak width analyzed based on the presence of a G4 motif or not
(=baseline). (B) The ATAC-Seq peaks were analyzed based on the motif composition
(G= G-tetrad; N=loop). The y-axis shows the peak count. All three biological replicates of
the ATAC-Seq were considered. In cooperation with Jasper Spitzer (Schmidt laboratory).
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Next, it was addressed whether G4s have an impact on the surrounding chromatin
accessibility. The untreated peaks from peak start to end plus 1 kb upstream and
downstream were plotted in a heat map and divided into non-G4 and G4 motif containing
peaks. Based on this division from the untreated samples, these loci were also plotted in
the other treatments. In untreated and LPS treated samples the G4-containing peaks are
more accessible, broader and more diffuse compared to PDS treated samples
(Figure 16A). G4 motif sites are more accessible compared to non-G4 motif sites, even in
the PDS and PDS plus LPS treated samples. The non-G4 motif sites are less accessible
than the G4 sites (Figure 16A).

To investigate whether G4 formation has a broader influence on the chromatin landscape,
a 5 kb window was analyzed in the next step. The G4 motif containing peaks resulted in
more accessible chromatin in the 5 kb window (Figure 16B). The G4-containing peaks are
even in the 5 kb window more diffused compared to the non-G4-containing peaks
(Figure 16B).
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Figure 16: ATAC-Seq peak window in correlation to G4 motifs.

The ATAC-Seq peaks from the untreated samples were visualized in a color-coded
heatmap based on their accessibility in a 1 kb window (A) and a 5 kb window (B) up- and
downstream of the peak start (=start) and peak end (=end). The same loci were visualized
for the other treatments as well. The peaks were categorized based on the presence of
no G4 motif, one G4 motif or more than one G4 motif. The orange (PDS+LPS) and green
(PDS) line are almost overlapping and thus only partially visible. All three biological
replicates of the ATAC-Seq were considered. In cooperation with Jasper Spitzer (Schmidt
laboratory).
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4 Discussion

The aim of this thesis was to understand the contribution of secondary nucleic acid
structures, in particular G4s, to macrophage function. Since G4 structures are known to
impact gene expression and other cellular pathways '°?, | predicted that they would also
influence essential pathways within macrophages. G4 structures change dynamically
during the cell cycle and also change in response to endogenous stimuli 133193, Thus, |
predicted that G4 formation would change in response to macrophage activation, where
it contributes to macrophage function. The cells of the innate immune system, such as
macrophages, effectively clear bacterial infections by recognizing conserved PAMPs
through PRRs 7. However, in certain disease settings the immune system can be
compromised 3. Whereas underactivity can lead to infections and tumors of
immunodeficiency, overactivity can lead to allergic and autoimmune diseases 3.
Immunodeficiency can have several causes: Primary immunodeficiencies are caused by
congenital changes in the specificity of the immune cells and are classified according to
the cell type that causes the disease 3°'. Secondary immunodeficiencies can be caused
by exogenous factors such as viral infections 3°'. An example of a primary
immunodeficiency of phagocytes is the chronic granulomatous disease 3°'. Patients are
extremely susceptible to certain bacteria and fungi, such as Staphylococcus aureus or
Aspergillus species 3°2, and the intracellular survival of pathogens causes the granuloma
formation 397, It is a mostly X-chromosomal linked disorder 3°1. Patients have mutations in
the NADPH oxidase, which is required by phagocytic cells like macrophages to form

reactive oxygen species to clear the pathogens 3%2.

Furthermore, changes in immune activation are also discussed to impact treatment and
disease outcome. For example, bacterial infections during cancer therapy are a high risk
and the most common complication during treatment due to drug-induced
immunosuppression, leading to infection-related death 3°3-3%5, Here, chemotherapy and
radiation therapy change the leucocyte number (neutropenia) and can disrupt anatomical

barriers, which are the main contributors to immune defects 304,
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Different cellular processes contribute to the immune cell activation and are affected in
disease settings 3013% How macrophages contribute to disease outcomes is under
investigation, for example macrophages clear toxic proteins in neurodegenerative
diseases such as Alzheimer's disease or Parkinson's disease 3%/. G4s have been
implicated as transcriptional, translational, and epigenetic regulatory elements of disease
factors 17°. For example, defects in the RecQ C-terminal domain of the DNA G4 unwinding
helicases Werner and Bloom cause severe syndromes, the Werner and Bloom
syndromes, respectively %8, To date, a clear picture of how cellular alterations and G4

levels contribute to immune cell functions is lacking.

In addition to infections, cells of the immune system influence the tumor progression 3%,
For example, in early tumor stages, natural killer cells and CD8+ T cells recognize and
eliminate cancer cells 3°8. Nevertheless, certain tumor types have developed strategies to
evade immune recognition and prevent immune cell infiltration through molecular and
cellular mechanisms, such as pH changes and changes in the expression of surface
molecules 399319 However, immune cells can also positively influence tumor progression
and promote tumor cell growth 3''. For example, neutrophils can promote tumor
angiogenesis by secreting vascular endothelial growth factor 308, Such
immunosuppressive cells also include tumor-associated macrophages (TAMs) 252, In
recent years, much attention has been focused on TAMs as they are correlated with poor
prognosis and reduced survival 3. How cellular changes in the tumor microenvironment
impacts TAMs and how this modulates TAM function is not clear yet 3'2. Since several
oncogenes are G4-rich and cancer cells have altered G4 levels, G4 stabilization by G4
ligands is discussed as a target in cancer therapy and tested in a clinical trial 174.176,182,194_
Thus, | aimed to understand if and how G4 formation, in particular G4 stabilization by G4

ligands, impacts macrophage function during infection.

My PhD thesis provides a system-wide analysis of the consequences of G4 stabilization
in mouse macrophages. Interestingly, G4s were detected in macrophages and were
sensitive to ligand treatment (Figure 7). G4 stabilization altered the cytokine expression
and secretion (Figure 9 - Figure 11), while it had no effect on the phagocytic behavior

(Figure 8). The reduced cytokine expression could be explained by changes in the NF-kB
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transcription factor signaling pathway (Figure 12 and Figure 14). Finally, G4 formation
altered the chromatin landscape by keeping the chromatin less accessible at the loci that
were highly accessible in LPS treatment alone (Figure 13 - Figure 16). In the following
chapters, the newly obtained data will be discussed in topic-focused chapters, culminating
in the presentation of the resulting model illustrating the new role of G4 formation in mouse

macrophages (Figure 17).

4.1 G4 stabilization has no impact on phagocytosis and mitochondrial fitness

The data presented showed that G4 formation has no effect on the phagocytic behavior
and mitochondrial fitness of macrophages (Figure 8). The key function of macrophages is
phagocytosis 8, and thus it was the first process to be analyzed for the effect of G4
formation. G4 formation did not interfere with this central process, as the rate of
phagocytosis did not change between the treatments (Figure 8). It has been shown that
exogenous G4s in human neutrophils increase the phagocytosis in the presence of
Salmonella 3'3. It is possible that treatment with the exogenous G4s in the human
neutrophils was recognized by cGAS/STING and this activation of the immune system
resulted in increased phagocytosis rates. However, activation of the immune system was
not tested by the authors 3. This study used exogenous G4s and therefore the results
are not comparable to my study where endogenous G4s were stabilized by PDS ligand
treatment. Thus, my data show for the first time that endogenous G4 stabilization does

not alter the phagocytic rate in mouse macrophages (Figure 8).

Since the effect of G4 stabilization on macrophage-derived mitochondria has not been
tested, it was crucial to investigate whether ligand treatment by PDS induces
mitochondrial metabolic changes that would affect subsequent studies. It has been shown
that cellular stress and inflammation, such as pathogen infection, leads to the release of
mitochondrial DNA as DAMP, changes in membrane potential, and the production of
reactive oxygen species 3'4. Mitochondrial metabolism, in turn, regulates macrophage
activation, differentiation, and survival 3'4. G4 formation did not affect the mitochondrial
activity of macrophages (Supplementary figure 2). ROS production, as well as

mitochondrial size and membrane potential were not affected by G4 ligand treatment
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(Supplementary figure 2). Thus, it could be excluded that the effects observed in the later

experiments were driven by a mitochondrial stress response.

4.2 PDS stabilizes G4s in mouse macrophages

Macrophages are important phagocytes of the innate immune system 78. | was able to
show by immunofluorescence and flow cytometry data (BG-flow 2°%) that G4s form in
mouse iIBMDMs and can be stabilized by PDS treatment (Figure 7). Similar to
macrophages, G4s in most other cells were stabilized by PDS in a time- and
concentration-dependent manner 198315316 |n contrast to other cancer cells such as U20S
cells, macrophages are less sensitive to G4 stabilization as higher concentrations of PDS
can be used (Supplementary figure 2) %8, Previously, it has been shown that prolonged
exposure to PDS (24-72 hours) leads to DNA damage and cell cycle arrest '8, In contrast,
the use of subtoxic doses of 25 yM PDS for four hours in my study did not lead to double
strand breaks, as indicated by lack of yH2AX bands (Figure 7) and no change in cell
viability (Supplementary figure 2). Furthermore, it has been shown that PDS induces a
type | interferon response in human cancer cells after 24 hours incubation at 10 uM due
to increased genome instability and accumulation of DNA in the cytosol 2°°. The PDS
treatment caused micronuclei formation, cGAS/STING and NF-kB activation 2°°, It could
be that genome instability and DNA double-strand break events caused a broad immune
response via cGAS/STING recognition or that the prolonged timing of PDS treatment
timing caused a stress response leading to the type | interferon response. However, since
they used cancer cells with prolonged PDS treatment time resulting in DNA damage, the

results are not comparable to my study.

In the PDS and LPS cotreatment, the G4 level is at the same level as in the untreated
sample (Figure 7). Previously, a non-canonical signaling pathway was described in which
caspase-11 leads to a drop of intracellular potassium levels during LPS stimulation 317
lonic fluxes such as potassium efflux are required for NLRP3 inflammasome activation ©2.
Consequently, it could be that the potassium efflux has a negative effect on G4 levels, as
potassium is required as a cation for G4 stabilization '#°. This could explain why the G4
level is not increased in the PDS and LPS co-treatment compared to untreated. Consistent

with this, in the time course experiment, when PDS was added before LPS, G4 levels
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were increased again (Figure 7). Probably, the G4s levels were already stabilized before
the addition of LPS and the potassium efflux could not change the G4 level anymore.
Conversely, when LPS was added before PDS, G4 levels were similar to untreated levels
(Figure 7). Putatively, LPS treatment led to potassium efflux and G4s cannot be effectively

stabilized afterwards due to the lack in potassium.

Alternatively, LPS is known to be involved in chromatin remodeling and chromatin
structure is linked to gene expression 189297300, Thys, LPS-induced chromatin remodeling
could block the G4 formation, since G4s can only fold in open, accessible chromatin
regions '%. The chromatin landscape is discussed in detail in Chapter 4.4. How and which
G4s regulate the cellular response in macrophages is essential to know in a genome-wide
assay to understand the exact role of G4s. The CUT&Tag assay revealed that 479 peaks
were detected in the LPS treated samples compared to the untreated samples
(Chapter 3.5). Although untreated and LPS treated samples have a similar total G4 level
(Figure 7), this result proves that different G4s are folded. This supports the role of G4s

as functional elements in transcription as described in the literature 196216,

According to the CUT&Tag data, a distinct set of kinases were detected in the peaks of
LPS treated samples (Table 2 and Supplementary figure 3), suggesting that G4s are
involved in kinase expression. Among the G4-containing kinases in the LPS treated
samples was Hck (Supplementary figure 3). This kinase has been shown to play a role in
the LPS/TLR4-induced TNF and IL-6 expression independent of NF-kB 38, How G4
stabilization affects the Hck expression, remains elusive. It could be speculated that LPS
and PDS treatment leads to the formation of different G4s within Hck, that have different
effects on the Hck expression. G4s have already been discussed as a target to modulate
kinase transcription as an anticancer therapy 2'". A prominent example is the KIT proto-
oncogene, which encodes a tyrosine protein kinase involved in cell proliferation 3'° and
whose constitutive activation plays a role in gastrointestinal stromal tumors 320, G4
stabilization in the human KIT promoter has been shown to downregulate the mRNA and

protein levels in human cell lines 327,
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The CUT&Tag assay did not show different peaks between PDS and untreated, indicating
a technical problem with the PDS treated sample. PDS may weaken the binding site for
BG4 in pulldown assays, since PDS and BG4 compete for the same binding site at the G-
tetrad (Supplementary figure 7), whereas BG4 can still bind in immunofluorescence with
less stringent washes. Optimization by less stringent washes did not solve the problem in
CUT&Tag. Nowadays, the method has been modified and called Chem-map 3?2. This
method uses precomplexed biotinylated ligands with the antibiotin antibody that will bind
to the target chromatin and a second antibody that tethers the Tn5 transposase to the
ligand binding sites 322. Alternatively, biotinylated ligands can also be used to detect G4s,
such as biotinylated PDS, which has been used to pull down telomeric G4s from human
cells 323, The biotinylated, triazole-assembled template assembled synthetic G-quartet
(BioCyTASQ) was shown to isolate DNA and RNA G4s from solution by affinity
purification 324, bypassing the problematic PDS blocking for the BG4 binding site. This
ligand research is a very promising approach for future genome-wide detection of the G4
landscape. The implementation of this assay will be a key experiment in the near future
to address how LPS and PDS affect the G4 landscape genome-wide and to unravel how
G4s as a functional element contribute to and shape macrophage function. In conclusion,
G4s form in macrophages and are sensitive to ligand treatment. G4 stabilization and LPS
co-treatment resulted in an altered G4 landscape compared to LPS treatment alone or
untreated. The G4 landscape needs to be further investigated by further experiments to

address which G4s contribute to macrophage function.

4.3 G4 stabilization reduces the immune response to bacteria involving
modulation of the NF-kB pathway

The data presented here demonstrate for the first time that G4 formation affects the
immune response to bacterial infection through decreased expression of maturation
marker (Figure 8), decreased cytokine expression (Figure9 and Figure 10) and secretion
(Figure 11), and modulation of the NF-kB pathway (Figure 12). The only previously known
link of maturation markers and G4s is that spleen cells incubated with the G4-forming
telomeric repeat sequence (TTAGGG), had decreased CD40 levels after 24 hours 325.
Probably these cytoplasmic G4s trigger a cGAS/STING activation like toxic PDS

concentrations (see Chapter 4.2 2%%). In my study endogenous G4s caused a decrease in
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maturation marker expression (Figure 8) and thus a different mechanism of G4s plays a
role. Probably PDS stabilizes G4s at promoters important for the maturation markers or
alters the accessibility of the promoters via chromatin remodeling (see also Chapter 4.4).
As the maturation marker expression is one required signal for T cell activation and clonal
expansion 8 it is likely that T cells are no longer activated by macrophages when co-
treated with PDS and LPS. In order to prove that the macrophages no longer activate T
cells due to decreased CD40 and CD80 production after G4 stabilization, a T cell

activation assay could be performed as described in the literature 22,

Exposure to LPS caused strong expression changes (Figure 9) as it was already shown
by others, e.g. 1525 genes were upregulated and 1113 genes were downregulated in
macrophages, and similar GO annotations were found, such as innate immune response,
TNF and NF-kB signaling 3?6, and thus is comparable to my 3" RNA-Seq data. PDS
expression caused 653 differentially expressed genes in rat cells 3?7, although this number
is much higher compared to my 3'RNA-Seq (Figure 9), it is difficult to compare these
values as different cells and concentrations were used. The strongest effect caused by
the double treatment is described for the first time in my study (Figure 9) and suggests
that G4 stabilization in combination with LPS stimulation not only modifies the expression
of some genes such as c-Myc '7°328 but on a global scale. While others have shown that
24 hours after LPS treatment led to cytokine secretion 32°, | demonstrated that four hours
is sufficient to induce a cytokine secretion response (Figure 11), except for IL-1 beta,
which requires at least eight hours (Figure 10). All cytokines tested were down-regulated
and their secretion levels decreased after PDS treatment (Figure 10 and Figure 11). The
majority (nine out of eleven) tested cytokines in the secretion assays have in common that
they are regulated by the transcription factor NF-kB, as reviewed 3%, Accordingly, NF-kB
motifs are enriched only within the LPS peaks in the ATAC-Seq data (Figure 14).
Transcription factor occupancy prediction revealed that breast cancer cells with altered
G4 levels were enriched for NF-kB pathway factors compared to untreated cells 33'. Most
likely these conflicting findings are due to the fact that different breast cancer cells have
specific transcriptional programs 232 and | used a macrophage model simulating a bacterial
infection with LPS. In general, however, it demonstrates the ability of G4s to modulate

transcription factor occupancy and thus alter gene expression, confirming previous
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data 196333, The NF-kB p65 subunit was shown to be phosphorylated at serine 536 in
response to IL-1 beta 334, After G4 stabilization, reduced NF-kB phosphorylation level
(Figure 12) was observed, correlating with reduced IL-1 beta expression and secretion
(Figure 10). This led to less nuclear translocation and in turn impaired NF-kB-dependent
transcriptional activity was measured using a NF-kB reporter cell line (Figure 12). Although
NF-kB is not the only transcription factor modulated by the double treatment, it is a key
player in orchestrating the immune response and could explain many of the observed

effects.

There are several possibilities why NF-kB activity and motif enrichment are altered after
G4 stabilization. It may be that NF-kB cannot bind the promoter region of its target genes
when a G4 is present. It is also possible that NF-kB can bind G4s in the absence of a G4
ligand and the binding site on the G4 is blocked in the presence of PDS. Alternatively, it
could be speculated that the chromatin at the NF-kB binding sites is inaccessible and
inhibits its binding. The influence of LPS and PDS on the chromatin landscape is
discussed in Chapter 4.4. To elaborate on this, specific NF-kB binding was assessed
using ChIP Seq. However, NF-kB ChIP Seq showed no enrichment of NF-kB occupancy
in LPS treated samples and a low overall pulldown efficiency (data not shown). First, NF-
KB has multiple subunits, which may decrease pulldown efficiency since only the p65
subunit was used for the pulldown. Second, other ChIP protocols have used TNF priming
in order to increase the presence of NF-kB and thus the pulldown efficiency 33°. The NF-
KB consensus motif is 5-GGGRNYYYCC-3"~ (R=purine, N=any nucleotide,
Y= pyrimidine) %7, so it may be interesting to test whether certain promoter sequences
can fold into G4s and how NF-kB binding is affected by these secondary structures. An in
vitro approach could test whether purified NF-kB protein can bind G4 oligonucleotides and
thus would clarify which model of NF-kB binding is correct. In conclusion, G4 stabilization
affects the immune response by decreasing the maturation marker expression, cytokine
expression and secretion. These effects can be explained by changes in the NF-kB

activity, but how NF-kB binding is affected by G4 stabilization in detail remained elusive.
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4.4 G4 formation alters the chromatin landscape

The role of G4s as epigenetic modulators has recently emerged, and G4s have been
found to directly interact with chromatin remodeling factors such as SWI/SNF
(SWitch/Sucrose Non-Fermentable) 336, Therefore, ATAC-Seq was performed to rule out
whether and how G4 stabilization affects the chromatin landscape in macrophages.
Indeed, G4s had an impact on the chromatin accessibility and the transcription factor motif
occupancy (Figure 13-Figure 16). ATAC-Seq showed similar abundances of open
chromatin regions in untreated and LPS treated samples that were enriched at
transcription start sites (Figure 13). Thus, the open chromatin regions correlated with the

highly transcribed regions in LPS treatment (Supplementary figure 4).

It has been shown that LPS activates the p38 MAPK pathway leading to phosphorylation
of histone 3 at serine 10 (H3S10) and phosphorylation/ acetylation of histone 3 at serine
19 or lysine 14 (H3S10/K14) 2%, These modifications were essential for the recruitment of
the transcription factor NF-kB to specific genes such as IL-12 2°°, Thus, it is postulated
that some NF-kB dependent genes require phosphorylation and phosphoacetylation to
make the promoters accessible for binding and to allow transcription to start 3°°. Thus,
LPS modulates the chromatin to express host defense related genes and makes NF-kB
target promoters accessible. PDS and PDS plus LPS treatment resulted in less open
chromatin regions compared to untreated and LPS (Figure 13). The chromatin at the
transcription start sites was less accessible compared to untreated and LPS (Figure 13).
Why the PDS chromatin regions did not correlate with the gene expression (data not
shown) remains unclear. Further investigation of how G4s modify chromatin is needed to
address this issue. G4s have been discussed to influence epigenetic control in cells and
contribute to disease progression, such as in cancerous tissues, and G4s have also been
suggested to play a role in interactions within DNA methyltransferase proteins, key
enzymes in epigenetic modulation 216:336-338 |nteraction of the DNA methyltransferase 1
(DNTM1) with G4s decreased the enzyme function, resulting in a lack of methylation and
putative changes in gene expression 33341 How G4s interact with methyltransferases,
contribute to epigenetic modulation and lead to gene expression changes in detail requires

further investigation.
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The correlation of the ATAC-Seq peaks to G4 motifs revealed that G4 motif presence
altered the chromatin landscape (Figure 15-Figure 16). The G4 motif containing peaks
were broader (Figure 15), and in line it has been reported that G4s can only fold in open
chromatin regions 342, thus G4s might keep the chromatin accessible after their formation.
G4 motif-containing peaks were also more accessible in the surrounding chromatin (up to
5 kb), even after PDS treatment, compared to non-G4 motif-containing peaks (Figure 16),
suggesting that G4 formation affects the chromatin landscape not only close to its
formation site, but also in a broad window of 5 kb. How G4s influence the surrounding
chromatin landscape remains an open question, it is possible that G4s interact directly

with chromatin remodelers to modulate surrounding chromatin 33,

G4 stabilization by PDS had an impact on G4 motif composition (Figure 15). G4s are
dynamically regulated '°3, and presumably PDS stabilized the G4s that were less stable,
as indicated by the stabilization of G4 motifs with longer loop size (Figure 15). In contrast,
G4 motifs with more Gs in the G-tetrad and shorter loop length were detected in LPS
treated samples compared to PDS (Figure 15), which are known to increase the
stability '4°. The differences in the G4 topology also suggest that different G4s are folded
between the treatments, which may have different cellular functions in macrophages. The
G4 motif-containing peaks in the LPS treated samples were broader (Figure 16),
suggesting that G4s may function as transcription factor binding hubs, as previously
reported for human chromatin '%. The peak regions that were highly accessible in LPS
treatment were not accessible after co-treatment with PDS and LPS (Figure 16). This may
explain the changes in gene expression observed in the 3" RNA-Seq. The less accessible
chromatin regions in PDS and LPS co-treatment compared to LPS could be located in
regions important for orchestrating the immune response to bacteria, and inaccessibility
could inhibit the binding of transcription factors such as NF-kB. In conclusion, G4
formation by PDS modulates the chromatin to a less accessible state at the loci that were
accessible during LPS treatment. How G4 formation affects chromatin, for example by

interacting with chromatin remodelers, remains to be elucidated.
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4.5 Gd4s a possible target in sepsis

When humans are exposed to LPS due to a bacterial infection, it can cause sepsis, an
endotoxic shock that is a significant cause of mortality in the intensive care unit 343344,
Injection of the human telomeric sequence (TTAGGG)s downregulated the expression of
proinflammatory cytokines by inhibiting the phosphorylation of the transcription factors
signal transducer and activator of transcription 1 (STAT1) and STAT4 and protected mice
from sepsis 34°. Consistent with this, STAT3, which is also a member of the Stat family,
was enriched in LPS compared to LPS plus PDS in my ATAC-Seq analysis (10 times fold

enrichment; data not shown).

Based on this | propose that STAT3 alterations upon G4 stabilization contribute to the
downregulation of proinflammatory cytokines in mouse macrophages as well. G4
aptamers affecting the STAT3 signaling pathway were shown to have antiproliferative
effects in human prostate and breast cancer cell lines 346, STAT3 is a transcription factor
involved in the expression of oncogenes in breast cancer 3’ and thus STAT3 is a
promising target in cancer therapy. The immunosuppressive activity of the telomeric
(TTAGGG), multimers correlated with their ability to form into G4s 325, These studies
strongly support my experiments to use G4s as a drug target to downregulate the LPS-

mediated immune response and to apply this knowledge in a medical context.

In a medical context, these findings are relevant to patients suffering from an uncontrolled
cytokine storm. An auto-amplifying cytokine production, known as a cytokine storm, is one
of the main problems in sepsis patients 348, Sepsis is the systemic inflammatory response
to an infection, and the resulting organ failure can be life-threatening 34°. Systemic
inflammatory response syndrome can also occur after surgery and has been reported as

a complication after cardiovascular surgery 3.

G4 levels could be used as a biomarker before surgery, as low G4 levels may indicate an
increased likelihood of a systemic inflammatory response syndrome. These patients could
be treated with the telomeric (TTAGGG), sequence before cardiovascular surgery, which
inhibits phosphorylation of the STAT transcription factor family and thus presumably

downregulates cytokine expression. Similarly, my study shows that G4 ligands may also
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be appropriate for these patients as well. G4 stabilization putatively inhibits the binding of
NF-kB to its target sequence and downregulates the expression and secretion of several
cytokines. The G4 ligands already tested in clinical trials, such as CX-5461 82 could be

used for initial testing.

4.6 A model how G4s modulate the immune response to bacteria

The data presented here in combination with the current state of the research are
summarized in a final putative model (Figure 17). Through a signaling cascade, LPS leads
to the phosphorylation and translocation of NF-kB dimers such as p65 and p50, which
bind to kB sites and activate the expression of their targets (Figure 17). The chromatin is
open and accessible at the regions that are highly expressed after LPS stimulation. In
turn, cytokines are expressed, and a second stimulus can lead to the inflammasome
activation, resulting in the cleavage and secretion of cytokines such as IL-1 beta
(Figure 17). In contrast, stabilization of G4s affects the chromatin landscape and leads to
an altered less accessible chromatin at loci that are accessible after LPS stimulation.
Putatively G4 formation and stabilization blocks the binding of NF-kB (Figure 17). As a
result, cytokine levels are decreased. Lower levels of IL-1 beta secretion may lead to less

phosphorylation of p65, thereby interrupting the positive feedback loop.
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Figure 17: Putative model: G4 stabilization changes the immune response to
bacterial infection.

In the upper panel of the figure the NF-kB-mediated immune response is shown with
unstabilized G4 levels. G4 stabilization by PDS (lower panel) causes decreased NF-kB
activity (phosphorylation of p65 and binding) because the positive feedback loop of NF-
KB might be disrupted. This leads to low expression levels of cytokines like IL-1 beta that
is turn also less cleaved and secreted. Low levels of secreted IL-1 beta are putatively not
sufficient to regulate positively the NF-kB feedback loop. Figure created with
Biorender.com.
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4.7 Concluding remarks

My thesis provides a system-wide view of the role of G4s in mouse macrophages during
infection by bacteria. G4 stabilization with the G4 ligand PDS results in a marked down-
regulation of immune response-related gene expression and cytokine secretion after LPS
stimulation. This phenotype is associated with reduced NF-kB activity. In addition, G4
stabilization alters the chromatin landscape and may thus block putative transcription start
sites important for the LPS- mediated immune response and finally leading to a new model
of how G4 formation alters the immune response after bacterial infection involving the NF-
KB transcription factor pathway. Thus, G4s become an interesting drug target for sepsis

treatment.

However, G4 stabilization by ligands such as PDS could affect all G4s currently forming
in the cell, not just those relevant to inhibit cytokine expression (434,272 G4s in humans
and 797,789 G4s in mice). Nevertheless, as ligand research and development continues,
it may be possible in the future to target specific G4s, e.g. in the promoters of cytokines
that are targeted by NF-kB.

In conclusion, the experiments in this thesis provide a new tool to down-regulate the
immune response to bacteria via G4 stabilization involving modulation of the NF-kB
transcription factor pathway. This not only sheds light on different functions/ roles of G4s,
but highlights that G4s are an important therapeutic target and can be of great interest for

treatment of sepsis patients.
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5 Abstract

G-quadruplexes (G4s) are stable secondary structures that form in guanine-rich regions
of DNA and RNA. Guanines bind via Hoogsteen hydrogen bonding and form G tetrads
that stack upon each other and become stabilized by a cation in the center. Nowadays it
is proven that G4s form in vivo and influence a variety of biological processes, including
transcription, translation, replication, and telomere maintenance. More than 700,000 sites
in the human and mouse genomes have the potential to form a G4. Since G4s are
enriched in oncogenic promoters, they are targeted in cancer therapy. The contribution of
tumor-associated macrophages (TAMs) in the tumor environment has been
controversially discussed. Therefore, linking cancer and inflammation and analyzing the

role of G4s in macrophages is an emerging research question.

The here presented doctoral thesis provides a detailed analysis of the role of G4s in
mouse macrophages during bacterial infection mimicked by lipopolysaccharide (LPS). It
was shown that G4s form in macrophages and can be stabilized by the G4-specific ligand
pyridostatin (PDS). While the key macrophages function of phagocytosis was unaffected
by G4 stabilization, G4 formation was shown to reduce the immune response-related
cytokine expression and secretion. These transcriptome-wide changes affecting the
immune response to bacteria are modulated by changes in the activity of the transcription
factor NF-kB, a master regulator in orchestrating host defense. ATAC-Seq to map the
chromatin landscape revealed that G4 stabilization modulates the accessibility of

transcription start sites which could explain the transcriptomic changes.

The data presented here provide the basis for a novel role of G4s in the immune response
to bacteria in macrophages. These findings open the possibility to discuss G4s as a drug
target to control the immune response, for example during an endotoxic shock (sepsis)

induced by exposure to LPS.
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Supplementary figure 1: G4 prediction for IL-1 beta and TNF alpha promoters.

G4 Hunter is a software for G4 prediction 3%'. The principle of the algorithm is that every
position in the sequence is given a score from -4 to 4. A score of O reflects A or T, whereas
1-4 represents the presence of 1-4 Gs and Cs are scored like Gs but with a negative
score. The G4 hunter scores show how likely it is that a G4 could fold and the negative
score how likely a G4 is on the complementary strand. The promoter sequence (1000 bp
upstream) were analyzed for IL-1 beta (top) and TNF alpha (bottom). Both sequences
have a G4 Hunter score of 2.
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Supplementary figure 2: Metabolic and mitochondrial fithess of iBMDMs after
treatment.

A-B) Alamarblue assay was used to calculate the metabolic activity of cells treated with
indicated PDS and/or LPS concentrations for four hours (in this study 25 yM PDS and
200 ng/ml LPS were used, unless stated differently). C-D) iBMDMs were treated with
PDS/ LPS and FACS analysis was used. MTG= MitoTracker® Green/ mitochondrial size;
MTDR= MitoTracker® Deep Red/ mitochondrial membrane potential; MTSox=
MitoTracker®=MitoSOX/ mitochondrial superoxide; MFI= mean fluorescence intensity;
Three biological replicates are shown, p-value<0.05=*; p-value<0.01="* (unpaired t-test);
scatter plot mean with SD.
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Supplementary figure 3: Protein interaction network for LPS treated samples (BG4
CUT&Tag).

The 479 peaks called with MACS2 in the LPS treatment in CUT&Tag were assigned to
146 gene coding proteins. The analysis displays the protein interaction network, physical
and functional interactions were considered (created with STRING).
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Supplementary figure 4: ATAC-Seq and 3'RNA-Seq correlation for LPS treated

samples.

log2 fold changes (FC) correlate between ATAC-Seq and 3’'RNA-Seq for the LPS treated
sample. The correlation of the linear regression is 0.4 and is significantly (p<0.005). All
three biological replicates of the 3'RNA-Seq and ATAC-Seq were considered. In
cooperation with Jasper Spitzer (Schmidt laboratory).
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Supplementary figure 5: ATAC-Seq peak motif enrichment for untreated and LPS
treated samples.

The motif enrichment for the ATAC-Seq peaks for untreated and LPS treated samples.
Spi-B transcription factor (SpiB); Transcription factor PU.1 (PU.1); E74 Like ETS
Transcription Factor 5 (ELF5); E74 Like ETS Transcription Factor 4 (EIf4); Protein C-ets-
1 (ETS1). All three biological replicates of the ATAC-Seq were considered. In cooperation
with Jasper Spitzer (Schmidt laboratory).
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Supplementary figure 6: Correlation of G4 motifs to ATAC-Seq peaks.

The ATAC-Seq peaks were analyzed based on their proportions of G4 motifs or no G4
motif. All three biological replicates of the ATAC-Seq were considered. In cooperation with
Jasper Spitzer (Schmidt laboratory).
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Supplementary figure 7: BG4 EILSA with increasing PDS concentrations.

The x-axis displays the PDS concentrations in uM and the y-axis shows the absorbance
of the G4. With increasing PDS concentrations the absorbance decreases. The
experiment was performed in cooperation with Theresa Zacheja.
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9 Tables

The following tables are in addition to the Chapter 2 Material and Methods.

Table 3: Chemicals

Chemicals Identifier Supplier
Benzonase E1014-25KU  Sigma-Aldrich
BSA A6588.0050  AppliChem
Cobalt resin 89964 Thermo Fisher Scientific
Dynabeads Protein G 10003D Thermo Fisher Scientific
Fluoroshield with DAPI F6057-20ML  Sigma-Aldrich
Formaldehyde 4235.1 Roth
Glycine 3790.4 Roth
H202, 30 % (w/w) H1009-5ML Sigma-Aldrich
LPS L7770-1MG Sigma-Aldrich
Methanol 1060091011 Merck
Milk powder T145.2 Roth
Nigericin tirl-nig-5 Invivogen
PDS S7444-25MG  Selleckchem
Protease inhibitor 5056489001 Roche
Proteinase K RP107B-5 7BioScience
Proteinmarker prestained 1123YL500 BioLabs

Table 4: Antibodies
Antibody Dilution Identifier Supplier
Anti-FLAG 1:800 2368S Cell Signaling
Anti-Rabbit Alexa Fluor 1:1000 A11008 Thermo Fisher Scientific
BG4 2 ug self-purified
CD11b FITC 1:400 553310 Pharmingen
CD40 PE 1:200 12-0401-83 eBioScience
CD80-AF647 1:200 104718 eBioScience
Donkey anti-mouse 800 CW  1:10,000 926-32212 LI-COR
Donkey anti-rabbit 800 CW  1:10,000 926-32213 LI-COR
F4/80-BV421 1:400 123132 Biolegend
Fcblock 1:100 14-0161-86 Invitrogen
GAPDH 1:1000 sc69778 Sanra Cruz
Histone H3 1:1000 Ab1791 Abcam
L/D Near-IR 1:800 L34976A Invitrogen
MitoSox-PE 1:4000 M36008 Invitrogen
MTDR-APC 1:4000 M22426 Invitrogen
MTG-FITC 1:4000 M7514 Invitrogen
p65 1:300 sc8008 Sanra Cruz
Phospho p65 1:1000 9936 Cell Signaling
Phospho-Histone H2A.X 1:1000 9718 Cell Signaling
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Table 5: Primer

Name Sequence (5°-3")

GAPDH mouse fw  ACCACAGTCCATGCCATCAC
GAPDH mouserv  TCCACCACCCTGTTGCTGTA
IL1-beta mouse fw  GCAACTGTTCCTGAACTCAACT
IL1-beta mouserv ATCTTTTGGGGTCCGTCAACT

Table 6: Buffers and solutions

Buffer Composition

Antibody binding buffer (CUT&Tag) wash buffer with 1% BSA, 2 mM EDTA, 0.05%
digitonin

ATAC lysis buffer 10 mM Tris-Cl pH 7.4, 10 mM NaCl, 3 mM
MgCl2, 0.1% (v/v) NP-40

Blocking buffer (BG4 IF) 2% milk (in PBS)

Blocking buffer (ChIP) 25 mM HEPES pH 7.5, 10.5 mM NaCl, 110 mM
KCI, 1 mM MgCI2, 1% (w/v) BSA

Coomassie staining solution 0.25% Coomassie Brilliant Blue G-250, 50%
EtOH, 10% acetic acid

DIG-Wash-BSA (CUT&Tag) 20 mM HEPES ph 7.5, 300 mM NaCl, 0.5 mM
spermidine, 1% BSA, 0.01% digitonin

Elution (BG4) PBS pH=8, 250 mM imidazole

FACS 1x PBS, 0.5 % FCS, 0.2 % sodium azide

Fix solution (BG4 IF) methanol and acetic acid (3:1)

Intracellular cell salt 25 mM HEPES, 110 mM KCI, 10.5 mM NaCl, 1
mM MgClI2

NP40 lysis 50 mM HEPES pH 7.5, 150 mM KCI, 2 mM Na

EDTA, 0.5% (v/v) NP-40 substitute, 1 mM NaF,
freshly added before use: 0.5 mM DTT, 0.2 mM
PMSF, 1 mM LP, 1 mM AP, 0.1 mM AEBSF

PBS 137 mM NaCl, 2.7 mM KCI, 8 mM Na2HPO4, 2
mM KH2PO4

Permeabilization solution (BG4 IF) 0.1% triton (in PBS)

Pre-fix solution (BG4 IF) 50% DMEM, 50% fix solution

SDS loading dye (6x) 300 mM Tris-HCI pH 6.8, 120 mM DTT, 9% (w/v)
SDS, 48% (v/v) glycerol, 0.1% (v/v) Bromphenol
blue

SDS running buffer (10x) 0.25 M Tris base, 1.92 M glycine, 1% (w/v) SDS

Separating gel buffer (4x) 1.5 M Tris-HCI pH 8.8, 0.4% (w/v) SDS

SOC 2% (w/v) tryptone, 10 mM NacCl, 0.5% (w/v) yeast

extract, 10 mM MgS0O4, 10 mM MgCI2, 2.5 mM
KCl, 2% (w/v) glucose
Stacking gel buffer (4x) 0.5 M Tris-HCI pH 6.8, 0.4% (w/v) SDS

Tagmentation buffer (CUT&Tag) DIG-Wash-BSA with 10 mM MgCl2




TBS-T

TE buffer (ChIP)
TES (BG4)

Wash buffer (BG4)
Wash buffer (CUT&Tag)

Washing buffer (BG4 IF)
Washing buffer (ChlP)

Western blotting buffer
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10 mM Tris-HCI pH 7.5, 150 mM NaCl, 0.05%
(v/iv) Tween20

10 mM Tris pH 8, 0.1 mM EDTA, 1% (w/v) SDS
50 mM Tris pH 8, 20% sucrose, 1 mM EDTA pH
8

PBS pH 8, 100 mM NaCl, 10 mM imidazole

20 mM HEPES pH 7.5, 150 mM NaCl, 0.5 mM
spermidine

0.1% Tween (in PBS)

100 mM KCI, 0.1% (v/v) Tween 20, 10 mM Tris-
HClpH 7.4

50 mM Tris base, 50 mM glycine, 20% (v/v)
methanol

Table 7: Commercial systems

Kit/ System Identifier Supplier

AlamarBlue Cell Viability Assay Reagent GENO786-921 VWR

IQ SYBR Green 170-8885 BioRad

QuantiTect Reverse Transcription Kit 205313 Qiagen

MinElute cleanup kit 28206 Qiagen
PROCARTAPLEX 9 PLEX D4445144 Thermo Fisher Scientific
TRIzol 15596018 Thermo Fisher Scientific
Chromatrap hypotonic and lysis buffer 100008 Biozol

Quanti Blue solution rep-qbs3 Invivogen

HTRF IL-1 beta 62MIL1BPEG  Cisbio

Table 8: Cell culture growth media and supplements

Solution Identifier Supplier
DMEM, high glucose 41965039 Thermo Fisher Scientific
DPBS, no calcium, no magnesium 14190094 Thermo Fisher Scientific
Fetal Bovine Serum (FBS) 10500064 Thermo Fisher Scientific
Penicillin-Streptomycin (10,000 U/ml) (PenStrep) 15140122 Thermo Fisher Scientific
Trypsin-EDTA (0.25%), phenol red 25200056 Thermo Fisher Scientific
Normocin ant-nr-1 Invivogen

Zeocin ant-zn-05  Invivogen

Table 9: Bacterial growth media and plates

Medium Composition

2x TY medium 16 g/L tryptone, 10 g/L yeast extract, 5 g/L NaCl

LB agar 0.5% yeast extract, 1% tryptone, 0.5% NaCl, 2% agar

LB liquid 0.5% yeast extract, 1% tryptone, 0.5% NaCl

BHI plates 200 g calf brain infusion, 200 g beef heart infusion, 10 g proteose

peptone, 5 g NaCl, 2.5 g Na2HPO4, 2 g dextrose, 15 g/L agar




90

Table 10: Antibiotics

Antibiotic  Identifier  Supplier
Ampicillin  K029.5 Carl Roth GmbH
Kanamycin T832.3 Carl Roth GmbH

Table 11: Bacterial strains

Strain  Genotype Supplier

DH5a F- ¢80lacZAM15 A(lacZYA- argF)U169 deoR recA1  Thermo Fisher Scientific
endA1 hsdR17(rk- , mk+ ) phoA supE44 thi-1 gyrA96
relA1 A

BL21 F-ompT hsdSB (rB—, mB-) gal dcm (DE3) Thermo Fisher Scientific

Table 12: Eukaryotic cell lines

Cell line Description Supplier
iBMDMs (immortalized bone-marrow-derived macrophages) 2% Abdullah Lab
RAW-Blue NF-kB SEAP reporter raw-sp Invivogen
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