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1. Introduction
1.1 Monocytes and Macrophages

The innate immune response is based on chemical, physical, humoral and cellular
response mechanisms against invading pathogens (Janeway et al. 2001). Part of the
cellular components are mononuclear phagocytes such as monocytes, macrophages,
dendritic cells and further cells like granulocytes, mast cells and the natural killer cells
(Janeway et al. 2001). For this thesis, the cellular response, specifically the monocyte and

also the macrophage are of importance and will therefore be looked at more closely.

In the first part of this chapter, the monocyte with its characteristics will be reviewed.
Then the macrophage, since monocytes differentiate into macrophages after tissue
infiltration. At the end the cells used for most of the experiments for this thesis will briefly

be explained.

The monocyte, being a type of leukocyte, is derived from the bone marrow and arises
from precursor cells called promonocytes (van Furth and Cohn 1968). These migrate into
the blood circulatory system upon specific stimuli (van Furth and Cohn 1968). Here, in
the human blood, they make up less than 10% of the circulating nucleated cells
(Prinyakupt and Pluempitiwiriyawej 2015). Monocytes are known for their size, being
the largest white blood cell measuring up to 20 um (Prinyakupt and Pluempitiwiriyawej
2015). Their nucleus can be very heterogenous (Ziegler-Heitbrock 2000). Typically

however, kidney-shaped bilobed nuclei are seen (Skinner and Johnson 2017).

Many functions of monocytes are known, primarily however their role in an immune
response to infection (Yafiez et al. 2017). Important relevance, especially for this thesis,
is revealed by the fact that activated monocytes show pro-inflammatory features, meaning
they have the ability to produce and secrete interleukin-1p (IL-1p) as well as other pro-
inflammatory mediators and also being one of the leading cells to do so (Oppenheim et
al. 1986; Rubartelli et al. 1990; Dinarello 2009; Cane et al. 2019). In an infectious setting,
or under stress, in an autoimmune disease or due to trauma a higher relative or absolute
number of circulating monocytes is common (Yafiez et al. 2017). On the other hand, a
lower percentage of monocytes is found in the myelodysplastic syndrome (Saeed et al.
2017; Carrick and Begg 2008). Furthermore, monocytes, but also macrophages, are able
to recognize a pathogen via pattern recognition receptors (PRRs) (Kawai and Akira

2010). A PRR, as the name says, is a protein that is found on for example the membrane
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of cells and recognizes specific molecular structures mostly found on the surface of
pathogens. The PRRs include the membrane toll-like receptors (TLRs) (Martinon et al.
2009; lwasaki and Medzhitov 2015; Armant and Fenton 2002). These receptors, their
pathogen recognition mechanism and the signal transduction will be explained in more
detail in the next chapter. A relevant function of this TLR is to enable monocytes to act
as antigen-presenting cells and activate further immune cells (Jakubzick et al. 2017).
Additionally, monocytes are phagocytes and therefore remove microorganisms, dead or
damaged cells (Cané et al. 2019; Guilliams et al. 2018).

Within 12-32 h, the monocytes infiltrate tissues upon tissue damage or infection guided
by chemokines and differentiate into tissue specific macrophages and monocyte-derived
dendritic cells, giving them an important role in immune response (Yafiez et al. 2017;
Issekutz and Issekutz 1993; van Furth and Cohn 1968). The infiltration process is divided
into different steps, the first being the so-called “tethering” of the monocyte to the
endothelium (Maslin et al. 2005). Secondly, “loose rolling” along the surface following
the “adhesion” to the endothelium (Maslin et al. 2005). In the final step, “diapedesis”
between the endothelial cells takes place (Maslin et al. 2005).

Depending on the tissue, different names are given to the macrophages, such as microglia,
histiocytes, Kupffer cells or alveolar macrophages, however all are part of the
mononuclear phagocyte system (Ovchinnikov 2008). One of their main functions is to
“catch” and engulf pathogens using their “arms” called filopodia (Kress et al. 2007).
Having found a pathogen, foreign substances or cancer cells, these are engulfed and
digested as a foreign substance by macrophages, which is called phagocytosis (Mahla et
al. 2021). After that, the macrophage acts as an antigen presenting cell and presents
peptides of own or foreign cells to T-cells, therefore activating the acquired immune
system (Guerriero 2019). This presenting function is also seen in monocytes as mentioned
in the paragraph above. Through releasing specific cytokines, the macrophages also have
an anti-inflammatory role and therefore decrease immune reactions (Mills 2012). It has
been thought that M1 macrophages encourage inflammation and M2 macrophages
decrease inflammation (Mills 2012). This strict system has been criticized, since a higher
complexity has been detected (Ransohoff 2016). Most macrophages found at sites of
infection typically derive from monocytes, however some macrophages are already in the
tissue independent of infection (Pittet et al. 2014). These then attract monocytes using
cytokines (Pittet et al. 2014; Perdiguero and Geissmann 2016).
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The macrophage has a lot of surface antigens in common with other immune cells such
as the natural killer cells, B-lymphocytes and neutrophils (Ross 2000). To specifically
identify the macrophage in mice, a monoclonal antibody called F4/80, like the antigen
and was developed in 1981 (Austyn and Gordon 1981). This antibody did not react with
other cells of hematopoietic origin, it showed to be directed to a surface antigen F4/80
specific to macrophages (Austyn and Gordon 1981). In the later years, however, other
cells such as eosinophils and Langerhans cells were seen to express F4/80, reducing the
specificity of the antibody developed (Hume et al. 1983; McGarry and Stewart 1991).
This F4/80 antibody was used in this thesis, for an immunohistochemical staining to

identify murine macrophages.

After having reviewed the similar functions and also the role monocytes and macrophages
have in the defense against pathogens, it is comprehendible that a disbalance in any
function can lead to various different pathological processes and can have an influence in
the pathogeneses of some autoimmune diseases. Included are for example chronic bowel
diseases, multiple sclerosis, rheumatoid arthritis, systemic sclerosis and diabetes type 1
(Ma et al. 2019).

Monocytes belong to the group of peripheral blood mononuclear cells (PBMCs) just like
lymphocytes and other cells with a single non-fragmented nucleus (Delves et al. 2006).
PBMC:s are therefore classified as mononuclear cells and are well-studied components of
the immune system (Delves et al. 2006). Since PBMCs circulate in the blood stream, they
are easily isolated from peripheral blood by density gradient centrifugation, these cells
are often used in vitro for research as a cellular model for studying immune responses
(Panda and Ravindran 2013). Further fields of research where PBMCs are used are
immunopathology, immune therapy strategies, as well as various diseases such as cancer
(Mosallaei et al. 2022; Zhou et al. 2015).

A further type of cells used for some experiments in this thesis are the mouse bone
marrow-derived macrophages (BMDMs). These cells make macrophage-related research
possible and are therefore used in numerous studies (Marim et al. 2010). As the name
states, the macrophages are derived from the bone marrow (Barrett et al. 2015). These
cells are able to differentiate into mature macrophages in the presence of specific
signaling molecules such as the macrophage colony-stimulating factor (M-CSF)
(Weischenfeldt and Porse 2008)



1.2 Toll-like receptor 4 signal transduction

In order to better understand the experiments that were performed in this thesis and the
complex process of IL-1B secretion and inhibition, figures are added and completed
according to the chapter that is viewed. The first figure (Figure 1) depicts a cell with a
receptor called toll-like receptor 4 (TLR4), a first signal shown to be lipopolysaccharide
(LPS) and a signal transduction including transcription factors nuclear factor kB (NF-kB)
or activator protein 1 (AP-1) that induce the expression of pro-interleukin-1p (pro-IL-1p)
and pro-interleukin-18 (pro-IL-18). This process will be described in detail in the

following passages.

1. Signal

LPS

)

NF-KB
\ pro-IL-1B
pro-IL-18

Nucleus

Extracellular

Figure 1. Schematic overview of the first danger signal pathway. For the release of
mature interleukin-1p (IL-1B) and interleukin-18 (IL-18), two signals are needed (not
shown in the figure). The first danger signal lipopolysaccharide (LPS) leads to the
activation of the toll-like receptor 4 (TLR4) and induces the expression of the precursor
protein pro-IL-1p and pro-IL-18 through activation of the transcription factor nuclear

factor kB (NF-kB).



The human TLR4 is a transmembrane protein which is part of a family of 12 TLRs that
belong to the PRRs (Botos et al. 2011; Fitzgerald and Kagan 2020). The PRRs initiate an
inflammatory response against pathogens by activating antimicrobial genes (Pasare and
Medzhitov 2004). TLRs are among one of the first of the PRRs to be identified in
mammals and are best characterized (Sameer and Nissar 2021). They are expressed in
innate immune cells like dendritic cells, monocytes or macrophages and a number of other
cells (Kawasaki and Kawai 2014; Kawai and Akira 2010). They enable these to recognize
a pathogen as mentioned in the previous chapter (Kawasaki and Kawai 2014; Kawai and
Akira 2010). There are different localizations known for the TLRs (Takeda and Akira
2004). First being in the membrane of the cell and second intracellular, being on
membranes of different cell compartments (Takeda and Akira 2004). The TLRs on the
membrane of a cell have a similar structure that is made up of an extracellular, a
transmembrane and an intracellular region (Takeda and Akira 2004). The extracellular
region contains 18-25 leucine rich copies (LRRs) (Takeda and Akira 2004; lwasaki and
Medzhitov 2004). In the cytosolic side of the membrane, a Toll-IL receptor (TIR) domain
is found which interacts with other TIR domains in other signaling molecules (Takeda
and Akira 2004; lwasaki and Medzhitov 2004).

The molecular highly conserved “patterns” of pathogens that are being recognized via the
PRRs or specifically speaking the TLRs are called pathogen-associated molecular
patterns (PAMPs) and are foreign to the body (Janeway 1989). PAMPs are mostly thought
to be polysaccharides, glycolipids, lipoproteins, nucleic acids of the pathogen as well as
LPS from the cell wall of Gram-negative bacteria. (Janeway 1989; Iwasaki and
Medzhitov 2015). Bacterial LPS is recognized by TLR4, which can be seen in figure 1
and is therefore relevant for this thesis (lwasaki and Medzhitov 2015). Not only TLR4
but further co-receptors like lymphocyte antigen 96 and the cluster of differentiation 14
(CD14) are needed to activate the intracellular signal transduction (Medzhitov 2001).
This leads to a recruitment of adapter proteins like myeloid differentiation primary
response 88 (MyD88) or TIR-domain-containing adapter-inducing interferon-f (TRIF)
which then again leads to an activation of NF-«B, interferon regulatory factor 3 (IRF3)
and AP-1 (Kawasaki and Kawai 2014; Vaure and Liu 2014). This results in a higher
transcription rate of the inflammatory cytokine precursor pro-1L-1p and pro-1L-18 as well
as the expression of components of the multiprotein complex called the NLRP3-



inflammasome, that will be explained in the chapter 1.4 (Janeway and Medzhitov 2002,;
Kawasaki and Kawai 2014; Bauernfeind et al. 2009; Martinon et al. 2009).

Mononuclear phagocytes are also able to recognize damage-associated molecular patterns
(DAMPs) via TLRs or several other receptors, which are endogenous and released on
damage (Feldman et al. 2015; Di Virgilio et al. 2017). Typical DAMPs include
extracellular adenosine triphosphate (ATP), free deoxyribonucleic acid (DNA) as well as
components of the extracellular matrix (Martinon et al. 2009; Tsan and Gao 2004; Bianchi
2007; Matzinger 1994; Gong et al. 2020).

The importance of the immune system in responding appropriately is profound. It must
be sensitive enough to respond to immediate danger, however also rigorously controlled
not to induce an overreaction. Charles Alderson Janeway first described a model where
PAMPs are recognized by PRRs in 1989. Then in 1994 Polly Matzinger added a so-called
“danger model” claiming there must be additional endogenous DAMPs. Both models
result in the conclusion that both PAMPs and DAMPs have the capability to activate the
immune system. (Martinon et al. 2009; Gong et al. 2020). Two signals however are
described to be relevant in the synthesis, maturation and release of IL-1 (Martinon et al.
2009). A typical first signal being LPS (see Figure 1) and a typical second signal being
ATP released by damaged cells (Martinon et al. 2009). The pathway of the second signal
will be reviewed in the next chapter.

1.3 P2X7 and P2X4 receptors

This chapter and the next (see 1.4) put light on a second signal pathway, that leads to the
activation of the NLRP3-inflammasome and ultimately to the cleavage of pro-IL-1p and
pro-1L-18 into mature IL-1p and IL-18 that can then be secreted. The first part of the
signal pathway includes the P2X7 receptor, which is the main emphasis of this thesis. The
involvement of the P2X4 receptor is tested in one experiment and therefore only briefly

outlined in this chapter.
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Figure 2. Schematic overview of the first and second signal pathway. For the release
of mature IL-1f and IL-18, two signals are needed. The first danger signal
lipopolysaccharide (LPS) leads to the activation of the toll-like receptor 4 (TLR4) and
induces the expression of the precursor protein pro-IL-1p through activation of the
transcription factor nuclear factor kB (NF-kB). The second signal extracellular ATP
activates the P2X7 receptor and leads to the assembling of the NRLP3-inflammasome,
consisting of NLPR3, apoptosis-associated speck like protein (ASC) and pro-caspase-1.
This, activates caspase-1 which induces the cleavage of pro-IL-1B and pro-1L-18 to
mature IL-1p and IL-18, that can then be released.

The P2 receptor superfamily is divided into P2X and P2Y receptors. Both the P2X7 and
the P2X4 receptors belong to the P2X receptor subfamily, comprising of 7 isoforms
(Jarvis and Khakh 2009; Adinolfi et al. 2018). All P2X receptors have a similar structure
being a trimeric ion channel consisting of two transmembrane domains with an extended
C-terminus, one extracellular loop and intracellular amino and carboxyl termini (North
2002). The shape of the receptors has also been described as “dolphin-like”, with ten

disulfide-bonding cysteine residues in the extracellular loop region that play a role in the



ligand-binding formation and channel gating (Ennion and Evans 2001; Kawano et al.
2012a; Rokic et al. 2010; Kawate et al. 2009)

P2X receptors are found in various different tissues and most cells of the human being
such as the nervous system, heart, skeletal and smooth muscle tissue, blood platelets as
well as most immune cells (Adinolfi et al. 2018). Furthermore, the P2X receptors are
ATP-gated cation channels (Kawate et al. 2011). The ion-permeable pores allow cations
like Na* or Ca?* to pass, upon the binding of ATP (Kawate et al. 2011). However,
nicotine-adenine-dinucleotide (NAD") has also shown to activate some P2X receptors
(Seman et al. 2003). The result of the activation of the P2X receptors in mononuclear
phagocytes for example is the inflammasome activation, chemokine and cytokine

secretion and pyroptosis (Di Virgilio et al. 2017).

In this thesis, the P2X7 receptor plays an essential role, since it acts as the receptor for
the second signal ATP, as mentioned in 1.2, and results in the formation of the NRLP3-
inflammasome (Martinon et al. 2009). The P2X7 is the best studied receptor of its kind
considering the immunological function (Adinolfi et al. 2018). Furthermore, the P2X7
receptor has a high expression in immune cells like monocytes (Adinolfi et al. 2018).
Studies have shown, that the P2X7 receptor has a comparably low affinity to ATP,
however a high one to the ATP derivate 3'-O-(4-benzoyl) benzoyl ATP (BzATP)
(Adinolfi et al. 2018). Therefore, BzZATP was used in most experiments conducted for
this thesis. The activation of the P2X7 receptor leads to an influx of Na* and Ca?* and an
efflux of K* (Cekic and Linden 2016). This reduction of K* in the cell then leads to the
activation of the NLRP3-inflammasome, which results in the secretion of interleukins,
amongst others IL-1p and IL-18 (Cekic and Linden 2016). The formation and activation

of the NLRP3-inflammasome are mentioned in the next chapter 1.4.

Numerous pathomechanisms show the important role of the P2X7 receptor (Adinolfi et
al. 2018). For example, the presence of the receptor in microglia is thought to have an
influence on the pathogenesis of the Alzheimer’s disease and multiple sclerosis
(Francistiova et al. 2020; Amadio et al. 2017). Furthermore, the involvement of the P2X7
receptor in diseases like Lupus erythematosus and rheumatoid arthritis as well as further

chronic inflammatory diseases is being discussed (Adinolfi et al. 2018).

The P2X4 receptor is expressed mostly in cells of the immune system like mast cells or
macrophages, peripheral endothelial cells and in cells of the central nervous system
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(Stokes et al. 2017; Suurvéli et al. 2017). It is found on the cell membrane and in
lysosomal compartments to which the P2X4 receptor is targeted through a dileucine-type
motif within the N-terminus and a tyrosine-based endocytic motif within the C-terminus
(Boumechache et al. 2009; Qureshi et al. 2007). Upon extracellular signals, such as
stimulation for phagocytosis or lysosome exocytosis, the receptor is brought to the cell
surface (Qureshi et al. 2007). The motifs mentioned above, control the internalization and
recycling of the receptor (Bobanovic et al. 2002; Toulmé et al. 2006). A disruption of
these motifs resulted in an increase of the expression of the P2X4 receptor on the cell
surface (Xu et al. 2014).

In immune cells, the activation of the P2X4 receptor results in the influx of cations, mostly
Ca?*, leading to a cell membrane depolarization and signal transduction that results in
various Ca?*-sensitive intracellular processes, such as the release of prostaglandin E2
from macrophages or brain-derived neurotrophic factor (BDNF) from microglia (Khakh
and North 2012; Trang et al. 2009; Baroja-Mazo et al. 2013). Furthermore, the
inflammasome is activated via the P2X4 receptor upon injury (Ulmann et al. 2010; Rivero
et al. 2012). P2X4 receptors expressed on microglia have shown to play a role in
neuroinflammatory responses and chronic pain (Ulmann et al. 2010; Trang et al. 2009).
P2X4 receptor expression and function is thought to be associated with the transmission
of inflammatory and neuropathic pain (Bernier et al. 2018), cardiovascular disease
(Braganca and Correia-de-Sa 2020) and alcohol abuse disorders (Franklin et al. 2014).

Various studies show, that the P2X7 and P2X4 receptors interact with one another (Guo
et al. 2007). P2X7 and P2X4 receptor subunits form a heteromeric channel and show
ATP-activated currents in ciliated airway epithelia, salivary epithelia and further tissues
(Guo et al. 2007; Ma et al. 2006; Casas-Pruneda et al. 2009). Furthermore, both receptors
are involved in the initial step of T-cell activation as well as P2X7 receptor dependent
cell death (Kawano et al. 2012b). However, the interaction of both receptors has not yet

been fully understood.

1.4 NLRP3-inflammasome

The activation and formation of the NLRP3-inflammasome can be the result of the signal

transduction following the P2X7 receptor activation mentioned in 1.3. Figure 2 shows



some of the steps mentioned in this chapter that ultimately lead to the cleavage into mature
IL-1p and IL-18.

Inflammasomes are multiprotein complexes that are found in the cytosol of a cell (Broz
and Dixit 2016; Mariathasan et al. 2004). They are part of the innate immune system and
are responsible for the activation of immune responses like the cleavage of interleukins
(Mariathasan et al. 2004; Broz and Dixit 2016).

The NLRP3-inflammasome is a subset of the Nod-like receptor (NLR) family and is the
best studied inflammasome (Vanaja et al. 2015). It plays a substantial role in the
activation of the effector protein caspase-1 and is therefore essential for the trauma- and
pathogen-associated IL-1p and IL-18 maturation (Lang et al. 2018; Yang et al. 2019).

This makes the NLRP3-inflammasome the key inflammasome for this thesis.

It is made up of at least three different proteins (Martinon et al. 2002). First being the
NLRP3 with its pyrin-domain at the N-terminus that distinguishes the NLRP3-
inflammasome from the other NLR inflammasomes (Martinon et al. 2002; Srinivasula et
al. 2002). Then the ASC and the procaspase-1 (Martinon et al. 2002). The pyrin-domain
promotes the assembly of the inflammasome and the ASC has the function of recruiting
procaspase-1 (Srinivasula et al. 2002). The inactive procaspase-1 is recruited by the
caspase-recruitment domain (CARD) which binds to the pyrin domain of the NLRP3-
inflammasome via ASC, creating the active caspase-1 by autocatalysis (Lamkanfi and
Dixit 2014; Mariathasan et al. 2006). Caspase-1 then cleaves pro-1L-1p and pro-1L-18 to
the active forms being IL-1p and IL-18 (Li et al. 2020).

The NLRP3-inflammasome is typically formed upon two signals (Dinarello 2009). The
first one being LPS, or other PAMPs or DAMPs, which lead to a signal transduction via
activation of the transcription factor NF-«B resulting in the transcription of the NLRP3-
inflammasome protein components (Dinarello 2009) (see Figure 2). The second signal
being a danger signal such as extracellular ATP that binds to the P2X7 receptor and leads
to the formation of the NLRP3-inflammasome (Dinarello 2009; Stoffels 2015; Dinarello
2018) (see Figure 2). ATP can be released by injured cells or cells exposed to stress, also
being mechanical stress (Grierson and Meldolesi 1995; Rathinam et al. 2012). Likewise,
ATP and further danger signals have shown to induce a K*-efflux, reducing the cytosolic

K*-concentration (Perregaux and Gabel 1994; Lang et al. 2018; Kahlenberg and Dubyak
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2004; Pétrilli et al. 2007). It is thought that the NLRP3-inflammasome detects danger

signals or cell injury upon a change in K*-concentration in the cytosol (Pétrilli et al. 2007).

This is also seen with the bacterial exotoxin nigericin, that causes pores in the cell
membrane, through which an ionic current, independent of the P2X7 receptor, is present
(Greaney et al. 2015). The ionic current results in a reduction of intracellular K™ and also
activates the NLRP3-inflammasome (Greaney et al. 2015). Further substances and
processes can also act as a second signal including double-stranded ribonucleic acid
(RNA) and lysosome damage (Li et al. 2020).

1.5 Interleukin-1p and Interleukin-18

IL-1pB and IL-18 are secreted following various different steps mentioned in the previous
chapters (see Figure 2). This thesis mainly considers the IL-1p cytokine. IL-1p is the
substance quantitively measured in the supernatants of the cells in most of the
experiments performed. Therefore, the importance of this cytokine is emphasized at this
point. 11-18 is only briefly mentioned at the end since it is not of high relevance for this

thesis.

IL-1p is a pro-inflammatory inflammasome-dependent cytokine, that belongs to the IL-
family (Lee et al. 2016). Apart from the B version, an a version is known, which belongs
to the same family as well as interleukin-receptor antagonist (IL-1Ra), IL-18 and 7 further
cytokines (Dinarello 2018a; Garlanda et al. 2013). Interleukin-1a (IL-1a) and IL-1 both
bind to the interleukin-1 receptor (IL-1R) and mediate a similar response (Singh et al.
2019). Meaning both interleukins play an important role in inflammatory processes,
however IL-1p has an effect primarily systemically and IL-1a more locally since it is
secreted by tissue macrophages (Galozzi et al. 2021). There are 10 receptors that belong
to the interleukin-1-receptor (IL-1R) family, IL-1p however binds to interleukin-1
receptor 1 (IL-1R1) and interleukin-1 receptor 2 (IL-1R2) directly and interleukin-1
receptor 3 (IL-1R3) acts as a coreceptor, that is important for the signaling function
(Boraschi et al. 2018). IL-1Ra is a natural IL-1R antagonist, inhibiting an interaction
between IL-1f and IL-1R (Ren and Torres 2009).

IL-1B is produced by cells from the innate and acquired immune system such as activated

monocytes, macrophages as well as natural killer cells, neutrophilic granulocytes and B-
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lymphocytes (Dinarello et al. 2012; Stoffels et al. 2015). IL-1p is made from an inactive
form called pro-1L-1p via proteolytic cleavage by the enzyme caspase-1, see chapter 1.4
(March et al. 1985; Kostura et al. 1989; Garlanda et al. 2013).

When IL-1B is released, numerous effects are seen, such as the release of IL-2 and IL-6,
as well as granulocyte-colony stimulating factor (G-CSF), tumor necrosis factor o (TNFa)
and chemokines which additionally stimulate the bone marrow, releasing neutrophilic
granulocytes and thrombocytes (Crown et al. 1993; Garlanda et al. 2013). Furthermore,
an upregulation of the gene expression as well as the synthesis of cyclooxygenase-2
(COX-2) and the inducible NO-synthase is seen. This results in the increased release of
NO and prostaglandin E> (Busse and Mulsch 1990; Barbera-Cremades et al. 2012). NO
leads to vasodilation and hypotension (Busse and Milsch 1990). The elevated level of
prostaglandin E> in the brain results in an upregulation of the nominal temperature,

resulting in a fever (Barbera-Cremades et al. 2012).

IL-1P on the one hand has the important role of defending against infection (Garlanda et
al. 2013). On the other hand, the dysregulated release can lead to systemic diseases such
as gout, rheumatic diseases, sepsis as well as chronic inflammatory bowel diseases (Ren
and Torres 2009; Dinarello et al. 2012; Ozaki et al. 2015; Bank et al. 2019; Geyer and
Muller-Ladner 2010; Li et al. 2016). Therefore, the release of Il-1B needs to be strictly
regulated (Dinarello 2018a). As mentioned in the previous chapters, only after having
recognized two potential danger signals IL-1B is released, giving the IL-1p secretion a
control mechanism (Stoffels et al. 2015; Dinarello 2009). When the IL-1p producing cells
are confronted with a danger signal, pro-IL-1p is produced and accumulates in the cytosol
(Dinarello 2018a). For the maturation of pro-IL-1p, a second danger signal, is often
needed, which leads to the activation of the NLRP3-inflammasome (see Figure 2)
(Dinarello 2018a). Caspase-1 then, as mentioned before, leads to the proteolysis of pro-
IL-1P to mature IL-1p that can then be secreted, however the exact secretion process is

controversial and still being discussed (Lopez-Castejon and Brough 2011).

A further regulatory component of the 1l-1p release is the IL-1R antagonist (Dinarello et
al. 2012). Different medicines targeting IL-1p dysregulated diseases have been developed
since 1993. Anakinra for example is a IL-1Ra and therefore prevents the activity of IL-
lo and IL-1P and is used for different autoinflammatory diseases (Ramirez and Cafiete
2018).
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IL-18 has many similarities to IL-1p. First, it belongs to the same IL-family and is also a
pro-inflammatory cytokine that plays a crucial role in regulating the immune system
(Gracie et al. 1999). IL-18, as well as IL-1p, is synthesized as an inactive precursor, that
is cleaved by caspase-1 into the active I1L-18 form (Gu et al. 1997). Therefore, the
NLRP3-inflammasome is also relevant for IL-18 (Gu et al. 1997). A lot of cells have the
capability to produce 11-18 in response to infection, inflammation or cellular stress,

however monocytes and macrophages are mainly known to do so (Yasuda et al. 2019).

Furthermore, IL-18 can modulate the acquired and the innate immune system (Wawrocki
et al. 2016). It has shown to promote and suppress inflammation, making it a complex
regulator of the immune response (Gracie et al. 1999; Wawrocki et al. 2016). The
dysregulation of the IL-18 release can, as with IL-1pB, be implicated in a variety of
immune-related diseases, including infectious diseases, cancer or autoimmune disorders,
like rheumatoid arthritis (Baker et al. 2019). IL-18 signals through the receptor
interleukin-18 receptor (IL-18R), which is expressed on various immune cells, including
T-cells and monocytes (Wiley and Winkles 2003). Once IL-18 binds to the receptor, it
activates a signal cascade that results in the production of other cytokines, such as
interferon-y (INF-y) and the activation of immune cells (Wiley and Winkles 2003).
Research on IL-18 is ongoing, therefore a better understanding may lead to the

development of new therapies for a range of diseases.

1.6 Cholinergic system

The previous chapters have focused on the maturation and the signal cascades involved
in the maturation and release of IL-1p. In the following chapter, one of the inhibition
mechanisms of the ATP-dependent maturation and release of IL-1p will be viewed, being
the cholinergic system. In figure 3, the nicotinic acetylcholine receptor (nAChR) with its
subunits is shown as a pentamer. On activation of the NAChR via for example the agonist
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acetylcholine (ACh), the P2X7 receptor is blocked and the IL-1f secretion inhibited. All
steps in detail will be looked at in the following passages.

nAChR agonists

v

1. Signal 2. Signal

NLPR3
@ Inflammasome
Pro-

Caspase-1

NF-KB \
pro-IL-1B v IL-1B
pro-IL-18 —

Nucleus

Intracellular

Extracellular

Figure 3. Schematic overview of the cholinergic inhibition of the adenosine
triphosphate (ATP)-mediated interleukin-1§ (IL-1B) and interleukin-18 (IL-18)
release. For the release of mature IL-1p and IL-18, two signals are needed. The first
danger signal lipopolysaccharide (LPS) leads to the activation of the toll-like receptor 4
(TLR4) and induces the expression of the precursor protein pro-IL-1 through activation
of the transcription factor nuclear factor kB (NF-«kB). The second signal extracellular
ATP activates the P2X7 receptor and leads to the assembling of the NLRP3-
inflammasome, consisting of NLPR3, apoptosis-associated speck like protein (ASC) and
pro-caspase-1. This, activates caspase-1 which induces the cleavage of pro-IL-1p and pro-
IL-18 to mature IL-1p and IL-18, that can then be released. The activation of the nicotinic
acetylcholine receptor (nAChR) with its subunits a7, a9/a10 leads to an inhibition of the
ATP-sensitive P2X7 receptor. Hence, the maturation of IL-1f and IL-18 is inhibited.
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ACh is one of the oldest identified neurotransmitters (Tansey 2006). In the early 1900s,
a substance, later identified as being ACh, was shown to reduce heart muscle tone and
stimulate the smooth muscle of the intestine (Tansey 2006). Today, ACh is not only
known to be a neurotransmitter, but also an immune system modulator (Olofsson et al.
2012; Cox et al. 2020). Therefore, it is not only found in neuronal cells but also released
by non-neuronal cells such as lymphocytes and endothelial cells (Kawashima et al. 2015).
ACh of neuronal origin, on the one hand, showed an anti-inflammatory effect in
macrophages, by inhibiting the release of TNFa (Borovikova et al. 2000). On the other
hand, recent studies have shown that non-neuronal ACh also plays an important role in
the regulation of the immune system (Gwilt et al. 2007; Fujii et al. 2017; Borovikova et
al. 2000). Furthermore, muscarinic and nicotinic ACh receptors were first found on
immune cells in the 1970s, indicating a cholinergic system independent of the nervous
system (Kawashima and Fujii 2000; Neumann et al. 2007). Research today shows, that
nicotinic ACh receptors (nAChRs) are found in the central and peripheral nervous system,
the immune system as well as in muscle tissue and others (Fujii et al. 2017). It is made
up of 5 subunits arranged circularly creating an intramembrane channel (Fujii et al. 2017).
Depending on the tissue, the constellation of subunits varies (Cascio 2004). It can either
consist of heteromeric or homomeric subunits (Cascio 2004). The known subtypes are: o
(a1-10), B (B1-4), v, 6 and € (Fujii et al. 2017). In immune cells the receptor can be made
up of the subunits a7, a9/10, which is important for this thesis (Hecker et al. 2015; Zoli
et al. 2018).

Further studies have shown that the nAChR and the P2X7 receptor can interact, the exact
mechanism however remains unknown (Di et al. 2018; Richter et al. 2016). The activation
of the neuronal ionotropic nAChR leads to an increase in permeability for specific cations
like mainly Ca?* which leads to a cell membrane depolarization following intracellular
signaling pathways (Albuquerque et al. 2009). However, in non-neuronal nAChRs an
ionotropic function has not been seen, a metabotropic function is rather assumed (Hecker
etal. 2015; Richter et al. 2018; Zakrzewicz et al. 2017). This metabotropic activation then
leads to an inhibition of the P2X7 receptor, which then is not able to react to ATP in an
ionotropic manner (Hecker et al. 2015; Richter et al. 2016).
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Recent studies lead to the conclusion that further substances having a choline group like
phosphocholine (PC), phosphatidylcholine, or are PC-modified, have a similar anti-
inflammatory effect to ACh, however do not show an ionotropic effect at conventional
nAChRs (Hecker et al. 2015; Richter et al. 2016). Further cholinergic agonists are C-
reactive protein (CRP), dipalmitoylphosphatidylcholine (DPPC) and
glycerophosphocholine (GPC) (Hecker et al. 2015; Richter et al. 2016). These agonists
bind to the nAChR and lead to an inhibition of the BzATP-dependent NLRP3-
iflammasome activation and therefore lead to an inhibition of the IL-1p release (Hecker
et al. 2015; Richter et al. 2016; Backhaus et al. 2017). This was seen in different
experiments. First, the primary danger signal being LPS was added to the cells, which
induced the intracellular concentration of pro-IL-1 (Hecker et al. 2015; Richter et al.
2016). After the addition of BzATP, being the second stimulus, a higher concentration of
IL-1B was measured in the cell supernatant (Hecker et al. 2015; Richter et al. 2016).
However, after the addition of ACh, the IL-1p concentration was reduced in the cell
supernatant (Hecker et al. 2015; Richter et al. 2016).

ACh and PC both unfold their effect via all 3 subunits a7, a9 and a10 of the nAChR.
DPPC and GPC for example depend on 09 and a10 nAChRs but can act independently
of the subunit a7 (Backhaus et al. 2017; Hecker et al. 2015; Zakrzewicz et al. 2017). In
order to understand on which subunit a substance exerts its effect, the conopeptide ArIB,
as an antagonist for the subunit a7, as well as the conopeptide RglA4 as an antagonist for
the subunits 09/a10, have been used in the past research and will be used for the
experiments in this thesis (Grau et al. 2018). The experiments are performed on cells such
as human peripheral blood mononuclear cells (hPBMCs), mouse peripheral blood
mononuclear cells (mPBMCs) and mouse BMDMs. Additionally, gene-deficient free
fatty acid receptor 2 (FFA2) mice are used for the experiments and reporter mice for the

staining.

This cholinergic inhibition mechanism is used by invading pathogens (Grabitzki et al.
2008). Some bacteria and parasites such as protozoa secrete PC-modified
macromolecules (Grabitzki et al. 2008). Furthermore, some pathogens use PC-modified
cell membrane components from the host (Grabitzki et al. 2008). By using this PC group,
the pathogens can inhibit and modify the immune system, since the cholinergic substance
inhibits the IL-1p secretion in monocytes (Grabitzki et al. 2008). This enables the
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pathogens to reduce inflammation and therefore escape an immune response making an
intrusion easier (Grabitzki and Lochnit 2009).

1.7 Short-chain fatty acids (SCFAS)

A fatty acid is a carboxylic acid with an aliphatic chain (Layden et al. 2013). It can be
saturated or unsaturated and is organic (Layden et al. 2013). Different classification
methods are used (Layden et al. 2013). In this thesis, the number of carbon atoms
determines the classification. If the aliphatic tail has 5 carbon atoms or less, it is called a
SCFA (Cifuentes 2013). At 6-12 carbon atoms the fatty acid would belong to the medium
group (Layden et al. 2013). 13-21 carbon atoms are called long-chain fatty acids (Layden
et al. 2013). 22 or more carbon atoms belong to the very long chain fatty acids (Moss et
al. 1995; Layden et al. 2013) SCFAs are typically saturated (Cifuentes 2013). The three
most common SCFAs are: acetate, butyrate and propionate, which are present in the
human gut (Wong et al. 2006). The molar ratio they are found in is 60:20:20, respectively,

however differences may occur (Cummings 1981).

SCFAs are the result of intestinal microbial fermentation of indigestible foods (Brody
1999). When a human being eats dietary fiber or resistant starches like complex
carbohydrates that cannot be fully broken down by digestive enzymes and are resistant to
hydrolysis, the components reach the colon for fermentation (Wong et al. 2006).
Primarily in the proximal colon, the fiber, being a substrate, is fermented by specific
anaerobic bacteria of the genus Bacteroides, Clostridium, Lactobacillus and others
(Wong et al. 2006). The result of the fermentation process are the SCFAS, gases such as
CO3, CH4 and H> as well as heat (Topping and Clifton 2001). The rate and amount of
SCFAs produced is determined by various different factors (Roberfroid 2007). One being
the amount and species of microflora present in the colon (Roberfroid 2007). Then, the
origin of the fiber and the time needed to pass through the intestine (Roberfroid 2007;
Cook 1998; Agrenzio and Southworth 1975). The substrates transiting the intestine may

also have an influence on the population and species of bacteria in the gut (Savage 1986).

The absorption of the SCFAs is very efficient (McNeil et al. 1978). Only about 5-10%
are excreted (McNeil et al. 1978). Thus, the SCFAs are absorbed into the colonocytes,

which are cells lining the colon, via anion exchange or diffusion of protonated SCFAs
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(Besten et al. 2013; Birt et al. 2013). Furthermore, the SCFAs are used as an energy source
by the colonocytes or enter the bloodstream via the portal vein and then are used as an
energy source by other organs like the liver or muscles (Wong et al. 2006; Besten et al.
2013; Birt et al. 2013).

The functions of SCFAs are broad and generally crucial for gastrointestinal health
(Canfora et al. 2015). Therefore, alterations in the composition and quantity of the
microflora in the gut, consequently leads to a change in the concentration of the
production of SCFAs (Maslowski et al. 2009). This has thought to lead to the
development of illness such as inflammatory bowel disease (IBD), colon cancer, obesity
and diabetes mellitus type 1 and 2 (Maslowski et al. 2009; Filippo et al. 2010). SCFAs
are known to be regulators in proliferation, gene expression and differentiation (Corréa-
Oliveira et al. 2016). Furthermore, they have an influence on the pH level as well as cell
volume (Cook 1998). Therefore, they indirectly have an impact on the composition of the
microflora present in the colon, since depending on the pH level different bacteria are
found (Roberfroid 2007; Vince et al. 1978; Jenkins et al. 1987). A further function is the
ability of SCFAs to affect the production of lipids and vitamins (Byrne et al. 2015).
Recent studies show that SCFAs have an impact on cardiometabolic health and appetite,
as well as mental health and mood (Mueller et al. 2020; Merchak and Gaultier 2020).
They are also thought to lower blood pressure in experimental animals (Marques et al.
2017). A further relevant function of SCFAs is its involvement in immune responses
(Ramos et al. 2002; Bailon et al. 2010). Fatty acids can induce apoptosis in a variety of

immune cells (Ramos et al. 2002; Bailon et al. 2010).

The first discovery in 1813, that a so-called “acide grass” may exist, was made by a
Frenchman called Michel Eugéne Chevreul (Chevreul 1813). In the early 20th century, a
man called Maurice Hanriot identified fatty acids in horse feces (Hanriot 1911). After
further decades of research, in the 1960s, the Japanese men Joij Suzuki and Shigeru
Mitsuoka studied the effects of SCFA on gut health and the microbiome. Today, the
research on the role of SCFAs in humans’ health and disease, as well as the potential as
a therapeutic target for a variety of conditions is ongoing. Therefore, in this thesis,

experiments on the effect of SCFAS in the secretion of IL-1 were conducted.

Acetate chemically consists of 2 carbon atoms (C2) and is therefore the shortest of the 3
SCFAs mentioned in this thesis (Brody 1999; Martin-Gallausiaux et al. 2021). It is also
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the principal SCFA in the colon (Brody 1999). Acetate does primarily not stay in the
colon for metabolization, but is easily absorbed, predominantly enters the portal vain and
is primarily transported to the liver (Canfora et al. 2015). Therefore, acetate is the main
SCFA in the human blood and is used to monitor colonic function (Cook 1998). Organs
with cells that have the enzyme acetyl-CoA synthetase are able to use acetate as an energy
source for lipogenesis (Canfora et al. 2015). Furthermore, acetate is also used in the
cholesterol synthesis (Wolever et al. 1989).

Acetate has shown to be involved in metabolic regulation (Martin-Gallausiaux et al.
2021). It is known that acetate has an influence on the lipid metabolism and glucose
homeostasis (Canfora et al. 2015). Therefore, recent studies suggest that acetate plays a
role in body weight control and insulin sensitivity (Hernandez et al. 2019; Tripolt et al.
2013).

Another important function recently discovered, is the role of acetate in
neuroinflammation, which itself is associated to the Alzheimer’s disease (Liu et al. 2020).
This fatty acid is able to pass the blood brain barrier and has shown to have an anti-
inflammatory effect on the brain (Liu et al. 2020). In studies performed on the mouse,
first indications were seen, that acetate can inhibit the activation of microglia and

therefore the production of pro-inflammatory cytokines (Liu et al. 2020).

The anti-inflammatory effect is not only seen in the brain but also in the gut, where acetate
promotes the production of anti-inflammatory cytokines (Deleu et al. 2023). Acetate can
also induce the growth of beneficial bacteria and inhibit the growth of pathogenic bacteria
in the colon (Martin-Gallausiaux et al. 2021; Deleu et al. 2023). Moreover, the fatty acid
is able to enhance the barrier function of the colon, that helps reduce the risk of
permeability-associated diseases such as food allergies (Roberfroid 2007; Deleu et al.
2023). A broad number of studies have been done and still being performed on the
functions of acetate as well as the other SCFAs. Only some will be mentioned in this

thesis.

Butyrate is the SCFA consisting of 3 carbon atoms (C3) (Brody 1999; Martin-
Gallausiaux et al. 2021). The colonocytes, which are epithelial cells of the colon, use
butyrate as the favored energy source to create ATP, even compared to glucose supplied

by the blood (Fleming and Floch 1986). Therefore, butyrate is metabolized by the
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colonocyte to a high percentage: 70% to 90%, compared to the other SCFAs (Cook 1998;
Martin-Gallausiaux et al. 2021).

This fatty acid also plays a role in the regulation of cell proliferation and differentiation,
giving it a very important function in the health of the colon (Roberfroid 2007; Topping
and Clifton 2001; Cook 1998). Butyrate has shown a stronger antiproliferative effect
compared to acetate and propionate (Bornet et al. 2002). In animals and cell line studies,
a preventive effect on colon cancer and also the development of adenomas has been
observed (Bornet et al. 2002; Hague et al. 1995). The exact mechanism of the inhibitory
effect considering the cell proliferation has not yet been fully understood. There are
studies showing that butyrate leads to an induction of ICAM-1 messenger RNA (MRNA)
and p21WAFVCIPL |evels which then leads to a cell cycle arrest at stage G1, resulting in a
cell proliferation inhibition (Scheppach and Weiler 2004). This arrest at G1 may allow
DNA checkpoint-mediated repair of possible mutations (Scheppach and Weiler 2004;
Archer et al. 1998). Furthermore, butyrate inhibits the histone deacetylase, inducing
apoptosis and also leading to a different confirmation of the DNA, enabling possible DNA
damage to be repaired by repair enzymes (Sealy 1978; Grunstein 1997). The so-called
butyrate paradox describes that butyrate on the one hand leads to cell stimulation in
colonocytes and on the other hand has the ability of suppressing the proliferation of
adenocarcinoma cells in the colon (Lupton 2004). The paradox can occur due to different
factors, such as the amount and source of butyrate administered as well as at what stage
of cancer butyrate is given (Lupton 2004).

Butyrate has a similar anti-inflammatory effect in the gut, compared to acetate mentioned
above (Martin-Gallausiaux et al. 2021; Tedelind et al. 2007). Not only does butyrate
reduce inflammation in the colon, it also does so in other parts of the body, primarily by
promoting the production of anti-inflammatory cytokines and therefore inhibiting the

production of pro-inflammatory cytokines (Tedelind et al. 2007).

Another similarity seen in all SCFAS, but especially in acetate and butyrate is the function
to strengthen the intestinal barrier (Peng et al. 2009; Bach et al. 2018). This is done for
example by increasing the production of mucus and also the production of tight junction
proteins (Bach et al. 2018; Peng et al. 2009). The barrier in the intestine is important to
prevent specific substances from entering the blood stream (Peng et al. 2009). Therefore,
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the function of strengthening this barrier stops harmful substances passing, preventing
specific diseases of the gut (Peng et al. 2009).

Propionate is the longest SCFA used for experiments in this thesis. It consists of 4 carbon
atoms (C4) (Martin-Gallausiaux et al. 2021; Brody 1999). There are 2 main ways of
production (Hosseini et al. 2011). First being the formation of succinate that is then
decarboxylated (Hosseini et al. 2011). The second is called the “acrylate pathway”, here
propionate is produced from lactate or acrylate (Cummings 1981; Hosseini et al. 2011).
Research shows that propionate is better absorbed in the colon than acetate is (Dawson et
al. 1964; Wong et al. 2006). Furthermore, propionate is extracted to a higher percentage
by the liver than acetate, during one single pass (Peters et al. 1992; Wong et al. 2006).
Propionate is used as a substrate for gluconeogenesis in the liver, however studies also
report the opposite effect (Baird et al. 1980; Verbrugghe et al. 2012). Propionate also
inhibits gluconeogenesis (Baird et al. 1980; Verbrugghe et al. 2012). The exact
mechanism in this area remains unknown. In various studies propionate shows a lipid
lowering effect (Venter et al. 1990). It is thought, that the higher production of propionate
through fermentation leads to an inhibition of the hepatic cholesterol synthesis (Venter et
al. 1990).

On the one hand, both butyrate and propionate have an anti-inflammatory effect
(Filippone et al. 2020). They lead to a reduction of chemokine production in immune cells
which therefore suppresses the recruitment of immune cells such as monocytes and
neutrophils (Filippone et al. 2020). On the other hand, however research shows that
SCFA:s are able to induce the migration of immune cells to the site of infection (Vinolo
et al. 2009; Niedermann et al. 1997). This opposing observation has not yet been fully

understood.

Recent studies performed only with propionate show the influence of this SCFA on
appetite and metabolism (Chambers et al. 2015). Propionate stimulated the release of
glucagon-like peptide-1 (GLP-1) and peptide YY (PYY) in human colonic cells
(Chambers et al. 2015). These hormones are known to play a role in appetite regulation
and glucose homeostasis (Chambers et al. 2015). The study shows a reduced weight gain
in overweight human adults (Chambers et al. 2015). Propionate has also shown to
improve insulin sensitivity, therefore a possible treatment in diseases like diabetes type 2
is plausible (Chambers et al. 2015).
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A further effect propionate has shown on the human body is the reduction of cholesterol
levels in the blood, as well as a reduction of the blood pressure (Tang et al. 2013). These

factors have a positive influence on cardiovascular health (Tang et al. 2013).

Similar to both other SCFAs, propionate has an important role in regulating immune
functions (Goncalves et al. 2018). This immunomodulatory effect may help to prevent or
treat autoimmune diseases (Gongalves et al. 2018). Propionate has shown to influence the
promotion of regulatory T-cells (Treg) which helps reduce the extreme immune responses
and therefore prevent autoimmune disease (Arpaia et al. 2013). Further important
functions, such as the regulation of cytokine production, maintenance of the gut barrier
and the regulation of immune cell migration are attributed to propionate, which will not
be discussed in more detail at this point (Peng et al. 2009; Gongalves et al. 2018).

1.8 FFA2/FFA3

After having gone through the function of the SCFAs generally and each SCFA
specifically, this chapter will look at the fatty acid receptors. The exact signal transduction
is not yet fully understood. In the experiments of this thesis, the role of the SCFASs on the
IL-1pB secretion via FFA2 and free fatty acid receptor 3 (FFA3) in hPBMCs and mPBMCs

as well as mouse BMDMs will be looked at.

FFA2 and FFA3 belong to a big family of G-protein coupled receptors (GPRs) and are
also known as GPR43 and GPR41 (Ximenes et al. 2007). The receptors are encoded by
the FFAR2 and FFAR3 genes (Sawzdargo et al. 1997). When the receptors were first
discovered, they were named “orphan receptors” since it was not yet known what ligands
activate the receptors (Pierce et al. 2002). However, both receptors display a structure that
is typical for GPRs (Hara et al. 2013; Brown et al. 2003). An N-terminus with cysteine
residues is found on the extracellular side of the membrane, which is important for the
binding of ligands (Brown et al. 2003). Intracellularly, a C-terminus with regulatory
domains is found, that shows importance in downstream signaling pathways (Brown et
al. 2003; Ulven 2012). The most typical structure known for FFA2 and FFAS3 is the 7
transmembrane a-helical bundle (Hara et al. 2013; Brown et al. 2003; Ulven 2012).

FFA2 and FFA3 are expressed on various different cells throughout the body, however

FFAS3 seems to be more widely spread (Maslowski et al. 2009). They are found on for
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example immune cells such as monocytes, enteroendocrine cells and enterocytes
(Maslowski et al. 2009). The highest expression of FFA2 is found on monocytes and
neutrophils (Maslowski et al. 2009; Tolhurst et al. 2012). However, the measurement of
the expression level is based on mMRNA measurements, therefore the values may not
correlate with the actual protein expression (Tolhurst et al. 2012; Maslowski et al. 2009;
Kimura et al. 2013). The expression of FFA2 has seen to change in response to for
example inflammation (Ang et al. 2015). In monocytes, treatment with LPS or TNFa can
lead to an upregulation of FFA2 expression (Ang et al. 2015). The ligands for FFA2 and
FFA3 are SCFAs (Brown et al. 2003). This discovery was made by 3 different research
groups simultaneously in 2003. Though further studies show that FFAZ2 is activated more
by acetate and propionate and FFA3 on the other hand is activated most by butyrate and

propionate (Brown et al. 2003).

After the binding of SCFAs, the FFA2 and/or FFA3 are activated (Brown et al. 2003). A
complex signal cascade follows this activation (Brown et al. 2003). Until today, the exact
signaling pathway remains partly unknown. However, in the following, only a few
discovered steps will be mentioned (Le Poul et al. 2003). Starting with the activation of
guanine nucleotide binding proteins (G-proteins) (Le Poul et al. 2003; Katritch et al.
2013). It is thought, that the signal pathway of FFA2 and FFA3 may differ, resulting in
the activation of different G-proteins (Katritch et al. 2013). For example, the Gaijo and
Gag11 pathway (Le Poul et al. 2003; Katritch et al. 2013). FFA2 is thought to be capable
of dual signaling (Le Poul et al. 2003). The activation of the FFA3 leads to an inhibition
of the adenylyl cyclase activity which reduces the production of cyclic AMP (cAMP) (Le
Poul et al. 2003). The activation of one of the G-protein family (Gq) leads to the increase
of intracellular Ca®* levels and the activation of the extracellular-signal regulated kinases
(ERK1/2) cascade (Le Poul et al. 2003). Additionally, the FFA2/3 can lead to an
activation of further intracellular signaling pathways such as those mediated via -
arrestin, which can lead to cellular processes like the migration of cells or the
rearrangement of the cytoskeleton as well as inactivation of NF-xB and therefore a
reduced expression of pro-inflammatory cytokines (Le Poul et al. 2003; Kimura et al.
2013; Lee et al. 2013; Ang et al. 2018). A potent FFA2 activator 4-chloro-o-(1-
methylethyl)-N-2-thiazolylbenzeneacetamide (4-CMTB) is reported to activate the Gaio
and Gag/11 pathway (Lee et al. 2008). Furthermore, studies show that the FFA2 and FFA3
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are able to interact and form a heteromeric structure showing a signaling that differs from

the homomeric form (Ang et al. 2018).

Receptor knockout mice as well as mice expressing the wild-type receptors and synthetic
ligands have made it able to show the broad physiological function the two receptors
display (Kim et al. 2014). As mentioned above, each SCFA shows various different
functions (Martin-Gallausiaux et al. 2021). These can make an impact by activating the
signaling pathways of the FFA2 and FFA3, that lead to the great amount of different
physiological processes (Brown et al. 2003). FFA2 and FFAS3 appear to play an important
role in numerous health conditions (Ulven 2012; Tolhurst et al. 2012; Nghr et al. 2013).
Here, just a few are mentioned. Beginning with cellular functions like insulin secretion,
the glucose metabolism and reaching systemic functions such as appetite regulation,
diabetes, asthma, hypertension, modulation of inflammatory responses, energy
metabolism or gut motility and cancer (Kim et al. 2014; Ulven 2012; Tolhurst et al. 2012;
Nghr et al. 2013; Maslowski et al. 2009; Ang and Ding 2016). Most of these functions
were primarily discovered through FFA2 or FFA3 deficient mice (Maslowski et al. 2009).
FFA2 deficient mice showed exacerbated inflammation in different experimental models
for human diseases such as colitis, arthritis and asthma, probably due to the increased
production of inflammatory mediators by FFA2 deficient immune cells (Maslowski et al.
2009). A similar dysregulation was seen in mice that were devoid of bacteria, in which
the production of SCFAs was little to none (Maslowski et al. 2009).

After understanding the importance of FFA2 as well as FFA3 and the influence of SCFAS
on various diseases and functions, the therapeutic potential has become interesting in
relation to specific diseases (Maslowski et al. 2009; Ulven 2012). FFA2 and FFA3 have
therefore become a potential therapeutic target (Ulven 2012). There are several
possibilities of targeting the receptors (Ulven 2012). For example, the consumption of
fiber rich food or a future possibility is seen in synthetic agonists (Ulven 2012). However,
experiments have already been performed using synthetic agonists in patients suffering
from ulcerative colitis, but have failed to provide a clinical benefit (Namour et al. 2016).
This trial showed, that multiple factors play a role in the interplay between disease and
the possible therapeutic target (Namour et al. 2016). Therefore, the complex role of FFA2
and FFA3 still remains not fully understood.
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1.9 Hypothesis

SCFAs have shown to have a significant systematic impact on physiological processes in
the human body via FFA2 and/or FFA3. These functions range from strengthening the
gut barrier to functions like the regulation of glucose homeostasis (Peng et al. 2009;
Chambers et al. 2015). The profound influence of SCFAs on inflammation has become
of interest. In past studies, a cholinergic inhibition mechanism of the ATP-induced IL-13
release via for example PC-modified macromolecules has been discovered (Hecker et al.
2015; Richter et al. 2016). In this present work, | use hPBMCs, mPBMCs and mouse
BMDMs as well as PBMCs from FFA2 gene-deficient mice to test the following main
hypothesis: the SCFASs lead to an inhibition of the ATP-induced IL-1p release via the
activation of the cholinergic system (see figure 4).

SCFAs nAChR agonists
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Figure 4. Schematic overview of the short-chain fatty acid (SCFA)-induced
inhibition mechanism of the adenosine triphosphate (ATP)-mediated interleukin-1p
(IL-1pB) and interleukin-18 (IL-18) release. For the release of mature IL-1p and IL-18,
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two signals are needed. The first danger signal lipopolysaccharide (LPS) leads to the
activation of the toll-like receptor 4 (TLR4) and induces the expression of the precursor
protein pro-IL-1p through activation of the transcription factor nuclear factor kB (NF-
kB). The second signal extracellular ATP activates the P2X7 receptor and leads to the
assembling of the NLRP3-inflammasome, consisting of NLPR3, apoptosis-associated
speck like protein (ASC) and pro-caspase-1. This, activates caspase-1 which induces the
cleavage of pro-IL-1p and pro-1L-18 to mature IL-1p and IL-18, that can then be released.
In the following, the hypothesis of this thesis is displayed. This signal path is inhibited by
SCFAs that lead to an intracellular signal transduction via free fatty acid receptor 2 and 3
(FFA2, FFA3) and guanin nucleotide binding proteins (Ggq, Gi). This leads to an activation
of the nicotinic acetylcholine receptor (nAChR) with its subunits a7, a9/al0 and
therefore, an inhibition of the ATP-sensitive P2X7 receptor. Hence, the maturation of IL-
1B and IL-18 is inhibited. Modified according to (Siebers et al. 2018; Dinarello 2009;
Hecker et al. 2015; Richter et al. 2016; Zakrzewicz et al. 2017; Backhaus et al. 2017;
Grau et al. 2018).
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2. Materials and Methods
2.1 Materials and Chemicals

2.1.1 Reagents

Manufacturer

4-CMTB (4-chloro-a-(1-methylethyl)-N-

2-thiazolylbenzeneacetamide)

Tocris Bioscience, Tocris House, Bristol,
UK #4642

5-BDBD (5-(3-Bromophenyl)-1,3-
dihydro-2H-Benzofuro[3,2-e]-1,4-
diazepin-2)

Tocris Bioscience #3579

A 438079 hydrochloride

Bio-Techne/ Tocris, Minneapolis, MN,
USA #2972

Acetate (sodium acetate trihydrate,

Emsure®)

Merck #1.06267.0500

Agarose (UltraPure™)

Invitrogen™, Thermo Fisher Scientific,
Waltham, MA, USA #16500-100

Agua dest. (Aqua destillata)

B. Braun, Melsungen, Germany

Agueous mounting medium;

Fluoromount™

Sigma-Aldrich Chemie #F4680

AR420626

Tocris Bioscience #6163

ArlB

J. Michael Mclntosh, Salt Lake City, UT,
USA

Provided in the context of a cooperation.

ATP (Adenosine triphosphate)

Sigma-Aldrich Chemie #A2383

BSA (Bovine serum albumin)

Sigma-Aldrich Chemie #A9418

Butyrate (sodium butyrate)

Merck #8.20236.0250

BzATP (2'(3")-O-(4-Benzoylbenzoyl)
adenosine 5'-triphosphate

triethylammonium salt)

Jena BioScience, Jena, Germany #NU-
1620-5

Chloroform

Merck #67663
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DAB (3,3'-

Diaminobenzidinetetrahydrochloride)

Sigma-Aldrich Chemie #SLBF8928V

DMSO (Dimethyl sulfoxide)

Sigma-Aldrich Chemie #D5879

DNA loading dye

Thermo Scientific, Schwerte, Germany
#R0611

Ethanol

Merck #32205

Ethylenediamine tetraacetic acid
(EDTA)

Carl Roth, Karlsruhe, Germany #6381-92-
6

Fast Blue BB salt

Sigma-Aldrich Chemie #5486-84-0

FCS (Fetal bovine serum)

Cell Concepts, Umkirch, Germany #S-
EUR30-I

Ficoll Paque (Leukosep™ tube) 50 ml

Greiner Bio-One, Frickenhausen,
Germany #227288

GelRed™ Nucleic Acid Gel Stain

Biotium, Fremont, CA, USA #41003

GeneRuler 100bpPlus DNA Ladder

Thermo Scientific, Schwerte, Deutschland
#SM0323

Glycergel Dako, Glostrup, Denmark #11206547
H20, (Hydrogen peroxide 30%) Merck #107209

Haematoyxlin Merck #15938

HCI (Hydrochloric acid) Merck #H1758

Heparin-Natrium-25000-ratiopharm®

Ratiopharm®, Ulm, Germany

High purity HPLC (high performance
liquid chromatography) water

Merck #1.15333.1009

HRP (Horseradish peroxidase)

Merck #9003-99-0

INF-y (Recombinant mouse interferon-y)

Merck # IFO05
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Isoflurane

Sigma-Aldrich Chemie #26675-46-7

Isopropanol

Sigma-Aldrich Chemie, Steinheim,
Germany #33539

KAI(SOa4)2 (potassium alum)

Merck, Darmstadt, Germany #1042

KCI (potassium chloride)

Merck #7447-40-7

KH2PO4 (Monopotassium phosphate)

Sigma-Aldrich Chemie #7758-11-4

Levamisole

Sigma-Aldrich Chemie #16595-80-5

LPS (Lipolysaccharide from E. coli
026:B6)

Sigma-Aldrich Chemie #L2654

MAM (Monocyte attachment medium)

PromoCell, Heidelberg, Germany #C-
28051

M-CSF (Macrophage colony-stimulating

factor human 10 ng/ml)

Sigma-Aldrich Chemie #SRP3110

NaHPO4 (Disodium phosphate)

Sigma-Aldrich Chemie #7558-79-4

NaCl (sodium chloride)

Sigma-Aldrich Chemie #31434

NaH2PO4 (Monosodium phosphate)

Sigma-Aldrich Chemie #7558-80-7

NalO3z (sodium iodate)

Merck #6525

NaNs3 (sodium azide)

Merck #26628-22-8

NaOH (sodium hydroxide)

Merck #1310-73-2

Naphtol-AS-MX phosphate powder

Sigma-Aldrich Chemie #1596-56-1

N-Dimethylformamide (CsH7NO)

Sigma-Aldrich Chemie #68-12-2

Nigericin sodium salt

Sigma-Aldrich Chemie #N7143

NMS (Normal mouse serum)

Sigma-Aldrich Chemie #M5905

Paraffin

Merck #8002-74-2
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Paraformaldehyde

Sigma-Aldrich Chemie #3052-5-89-4

PBS (Dulbecco's phosphate buffered

saline)

Sigma-Aldrich Chemie #D8537

PenStrep (Penicillin Streptomycin

Gibco™, Thermo Fisher Scientific,

solution) Waltham, Massachusetts, USA #15140-
122
Percoll™ GE Healthcare Bio-Sciences AB, Uppsala,

Sweden #17-0891-02

Propionate (sodium propionate)

Sigma-Aldrich Chemie #P1880-500G

Protease (from Streptomyces griseus)

Sigma-Aldrich Chemie #P5147

RCB (Red blood cell lysis buffer)

BioLegend®, San Diego, CA, USA
#420301

RgIA4

J. Michael Mclntosh, Salt Lake City, UT,
USA

Provided in the context of a cooperation.

RNase-free water

Qiagen, Hilden, Germany #129112

RPMI-1640 medium (Roswell Park
Memorial Institute), with L-glutamine

and sodium bicarbonate

Sigma-Aldrich Chemie #R8758

RPMI-1640 medium; HyClone RPMI-
1640 medium

GE Healthcare Life Sciences HyClone
Laboratories, South Logan, UT, USA
#SH30027.01

TAE buffer (50x) Rotiphorese®

Carl Roth #CL86.1

Tris

Carl Roth #48552

Trypan blue solution

Sigma-Aldrich Chemie #T8154
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Tuerk’s solution

(= Acetic acid gentian violet solution)

Merck #1.09277.0100

Tween® 20 Merck #9005-64-5
Xylol Merck #1330-20-7
B-Mercaptoethanol Merck #60242
2.1.2 Antibodies
Antigen Host Clonality Labelling Provider
Rat Rabbit Polyclonal HRP Dako North
immunoglobulin America, CA,
USA #00082901
Red fluorescent Rabbit Polyclonal Rockland
protein (RFP) Immunochemicals,
Limerick, PA,
USA #600-401-
379
F4/80, mouse Rat Monoclonal Bio-Rad, Serotec,
Dreieich,
Germany
#MCA497RT
Rabbit Swine Polyclonal Alkaline Dako North
immunoglobulin phosphatase | Amerika, CA,
(AP) USA #00079673
Rabbit Goat Polyclonal HRP + Dako North
immunoglobulin Envision®+ America, CA,
USA #10076144
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2.1.3 Kits

Manufacturer

CytoTox96® Non-Radioactive
Cytotoxicity Assay (LDH-Kit)

Promega #G1780

ELISA (Enzyme-linked
Immunosorbent Assay) Human IL-1
beta/IL-1F2 DuoSet

R&D Systems, Minneapolis, MN, USA
#DY201

ELISA Mouse Quantikine®:; Mouse
IL-1B/IL-1F2

R&D Systems #MLBO00C

MinElute® Gel Extraction Kit

Qiagen #28604

QuantiTect® Reverse Transcription Kit

Qiagen #205311

RNeasy® Lipid Tissue Mini Kit

Qiagen #74804

RNeasy® Plus Mini Kit

Qiagen #74134

SsoAdvanced™ Universal SYBR®

Supermix

Bio-Rad Laboratories, Inc. Watford, UK
#1725270

2.1.4 Consumables

Manufacturer

12-well plate Corning Incorporated Costar, Amsterdam,
The Netherlands #CLS3512
24-well plate Greiner Bio-One #662160

26 G x 1/2 needle

BD Microlance™, Becton, Dickinson and
Company, Louth, Ireland #303800

27 G X 3/4 needle

BD Microlance™ #302200

8-well cellview chamber

Sarstedt, Niumbrecht, Germany

#94.6140.802

96-well plate

Greiner Bio-One #655180
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Adhesive seal sheets

Thermo Scientific, Waltham, MA, USA
#AB-1170

Butterfly needle; Safety-Multifly®, 21
G 200 mm

Sarstedt #85.1638.235

Chamber (Electrophoresis mold and

Thermo Scientific International, Walldorf,

comb) Germany

Cuvette Carl Roth #2292.2
Embedding cassette Merck #H0542
Eppendorf tube 1.5 ml; Micro tube 1.5 | Sarstedt #72.690.001

ml

Eppendorf tube 2.0 ml; Safe-Lock
tubes 2.0 ml

Eppendorf #0030 102.094

Erlenmeyer flask

Fischer Scientific, Schwerte, Germany
#10374661

Falcon® tubes (Polypropylene tubes);
12 ml, Cellstar®

Falcon® tubes (Polypropylene tubes);
15 ml, Cellstar®

Falcon® tubes (Polypropylene tubes);
50 ml, Cellstar®

Greiner Bio-One International GmbH,
Kremsmuenster, Austria #164161

Greiner Bio-One International #188271

Greiner Bio-One International #227261

Heating plate Leica HI 1220

Leica Biosystems, Nussloch, Germany

Ice cooler Tissue Tek®

Sakura® Finelek, Umkirchen, Germany

Magnetic stirrer IKA® C-MAG MS10

IKA®-Works, Wilmington, USA
#0003582600

Microscope slides

Fisher Scientific #13192131
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Multipipette; Eppendorf
Reference® 2.8, 10-100 pl

Multipipette; Eppendorf
Reference® 2.8, 30-300 pl

Eppendorf, Hamburg, Germany
#4926000050

Eppendorf #4926000034

Petri dish; Tissue culture dish

Sarstedt #83.1802.002

Pipette 5 ml
Pipette 10 ml

Pipette 25 ml

Greiner Bio-One International #606107

Greiner Bio-One International #607180

Greiner Bio-One International #760180

Pipette tips 10; Filtertip (sterile), 0.1-
10 pl

Pipette tips 100; Filtertip (sterile), O-
100 pl

Pipette tips 1000; Filtertip (sterile),
100-1.250 pl

Nerbe plus, Winsen, Germany #07-613-8300

Nerbe plus #07-642-8300

Nerbe plus #07-695-8300

Pipette tips 100-1000 pl (not sterile)

Greiner Bio-One International #686290

Pipette tips 200 pl (not sterile) Sarstedt #70.760.012
Pipette tips; epT.1.P.S.® Standard, 30- Eppendorf #0030000897
300 pl
Pipette; Eppendorf Reference® 2, 0.5- | Eppendorf #4924000010
10 pl
Pipette; Eppendorf Reference® 2, 10- | Eppendorf #4924000053
100

Eppendorf #4924000088
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Pipette; Eppendorf Reference® 2, 100-
1000 pl

Pre-wet sterile 40 um mesh (Cell

Strainer)

BD Biosciences Europe, Erembodegem,
Belgium #352340

RT-PCR (Real-time PCR ) 96-well
plate

Thermo Fisher Scientific #AB0600

Sterile plunger 10 ml, Luer Lock

Solo; Omnifix®

B. Braun #4617100V

Sterile scalpel; Sterile surgical blades

B. Braun

Sterile scissors

Peha-instrument, Paul Hartmann AG,

Heidenheim, Germany

Syringe 5 ml; Injekt® 5 ml, 2-part

disposable syringe

Syringe 10 ml; Injekt® 10 ml, 2-part

disposable syringe

Syringe 20 ml; Injekt® 20 ml, 2-part
disposable syringe

B. Braun #4606051V

B. Braun #4606108V

B. Braun #4606205V

Syringe cap, Combi-stopper

B. Braun #4495101R

Tissue flotation bath

Fisher Scientific #22-047-771

2.1.5 Equipment

Manufacturer

AT Kamera Axiocam 305 color

Carl Zeiss Microscopy GmbH, Jena, Germany

Ball mill MM 500 Vario + steel ball

Retsch Lab Equipment, Haan, Germany

Centrifuge Mirko 220R

Hettich Lab Technik, Tuttlingen, Germany

Centrifuge Rotina 420R

Hettich Lab Technik, Tuttlingen, Germany
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Counting chamber Neubauer, depth
0.1 mm, 0.0025 mm?

Laboroptik, Friedrichsdorf, Germany

Fume hood class 11

Thermo Fisher Scientific

Incubator; Heracell 240i CO;-

Inkubator

Incubator, Heracell vios 160i CO»-

Inkubator

Thermo Fisher Scientific

Thermo Fisher Scientific

Microplate reader (Extinction plate

reader); Fluostar Optima®

BMG Labtech, Ortenberg, Germany

Microscope Laborlux D

Leica Mikrosystem, Wetzlar, Germany

Microtome Microm cool-cut HM3553

Thermo Scientific Microm International
GmbH, Walldorf, Germany

Microwave LG Intellowave

LG Electronics, Seoul, South Korea #MS-
202VUT

NanoDrop™ 1000 spectrophotometer

Peglab Biotechnologie, Erlangen, Germany

Power source EV211

Consort, Hertenstraat, Belgium

Safety workbench (Biological Safety
Cabinet Class I1)

MSC-Advantage™, Thermo Scientific
#51028225

ENA 11, Nuaire, Plymouth, MN, USA
#NU S437 500E

Scale AE100

Mettler-Toledo, Columbus, OH, USA

StepOnePlus™ Real-time PCR-System

Applied Biosystems, Carlsbad, CA, USA
#4376598

Thermal Cycler G-Storm GS482

AlphaMetrix Biotech, Roedermark, Germany

Ultrasonic cleaner Sonorex Super
RK102H

Sonorex, Bandelin, Berlin, Germany
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Ultrasonic cleaner

VWR International, Radnor, PA, USA
#142-6044

UV-light table (E3000 UV

Transillumination)

Benchmark Scientific, NJ, USA

Vortex Vortex Mixer REAX 2000, Heidolph,
Schwabach, Germany
Water bath Koettermann, Uetze, Germany

2.1.6 Software

Manufacturer

AlphaDigiDoc 1201 Software

Alpha Innotech (ait-deutschland GmbH),

Kasendorf, Germany

Microsoft Word and Excel

Microsoft, Redmond, WA, USA

SPSS (Statistical Package for the

Social Sciences) statistics 29

IBM (International Business Machines),
Munich, Germany

StepOne Software v2.3

Thermo Fisher Scientific, Waltham, MA,

USA
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2.2 Methods
2.2.1 Human blood experiments

The study was approved by the ethics committee of the medical faculty Giessen, Germany
(No. 90/18) and performed in accordance with the Helsinki Declaration. Each volunteer gave
written informed consent. Blood was drawn under surveillance of a doctor from healthy,

non-smoking male and female adult volunteers using sterile instruments.

2.2.1.1 hPBMCs

Using a sterile pre-prepared heparin-filled syringe with a heparin concentration of 5.000

U/ml (35 pl heparin /15 ml blood), blood was drawn from a cubital vein.

Shortly before usage, the Ficoll Paque (Leukosep™) was put in a centrifuge at 19°C, 500
g and spun for 8 min. The heparin-blood mixture was transferred to a 50 ml Falcon tube
in the safety workbench and diluted with a 1:2 concentration mix of Dulbecco’s phosphate
buffered saline (PBS) and bovine serum albumin (BSA) at a concentration of 0.1%, to the
volume of 50 ml. 5 ng/ml LPS was then added to the blood-PBS-BSA mixture. This

process is called "pulsing"”.

25 ml of the blood-PBS-BSA mixture was slowly poured onto the Ficoll Paque using a
10 ml pipette and then centrifuged at 19°C, 800 g for 25 min, without a break being
applied. After having discarded approximately 10-12 ml of the top layer, the white ring
also called the interphase, which is located just above the Ficoll Paque, was removed
completely and transferred to another Falcon tube without disturbing the lower layers.
The interphase was then filled up to the 45 ml mark with PBS/BSA and centrifuged at
19°C, 500 g for 8 min. The resulting supernatant was discarded and the pellet generated
washed twice with 25 ml of PBS/BSA at 19°C, 500 g for 8 min. The supernatant was
discarded and the pellet was taken up in 10 ml of monocyte attachment medium (MAM)
counted in a 1:10 dilution with Tuerk’s solution in a counting chamber and seeded out in

a 24-well plate in a concentration of 0.5 x 10° cells/500 pl per well.

Following the 3 h incubation time at 37°C and 5% CO, the plate was inverted to discard
the MAM and non-adhering cells and the MAM was replaced with RPMI-1649 medium.
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After incubation, ATP or BzATP and substances like FFA2 and or FFA3 agonists were
added according to the pipette chart and incubated for further 30 min. Then the whole
plate was centrifuged at 4°C, 500 g for 8 min. 250 pl of cell free supernatant of each well
was transferred to an Eppendorf tube and frozen at -20°C and the plate at -80°C for
enzyme-linked immunosorbent assay (ELISA) and lactate dehydrogenase (LDH)

measurements, respectively.

2.2.1.2 ELISA

In this thesis a sandwich ELISA was used to measure concentrations of IL-1p in cell free
cell culture supernatants in pg/ml. The ELISA was carried out according to the
manufacturer’s instructions "Human IL-1 beta/IL-1F2 DuoSet ELISA". The kit contains
the following substances: Human IL-1 B capture antibody, detection antibody, standard,

Streptavidin-HRP, wash buffer, reagent diluent, substrate solution and stop solution.

Firstly, in order to generate a standard curve, a series of dilutions of a standard provided
in the kit with a known concentration, were made. This was done across a range of

concentrations, where the to be measured sample concentrations were expected.

In brief, the plate preparation was done the day before measurement when the capture
antibody was diluted with PBS to the working concentration which was set at 4 pg/ml by
the manufacturer. The 96-well plate was coated and then immediately sealed using an
adhesive seal sheet and incubated overnight. After removing the liquid, 400 pul wash
buffer was added and removed in a total amount of three washing steps. After the last
wash, the plate was inverted and blotted using clean paper towels. 300 ul of reagent
diluent was added to each well and incubated at room temperature for 1 h. After the plates
had been washed three times, 100 pl of diluted or undiluted samples and standards were
added per well, covered with an adhesive seal sheet and incubated for 2 h. A further three
washing steps took place before adding 100 ul of the biotinylated detection antibody,

diluted in reagent diluent and covered with a new adhesive seal sheet for further 2 h.

After three final washes 100 pl of the working dilution of Streptavidin-horseradish
peroxidase (HRP) was added to each well and covered for 20 min at room temperature

avoiding direct light. Following a further three washes, 100 ul of substrate solution was
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then added to each well, then covered and incubated for 20 min at room temperature. 50
pl of stop solution was added to each well, mixed and then the optical density for each
well was measured using a microplate reader set at 450 nm. This was compared with the

extinction of the generated standard curve.

2.2.1.3 LDH

LDH is an enzyme found in the cytoplasm of all cells of the human body. Its release
occurs when cells are damaged and is therefore a good marker to account for viability.
Total release in this matter means the maximum amount of LDH that is released by a
specific amount of cells and is used as a standard value. The LDH measurements were
only partly carried out according to the manufacturer’s instructions ""CytoTox96® Non-
Radioactive Cytotoxicity Assay". The kit contains the following substances: lysis

solution, substrate solution and stop solution.

The total release cells were previously frozen at -20°C and treated with lysis solution to
ensure the death of all cells and membrane rupture. Then, a 96-well plate was set up with
50 pl cell culture supernatant and 50 pl plain medium serving as the negative control.
Further 50 pl substrate solution was added to each well and incubated at room temperature
for 30 min in the dark. To stop the reaction 50 pl of stop solution was added to each well

making a total volume of 150 pul per well.

The extinction was measured using a microplate reader set at 490 nm.

2.2.2 Mouse experiments
2.2.2.1 Animal experimentation approval

Specified pathogen-free mice were obtained via Janvier Labs, Le Genest-Saint-Isle,
France and were housed in our animal facility for about 2 weeks under a 12 h light/dark
cycle and access to standard chow and water ad libitum. Experimental animals received
humane care according to National Institutes of Health (NIH) “Guide for the Care and
Use of Laboratory Animals”. The protocol was registered and approved by the local
authorities (Regierungsprasidium Giessen, Germany; reference no. 571_M). C57BL/6

mice were sacrificed via isoflurane and neck fracture by Alexander Perniss, Institute of
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Anatomy, Justus-Liebig University (JLU), Giessen. Furthermore, knockout mice were
also kindly provided by Prof. Offermann, Max-Planck Institute, Bad Nauheim. After the
scarification, blood was drawn according to the protocol (see 2.2.2.2) and/or bones
collected (see 2.2.2.3).

2.2.2.2 mPBMCs

Blood was drawn from the Vena cava using a syringe filled with 15 pl heparin at a
concentration of 25.000 1U/5 ml and 1 ml PBS + BSA at a concentration of 0.1%. The
whole white blood cells were prepared for counting by using a 1:5 dilution with 40 pl
Tuerk’s solution and 10 pl of the drawn blood. A 5 min waiting period was needed for
the erythrocytes to be lysed before the cells were counted. The blood solution was
"pulsed” with 10 ng/ml LPS before it was transferred carefully to a Falcon containing 3
ml of 1.078 g/ml density gradient consisting of 1.4 ml 1.3 M NaCl, 7.8 ml 55.7% Percoll,
4.8 ml 34.3% high purity HPLC water (ddH20) and 7 pl 0.5 mM HCI.

MPBMCs were isolated by centrifugation at 18°C, 850 g for 30 min without a break being
applied. The upper phase was carefully removed by pipetting with a safety zone to the
interphase. Thereafter the interphase was transferred to a new Flacon containing 5 ml of
PBS + BSA (0.1%) following a further centrifugation at 18°C, 800 g for 10 min. The
supernatant was discarded, then a further 5 ml PBS + BSA were added. This was then
centrifuged under the same conditions as before only this time at 500 g.

After discarding the supernatant, the pellet was resuspended in 400 pl RPMI-1640
medium (Sigma-Aldrich) and then counted using a 1:5 dilution with Tuerk’s solution.
Using a 96-well plate the cells were seeded out with a density of 1 x 10° cells/ 100 pl
medium incubated at 37°C and 5% CO> for 2 h. Thereafter, mMPBMCs were purified by
adherence selection. The plate was inverted to discard the medium and non-adherent cells
and the medium was replaced by a fresh RPMI-1640 medium (Sigma-Aldrich).
Substances were added according to the pipette chart. Then the plate was incubated at
37°C and 5% CO: for 30 min to then be centrifuged at 4°C at 500 g for 8 min. The cell
free cell culture supernatants were transferred to Eppendorf tubes for ELISA and LDH
measurements, respectively. All samples, including the ones remaining in the plate which

are the medium control and the total release were frozen at -20°C.
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2.2.2.3 Mouse BMDMs

In this project bone marrow cells were isolated from mouse hind limbs in order to
differentiate the cells into BMDMs.

Firstly, the skin was carefully cut away. Then the hind limbs were removed without
damaging the bones. The hind limbs were placed into 70% ethanol for approximately 1
min to disinfect the femur. After that, the bones were put into a 50 ml Falcon containing
15 ml PBS and PenStrep at a concentration of 50 U penicillin/ml and 50 pug
streptomycin/ml. This was kept on ice until transferred to a safety workbench.

Under the safety workbench the bones were placed on a Petri dish and sprayed with 70%
ethanol then carefully cleaned to remove muscle and other tissue. The ends of the femur
were opened with sterile scissors. Using a 26G or 27G needle attached to a 5 ml syringe
filled with RPMI-1640 medium (+ 10% FCS) (HyClone) and PenStrep the bone marrow
was flushed into a sterile water pre-wet sterile 40 um mesh set on a 50 ml Falcon. The
bones turned white during the flushing procedure. The mesh was rinsed and gently rubbed
with a sterile plunger of a 5 ml syringe, flushing the remaining cells out of the mesh into
the Falcon. The cell suspension was centrifuged at 4°C, 520 g for 13 min. The supernatant
was discarded and the red blood cells remaining in the pellet were lysed by adding 3 ml
red blood cell lysis buffer (RCB) and incubated for 6 min. Before centrifugation for 10
min at 4°C and 520 g, 20 ml of PBS + PenStrep were added to stop the reaction.

After discarding the supernatant, the cells were resuspended in 5 ml RPMI-1640 medium
(HyClone) and counted at a 1:20 dilution using the trypan blue solution. The cell number
was adjusted to 1 x 108 cells/ml medium in RPMI-1640 medium (Hyclone) (+10% FCS
and PenStrep at a concentration of 10.000 U/ml, 10 mg/ml). 1 x 10° cells/ml supplemented
with 10 ng/ml M-CSF were seeded out in a 12-well plate (Costar) for 3 days and were
incubated in a humidified incubator at 37°C and 5% CO, to allow bone marrow cells to
differentiate to BMDMs.

On day 3, 1 ml of fresh RPMI-1640 medium (HyClone) (+10% FCS + PenStrep) was
supplemented with the total concentration of 10 ng/ml M-CSF, 50 pg/ml LPS and 10
ng/ml INF-y, added per well and then cultured for further 3 days.
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On day 6 of cultivation 1 ml of the cell culture supernatant was discarded by pipetting.
Cells were left untreated or primed with LPS (1 pug/ml) according to the pipette chart. In
some experiments, SCFA or synthetic FFA agonists were added shortly before LPS. After
5 h of incubation, cells were treated with ATP (1 mM, 2 mM), BzATP (100 uM) or
nigericin (50 uM) in the presence or absence of SCFAs and synthetic agonists for 40 min
in @ humidified incubator at 37°C and 5% CO.. Cell culture supernatant was harvested by
centrifugation at 4°C, 500 g for 8 min then transferring 600 pul of the cell free culture
supernatant to Eppendorf tubes. The total release and control medium stayed in the plate
and both the Eppendorf tubes and plates were stored at -20°C to perform ELISA and LDH

measurements (see 2.2.2.4), respectively.

2.2.2.4 ELISA

The mouse Quantikine® ELISA kit is, similar to the human ELISA as described in 2.2.1.3.
It is a detection method used in this case for mouse IL-1f3. The measurements were

performed according to the manufacturer’s instructions.

2.2.2.5 Immunocytochemistry of BMDMs

To verify that the isolated bone marrow cells were differentiated into BMDMs (see
2.2.2.3) immunohistochemical staining against F4/80, a well-known macrophage marker

was used.

Bone marrow cells were isolated as described before (see 2.2.2.3) and seeded into 8-well
cellview chambers (Sarstedt) at a density of 0.125 x 10° cells/200 ul medium per well.
Then the cells were differentiated into BMDMSs according to the protocol described in
2.2.2.3.

After 6 days of cultivation, the RPMI-1640 medium (HyClone) and non-adherent cells
were discarded by turning the chambers around and gently blotting them against clean
towels. Cells were washed by adding 500 pl PBS then discarding the liquid by blotting
the chamber against paper towels. Thereafter, 500 pul of cold 100% isopropanol was added

and the cellview chambers were put on ice. After 10 min the isopropanol in the cellview
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chambers was discarded by blotting the chamber against paper towels once again. H20>
was diluted in PBS to a 1% solution, added to the chambers and stored on ice for 30 min.
After that the chambers were washed three times for 2 min using PBS. Free protein
binding sites were blocked using a blocking solution containing: PBS + 1% BSA, 0.05%
Tween® 20 and 5% NMS. The blockage solution was kept on the cells for 30 min at room

temperature then removed.

The anti-F4/80 antibody which was diluted 1:200 with the blocking solution, was added
and kept overnight at 4°C. After that the cells were washed three times with PBS + 0.05%
Tween® 20.

The secondary antibody being a rabbit anti-rat immunoglobulins/HRP was diluted 1:200
with PBS containing 0.05% Tween® 20 and 5% normal mouse serum (NMS). This was
incubated for 60 min at room temperature. The slide was washed three times with PBS +
0.05% Tween 20 before the tertiary detection reagent being a goat anti-rabbit
immunoglobulin EnVision®+ System-HRP and 5% NMS was added. This was incubated

for 30 min at room temperature following three washes with tris buffered saline (TBS).

e 10x TBS was made by adding 60.5 g Tris (final concentration: 55 mM)
and 90 g NaCl both solved in 900 ml aqua dest.. By adding 25% HCI
the pH was adjusted to 7.6. The solution was filled up to 2000 ml.

Then one tablet (10 mg) of 3,3 -Diaminobenzidinetetrahydrochloride (DAB) was solved
in 20 ml TBS at a pH of 7.6. The solution was centrifuged at 19°C, 500 g for 1 min. After
that, the solution was put in 1 ml aliquots. All aliquots except for two were stored and
frozen at -20°C. A 1.15% dilution of H2O> was made using aqua dest.. Then 10 pl of the
diluted H202 was added to each of the two 1 ml aliquots. 500 ul of the DAB- H20:
solution was put in the chamber for 10 min and rinsed with PBS. The next day, a slight

counter staining with 1:5 diluted hemalum using aqua dest. was added for 2 min.
e Hemalum was made by dissolving 1 g haematoyxlin (final
concentration: 3.3 mM), 0.2 g NalOz (final concentration: 1 mM) and

50 g KAI(SO,), (final concentration: 0.1 M) in 1000 ml aqua dest..
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In the next step, the slides were blued in a cuvette for 5 min using tap water. Then, the
slides were cover slipped with glycergel in the final step.

2.2.2.6 Mouse colon removal, fixation and F4/80/red fluorescent
protein (RFP) double immunohistochemistry

Mouse colon removal and fixation: The mice were sacrificed according to 2.2.2.1. After

having cut open the abdomen using a sterile scalpel, 3-5 mm colon pieces were cut out

and put into 4% dissociated paraformaldehyde in Sgrensen’s buffer over night at 4°C.

e The 2x Sgrensen’s buffer was previously prepared and consisted of 0.696
g NaH2POx4 (final concentration: 58 mM) and 2.860 g Na;HPO4 (final
concentration: 0.2 M). After that, 100 ml aqua dest. was added.

e The 4% dissociated paraformaldehyde in Sgrensen’s buffer was also
prepared previously by adding 4 g paraformaldehyde to 50 ml aqua
dest.. Using a safety vent, the solution was heated up to 60°C and
continuously stirred using a magnetic stirrer. Then 2 drops (ca. 75 pl)
1 N NaOH were added until the solution turned clear. In the last step
50 ml 2x Sorensen’s buffer was added, the fixing solution was cooled
off on ice and the pH checked. The pH should be in the range of 7.3-
7.4.

The next day, the organs were transferred into Sgrensen’s buffer for 24 h. On day 3 the
organs were put in 50% isopropanol for 0.5-1 h then in 70% isopropanol for 2 h. The 70%

isopropanol was then renewed twice in which the colon was stored in.

Next, the organs and the 70% isopropanol in which they were kept in, were transferred to
embedding cassettes. These embedding cassettes were soaked in different solutions in

different vessels for a specific duration at a specific temperature according to Table 1.

Solution Duration Temperature

96% isopropanol 1h Room temperature
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100% isopropanol 1h Room temperature

100% isopropanol 1h Room temperature

30% xylol, 70% | 1h Room temperature under
isopropanol the fume hood

70% xylol, 30% | 1h Room temperature under
isopropanol the fume hood

100% xylol 1h Room temperature under

the fume hood

100% xylol 1h Room temperature under

the fume hood

Paraffin 2h 60°C

Paraffin Over night 60°C

Table 1: Embedding in paraffin This table shows the ten different solutions in which
the cassettes containing the organs are soaked in. The duration and temperature of each

soaking stage is also shown.

The next day, after having left the organs in the heated paraffin overnight, the paraffin

including the organs were poured into blocks and then to be cut after having cooled down.

Immunohistochemistry of colon sections: The colon embedded in paraffin was put on an

ice cooler before being cut. Degased aqua dest. was poured into the tissue flotation bath
in which it was heated. The colon was then cut using the microtome, in slices with a
thickness of 5 um. Then the sections were put on microscope slides and on a heating plate

set at 40°C for 15 min. The slides were placed in an incubator overnight set at 60°C.

The following day, the slides were deparaffinized using so-called deparaffinization series.
In the first step of the series the slides were put in 100% xylol 3x for each 10 min using a
cuvette. After that, the slides were put in descending concentrations of isopropanol

starting at 90% then continuing at 80%, 70% and 50%. The slides were put in each
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concentration twice, each for 3 min. At the end of the deparaffinization series, the slides
were placed in aqua dest. and then transferred to PBS.

e 10x PBS is made up of 80 g NaCl, 2 g KCI (final concentration: 32
mM), 14.24 g Na,HPOs (final concentration: 125 mM), 2 g KH2PO4
(final concentration: 21 mM) which was dissolved in 800 ml aqua dest..
Then the pH was adjusted to 7.2 in 1x PBS by adding of 1 N HCI. The
solution was filled upto 1 I.

Next, the slides were placed in a chamber which was lined with wet paper towels.
Thereafter, the slides were pretreated with 50 pl protease solution on each colon slice for
15 min consisting of 1 mg protease and 2 ml of TBS. After the pretreatment with protease,

the slides were rinsed off 3x with PBS using a pipette.

After this, the slides were put into a cuvette filled with PBS, 3x each for 2 min. Then, 6.6
ml of a 1.15% dilution of H2O> was added to 200 ml PBS and stored on ice. Then, enough
of the solution was pipetted onto each colon section fully covering it for 30 min. After
that the slides were rinsed again 3x with PBS using a pipette. Next, 50 pl of the blockade
was added for 30 min consisting of 0.2 g BSA, 0.02 g NaNz and 20 ml PBS for 30 min
and then shaken off. The anti-F4/80 antibody was diluted 1:12000 using the blockade and
5% NMS then was added and put on the slide overnight.

The next day, the slides were rinsed with PBS 3x using a pipette. Then the rabbit anti-rat
immunoglobulin antibodies + HRP were diluted 1:200 using 5% NMS. Enough of the
mixture was pipetted to each colon section covering it fully and remaining there for 60
min at room temperature. Then, the slides were rinsed with PBS 3x using a pipette. Next,
the anti-rabbit immunoglobulin, EnVision+ System-HRP and 5% NMS were added to the
colon sections covering them fully for 30 min. Using TBS the slides were rinsed 3x.

The next steps were done according to 2.2.2.5. Then, the slides were rinsed with PBS for
3x using a pipette. After that they were put into a cuvette filled with PBS, 3x each for 2
min. Next, the blockade was added again for 30 min. Antibodies to RFP were diluted with
the blockade 1:5000 and 5% NMS was pipetted to the sections and left overnight in a
humidified chamber in the fridge at 4°C.
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The next day, the slides were rinsed 3x with PBS using a pipette. Then swine anti-rabbit
immunoglobulin antibodies AP conjugated were diluted 1:50 using 5% NMS and left for
60 min. After that, the slides were rinsed 3x using 0.1 M Tris HCI buffer.

e The Tris buffer was made by adding 12.1g Tris base (final
concentration: 125 mM) to 800 ml aqua dest.. HCI was used to adjust
the pH to 8.2. The solution was filled up to 1 I.

1 mg of fast blue AP solved in 1 ml naphtol phosphate buffer and 1 mM levamisole was

added to the specimen for 20 min.

e The naphtol phosphate buffer with 1 mM levamisole was made by
solving 2 mg naphtol AS-MX-phosphate (final concentration: 27 mM)
in 200 pl 99% n-dimethylformamide. 9.8 ml 0.1 M Tris HCI buffer
(see above) and 2.4 mg levamisole (final concentration: 1 mM) were
added.

Then the slides were rinsed 3x using PBS and in the last step the slides were cover slipped
via aqueous mounting. Meaning the aqueous mounting medium was heated up and added

to each specimen as well as a cover slip and the medium left to cool and harden.

2.2.3 Statistical analysis

The statistical analysis for the data in this thesis was done using the IBM statistical
program SPSS version 29. In the first step, the data sets were checked for occurrence by
coincidence using the Friedmann-test. If the p-value given by the test was smaller than or
as big as 0.05 it was assumed to be non-coincidental. In the next step, the data of two
groups was analyzed to see whether they differed significantly from one another. To do
s0, the non-parametric Wilcoxon-test was used. If the test showed a p-value smaller than
or as big as 0.05 it was assumed to be significantly different. These two statistical tests

were used for all measured data.

48



To calculate the half maximal inhibitory concentrations (ICso), the regression model
Weibull type 2 and the statistical program R (version: 3.6.1) were used. The figures were

created using the vector graphics software called Inkscape (version: 1.3).
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3. Results

3.1 Synthetic FFA2/FFA3 agonists inhibit the ATP-induced IL-1p
release in hPBMCs and require the activity of nAChRs

3.1.1 The BzATP- or ATP-induced release of IL-1p

The following experiments were performed on freshly isolated hPBMCs. The hPBMCs
were isolated via density gradient centrifugation. The secretion of IL-1p by hPBMCs was
induced by two stimuli. Firstly, hPBMCs were “pulsed” with 5 ng/ml LPS for 25 min
during the process of hPBMC isolation to induce the expression of the bio inactive pro-
IL-1B. After 3 h of culturing, non-adherent cells were removed. Thereafter, BZATP or
ATP were added to induce IL-1B release. While in all experiments, in supernatants of
LPS-pulsed cells, low amounts of IL-1B (23 pg/ml to 841 pg/ml; n = 28; Fig. 5) were
detected, additional stimulation with BzATP (100 pM) resulted in elevated IL-1p levels
in the range of 407 to 5771 pg/ml (n = 28; p > 0.05; Fig. 5-10). Similar results were found
using 1 mM ATP (81 pg/ml to 1312 pg/ml; n = 14; p > 0.05; Fig. 5, 6 B).
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Figure 5. The impact of BzZATP (3'-O-(4-benzoyl) benzoyl ATP) or ATP on the
secretion of IL-1p. Human blood was freshly drawn from healthy volunteers. Peripheral
blood mononuclear cells (hPBMCs) were “pulsed” with lipopolysaccharide (LPS; 5
ng/ml for 25 min) during the process of hPBMC isolation. After culturing for 3 h, non-
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adherent cells were removed. The P2X7 receptor agonists BzZATP (100 uM) or ATP (1
mM) were added. The data depicted in this figure are a summary of the respective data
shown in figures 2-6. Data are presented as individual data points, bars represent median,
whiskers percentiles 25 and 75. Friedmann-test followed by Wilcoxon signed-rank test.
* p < 0.05 significantly different from LPS-pulsed hPBMCs. # p < 0.05 significantly
different from samples where ATP was given to LPS-pulsed hPBMCs.

3.1.2 Involvement of P2X7 and P2X4 receptors in the BzZATP- and
ATP-induced secretion of IL-1p

To investigate whether the BzATP- or ATP-induced release of IL-1p depends on the
P2X7 and/or P2X4 receptor activity the experiment was conducted on hPBMCs. While
in supernatants of LPS-pulsed cells low amounts of IL-1B (23 pg/ml to 427 pg/ml; n =
16; not shown) were detected, additional stimulation with BzATP (100 pM) resulted in
elevated IL-1p levels in the range of 407 to 1986 pg/ml (n = 16; p > 0.05; Fig. 6 A).
Similar results were found using 1 mM ATP (81 pg/ml to 1312 pg/ml; n = 14; p > 0.05;
Fig. 6 B). In figure 6 the IL-1P concentration measured in supernatants of cells treated

with LPS alone were deducted from all other values.

To test for an involvement of the P2X7 and the P2X4 receptor, the P2X7 receptor
antagonist A438079 and the P2X4 receptor antagonist 5-BDBD (5-(3-Bromophenyl)-1,3-
dihydro-2H-benzofuro[3,2-e]-1,4-diazepin-2-on) were used (Fig. 6). In both occasions
either with BzATP being the second stimulus or ATP, the release of IL-1f was inhibited
by A438079 (1 uM — 50 uM; p > 0.05; Fig. 6). In contrast, the P2X4 receptor inhibitor
5-BDBD in the concentrations 10 uM and 20 uM only blunted the BzATP-induced
release of IL-1p (Fig. 6 A), whereas no statistically significant impact on the ATP-
induced release was found and a large variability of the results was seen (Fig. 6 B).

After the addition of P2X7 receptor antagonist A438079 without the addition of the
second stimulus being BzATP or ATP, low amounts of IL-1f (117 pg/ml to 293 pg/ml; n
= 5; Fig. 6 B) were detected, which did not significantly differ from those released by
cells pulsed with LPS. Similar IL-1p concentrations were seen, when the P2X4 receptor
antagonist 5-BDBD was added to cells primed with LPS (55 pg/ml to 476 pg/ml; n = 8).
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The LDH activity measurements are shown in Table S1. The median of the LDH activity

measured in the supernatants of both groups of cells stimulated with BzZATP or ATP, is

generally low, under 6.0%. However, in some experimental settings, the LDH activity is

significantly higher. Cells stimulated with LPS and BzATP/ATP are significantly

different compared to data of cells treated with only LPS. Furthermore, cells stimulated
with LPS + BzATP and the addition of 5-BDBD (10 pM, 20 uM, 50 uM) are significantly
different compared to data of cells treated with LPS + BzATP. This statistically

significant difference is also seen in the supernatants of cells stimulated with LPS + ATP
and the addition of 5-BDBD (10 pM, 50 pM) compared with cells treated with only LPS

+ ATP. The number (n) varies between 4-16.
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Figure 6. The impact of P2X7 and P2X4 receptors on the BzZATP (3'-O-(4-benzoyl)
benzoyl ATP) and ATP-induced release of interleukin-1p (IL-1g) by human
peripheral blood mononuclear cells (hPBMCs). Human blood was freshly drawn from
healthy volunteers. HPBMCs were “pulsed” with lipopolysaccharide (LPS; 5 ng/ml for
25 min) during the process of hPBMC isolation. After culturing for 3 h, non-adherent
cells were removed. A) The P2X7 receptor antagonist A438079 or the P2X4 receptor
antagonist 5-BDBD (5-(3-bromophenyl)-1,3-dihydro-2H-benzofuro[3,2-e]-1,4-diazepin-
2-one) were added in the absence and presence of the P2X7 receptor agonist BzATP (3'-
O-(4-benzoyl) benzoyl ATP, 100 uM). B) Similar experiments as described in A) were
performed using ATP (1 mM). A and B) IL-1p was measured in cell culture supernatants
by ELISA. The IL-1B concentration measured in supernatants of cells treated with LPS
alone were deducted from all other values. The IL-1f concentration in experiments where
pulsed hPBMCs were stimulated with BzATP/ATP alone was set to 100% and all other
values were calculated accordingly. Data are presented as individual data points, bars
represent median, whiskers percentiles 25 and 75. Friedmann-test followed by Wilcoxon
signed-rank test. * p < 0.05 significantly different from samples where BZATP/ATP was
given alone to LPS-pulsed hPBMCs.

3.1.3 Inhibition of II-1p release via FFA2 agonist 4-CMTB

The following experiments were performed on hPBMCs to test the hypothesis that the
stimulation of the FFA2 downregulates the BzATP-induced IL-1p release. While in
supernatants of LPS-pulsed cells low amounts of IL-1 (80 pg/ml to 345 pg/ml; n = 6;
not shown) were detected, additional stimulation with BzATP (100 uM) resulted in
elevated IL-1p levels in the range of 422 to 3158 pg/ml (n = 6; p > 0.05; Fig. 7).

The secretion of IL-1p was dose-dependently inhibited by 4-CMTB (0.5 uM — 50 puM; n
=4-6;p>0.05; Fig. 7). The calculated ICso value was 8.3 pM. After the addition of FFA2
agonist 4-CMTB (1 puM) without the addition of BzZATP, low amounts of IL-1f (82 pg/ml
to 476 pg/ml; n = 5; Fig. 7) were detected, which did not significantly differ from those

released by cells that were only pulsed with LPS.

The LDH activity measurements are shown in Table S2. The median of the LDH activity
measured in cell supernatants, is generally low, under 6.6%. However, a statistically

significant increase is seen in some experimental settings. Cells stimulated with LPS +
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BzATP and the addition of 4-CMTB (10 puM and 50 pM) are significantly different
compared to data of cells treated with only LPS + BzATP. The number (n) varies between
4-6.
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Figure 7. The FFA2 agonist inhibits the BzATP (3'-O-(4-benzoyl) benzoyl ATP)-
induced release of interleukin-1f (IL-1p) by human peripheral blood mononuclear
cells (hPBMCs). Human blood was freshly drawn from healthy volunteers. HPBMCs
were “pulsed” with lipopolysaccharide (LPS; 5 ng/ml for 25 min) during the process of
hPBMC isolation. After culturing for 3 h, non-adherent cells were removed. The P2X7
agonist BzZATP (100 uM) was added in the absence and presence of the FFA2 agonist 4-
CMTB (0.5 uM, 1 uM, 10 puM 20 uM and 50 puM). 4-CMTB inhibits the BzATP-induced
IL-1pB release in a dose-dependent manner (ICso = 8.3 uUM). The IL-1p concentration
measured in supernatants of cells treated with LPS alone were deducted accordingly from
all other values. The IL-1B concentration in experiments where pulsed hPBMCs were
stimulated with BzATP alone was set to 100% and all other values were calculated
accordingly. Data are presented as individual data points, bars represent median, whiskers
percentiles 25 and 75. Friedmann-test followed by Wilcoxon signed-rank test. * p < 0.05
significantly different from samples where BzATP was given alone to LPS-pulsed
hPBMCs.

54



3.1.4 Inhibition of IL-1p release via FFA3 agonist AR420626

Similar experiments compared to the ones performed in 3.1.3 were conducted using the
FFA3 agonist AR420626, to test the hypothesis that the stimulation of the FFA3
downregulates the BzATP-induced IL-1f release by hPBMCs. While in supernatants of
LPS-pulsed cells low amounts of IL-1p (172 pg/ml to 841 pg/ml; n = 6; not shown) were
detected, additional stimulation with BzATP (100 uM) resulted in elevated IL-1p levels
in the range of 658 to 5771 pg/ml (n = 6; p > 0.05; Fig. 8).

The secretion of IL-1B was dose-dependently inhibited by AR420626 (1 uM — 50 uM; n
=6; p>0.05; Fig. 8). The calculated ICsp value was 19.7 uM. After the addition of FFA3
agonist AR420626 (50 pM) without the addition of BzATP, low amounts of IL-1p (128
pg/ml to 958 pg/ml; n = 6; Fig. 8) were detected.

The LDH activity measurements are shown in Table S3. The median of the LDH activity
measured in cell supernatants is low, under 3.2%. No significant differences are seen

(Friedman-test p = 0.17). The number (n) is 6 for each experimental group.
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Figure 8. The FFA3 agonist inhibits the BzATP (3'-O-(4-benzoyl) benzoyl ATP)-
induced release of interleukin-1f (IL-1p) by human peripheral blood mononuclear
cells (hPBMCs). Human blood was freshly drawn from healthy volunteers. HPBMCs
were “pulsed” with lipopolysaccharide (LPS; 5 ng/ml for 25 min) during the process of
hPBMC isolation. After culturing for 3 h, non-adherent cells were removed. The P2X7
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receptor agonist BzZATP (100 uM) was added in the absence and presence of the FFA3
agonist AR420626 (1 pM, 10 uM and 50 uM). AR420626 inhibits the BzATP-induced
IL-1pB release in a dose-dependent manner (ICso = 19.7 uM). The IL-1p concentration
measured in supernatants of cells treated with LPS alone were deducted accordingly from
all other values. The IL-1B concentration in experiments where pulsed hPBMCs were
stimulated with BzATP alone was set to 100% and all other values were calculated
accordingly. Data are presented as individual data points, bars represent median, whiskers
percentiles 25 and 75. Friedmann-test followed by Wilcoxon signed-rank test. * p < 0.05
significantly different from samples where BzATP was given alone to LPS-pulsed
hPBMCs.

3.1.5 The signaling of the FFA2 involves nAChRs containing subunits
o7 and 09/a10

Next, the hypothesis was tested that the stimulation of the FFA2 results in an activation
of nAChRs, which downregulate the secretion of IL-18 by hPBMCs. First, nAChR
antagonists RglA4 and ArIB [V11L, V16D] were added. After that, the synthetic FFA2
agonist 4-CMTB was added and finally BzZATP to induce IL-1p release.

While in supernatants of LPS-pulsed cells low amounts of IL-1 (80 pg/ml to 345 pg/ml;
n = 6; not shown) were detected, additional stimulation with BzATP (100 puM) resulted
in elevated IL-1p levels in the range of 422 to 3158 pg/ml (n = 6; p > 0.05; Fig. 9).

The secretion of IL-1p was inhibited by 4-CMTB (1 pM — 10 uM; p > 0.05; Fig. 9). When
conopeptides RglA4 (50 nM) and ArIB [V11L, V16D] (500 nM) were combined with 4-
CMTB at a concentration of 1 uM or 10 pM, no significant inhibition was seen anymore
(n = 6; Fig. 9). However, when comparing the IL-1B concentrations in cell culture
supernatants treated with LPS, BzATP and 4-CMTB to those additionally containing
RglA4 or ArIB [V11L, V16D], significant differences were only detected at a 4-CMTB
concentration of 10 uM. Using RglA4, the IL-1p concentrations were reversed to levels
ranging from 457 pg/ml to 2242 pg/ml (n = 6; p > 0.05; Fig. 9). Furthermore, AriB [V11L,
V16D] reverted the effects of 4-CMTB and resulted in IL-1p levels ranging 512 pg/ml to
2330 pg/ml (n=6; p>0.05; Fig. 9). When the FFA2 agonist 4-CMTB (50 uM) was given
in the absence of BzATP, only low amounts of IL-1f (82 pg/ml to 476 pg/ml; n = 6) were
detected.
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The LDH activity measurements are shown in Table S4. The median of the LDH activity
measured, is generally low, under 4.5%. However, a significant increase in the LDH
activity is seen for some experiments. Cells stimulated with LPS + BzATP and the
addition of 4-CMTB (10 uM) as well as LPS + BzATP + 4-CMTB (10 uM) + RglA4 (50
nM) are significantly different compared to data of cells treated with only LPS + BzATP.

The number (n) varies between 5-6.
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Figure 9. Involvement of nicotinic acetylcholine receptors (NAChRs) in the FFA2-
mediated inhibition of the BZATP (3'-O-(4-benzoyl) benzoyl ATP)-induced release
of interleukin-1p (IL-1p). Human blood was freshly drawn from healthy volunteers.
Peripheral blood mononuclear cells ((PBMCs) were “pulsed” with lipopolysaccharide
(LPS; 5 ng/ml for 25 min) during the process of hPBMC isolation. After culturing for 3
h, non-adherent cells were removed. The nAChR antagonists RglA4 (50 nM) and AriB
[V11L, V16D] (500 nM) were preincubated and added 10 min prior to the addition of the
P2XT receptor agonist BzZATP (100 uM) in the absence and presence of the FFA2 agonist
4-CMTB (1 pM and 10 uM). 4-CMTB inhibits the BzATP-induced IL-1p release. This
inhibition is partly reversed by the nAChRs antagonists RglA4 and ArIB [V11L, V16D].
The IL-1B concentration measured in supernatants of cells treated with LPS alone were
deducted from all other values. The IL-1p concentration in experiments where pulsed
hPBMCs were stimulated with BzATP alone was set to 100% and all other values were
calculated accordingly. Data are presented as individual data points, bars represent

median, whiskers percentiles 25 and 75. Friedmann-test followed by Wilcoxon signed-
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rank test. * p < 0.05 significantly different from samples where BzATP was given alone
to LPS-pulsed hPBMCs. # p < 0.05 significantly different from samples where BZATP
and 4-CMTB were given to LPS-pulsed hPBMCs.

3.1.6 The signaling of the FFA3 involves nAChRs containing subunits
o7 and 09/a10

Comparable experiments to the ones conducted in 3.1.5 were performed here. The
hypothesis was tested that the stimulation of the FFA3 results in an activation of nAChRs,
which downregulate the secretion of IL-13 by hPBMCs. In a first step the nAChR
antagonists RglA4 and ArIB [V11L, V16D] were added, following the addition of the
synthetic FFA3 agonist AR420626. Then, BzATP was added, to induce IL-1p release.

While in supernatants of LPS-pulsed cells low amounts of IL-1p (139 pg/ml to 367 pg/ml;
n = 5; not shown) were detected, additional stimulation with BzATP (100 pM) resulted
in elevated IL-1p levels in the range of 468 to 3215 pg/ml (n = 5; p > 0.05; Fig. 10).

The secretion of IL-1p was inhibited by AR420626 (50 uM; p > 0.05; Fig. 10). When
conopeptides RglA4 (50 nM) and ArIB [V11L, V16D] (500 nM) were combined with
AR420626 at a concentration of 50 UM, significant changes were seen (n = 5; Fig. 10).
Using RglA4, the IL-1p concentrations were reversed to a level ranging from 543 pg/ml
to 2875 pg/ml (n = 5; p > 0.05; Fig. 10). A similar reverting effect was seen using AriB
[V11L, V16D] with levels of IL-1p ranging from 529 pg/ml to 2693 pg/ml (n = 5; p >
0.05; Fig. 10). When the FFA3 agonist AR420626 (50 pM) was given in the absence of
BzATP, only low amounts of IL-1B (128 pg/ml to 958 pg/ml; n = 5; not shown) were
detected.

The LDH activity measurements are shown in Table S5. The median of the LDH activity
measured in cell supernatants, is generally low, under 2.0. However, a significant increase
Is seen in some experiments. Cells stimulated with LPS + BzATP and the addition of
AR420626 (50 uM) are significantly different compared to data of cells treated with only
LPS + BzATP. Furthermore, the addition of both conopeptides ArIB [V11L, V16D] (500
nM) and RglA4 (50 nM) to AR420626 (50 uM) + LPS + BzATP are significantly
different compared to data of cells treated with only LPS + BzATP. The number (n) varies

between 5-6.
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Figure 10. Involvement of nicotinic acetylcholine receptors (hAAChRS) in the FFA3-
mediated inhibition of the BzZATP (3'-O-(4-benzoyl) benzoyl ATP)-induced release
of interleukin-1p (IL-1p). Human blood was freshly drawn from healthy volunteers.
Peripheral blood mononuclear cells ((PBMCs) were “pulsed” with lipopolysaccharide
(LPS; 5 ng/ml for 25 min) during the process of hPBMC isolation. After culturing for 3
h, non-adherent cells were removed. The nAChRs antagonists RglA4 (50 nM) and ArIB
[V11L, V16D] (500 nM) were added 10 min prior to the addition of the P2X7 receptor
agonist BzZATP (100 uM) in the absence and presence of the FFA3 agonist AR420626
(50 pM). AR420626 inhibits the BzZATP-induced IL-1p release. This inhibition is partly
reversed by the nAChRs antagonists RglA4 and ArlB [V11L, V16D]. The IL-1B
concentration measured in supernatants of cells treated with LPS alone were deducted
from all other values. The IL-1B concentration in experiments where pulsed hPBMCs
were stimulated with BzATP alone was set to 100% and all other values were calculated
accordingly. Data are presented as individual data points, bars represent median, whiskers
percentiles 25 and 75. Friedmann-test followed by Wilcoxon signed-rank test. * p < 0.05
significantly different from samples where BzATP was given alone to LPS-pulsed
hPBMCs. # p < 0.05 significantly different from samples where BZATP and AR420626
were given to LPS-pulsed hPBMCs.
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3.2 SCFAs and synthetic receptor agonists and the effect on the IL-1p
release in mPBMCs from wild-type and FFA2 gene-deficient mice

3.2.1 The BzATP- or ATP-induced IL-1p release by wild-type
mMPBMCs

This set of experiments was performed on mPBMCs. The process of isolation is similar
to the one performed on the hPBMCs mentioned in 3.1.1. Blood was drawn from the vena
cava of sacrificed mice. Cells were “pulsed” with 10 ng/ml LPS, similar to the hPBMCs,
being the first of two stimuli for the IL-1p secretion. The mPBMCs were isolated via
Percoll™ density gradient centrifugation. Then cultured for 2 h, after which the mPBMCs
were purified by adherence selection. After discarding the non-adherent cells, the second
stimulus BzATP or ATP was added to the cells for 30 min to induce IL-1p release.

In supernatants of cells pulsed with LPS alone, low amounts of IL-1 (0 pg/ml to 8 pg/ml;
n =28; Fig. 11) were measured. An additional stimulation with BzATP (100 pM) resulted
in detected IL-1p levels ranging from 5 pg/ml to 43 pg/ml (n=9; p > 0.05; Fig. 11). The
stimulation with ATP (1 mM) resulted in higher IL-1p levels from 24 pg/ml to 376 pg/ml
(n = 28; p > 0.05; Fig. 11). ATP was used as a second stimulus in most following

experiments.
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Figure 11. The impact of BzZATP (3'-O-(4-benzoyl) benzoyl ATP) or ATP on the
secretion of interleukin-1g (IL-1p). Mouse blood was freshly drawn from sacrificed

mice. Peripheral blood mononuclear cells (MPBMCs) were “pulsed” with
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lipopolysaccharide (LPS; 10 ng/ml for 30 min) during the process of mPBMC isolation.
After culturing for 2 h, non-adherent cells were removed. The P2X7 agonists BzZATP (100
pUM) or ATP (1 mM) were added. 30 min later, cell-free cell culture supernatants were
harvested and IL-1B was measured by ELISA. The data depicted in this figure are a
summary of the respective data shown in figures 8-11. Data are presented as individual
data points, bars represent median, whiskers percentiles 25 and 75. Friedmann-test
followed by Wilcoxon signed-rank test. * p < 0.05 significantly different from LPS-pulsed
mPBMCs. # p < 0.05 significantly different from samples where ATP was given to LPS-
pulsed mMPBMCs.

3.2.2 Inhibition of IL-1p release by wild-type mice via SCFAs

The following pre-experiments were performed on wild-type mPBMCs to test the
hypothesis that the SCFAS, being acetate, butyrate and propionate, induce a cholinergic
mechanism to inhibit the release of IL-1p in mPBMCs. The cholinergic agonist PC was
included as a positive control. In the supernatants of cells “pulsed” with LPS low amounts
of IL-1B were measured (0 pg/ml to 7 pg/ml; n = 13; Fig. 12). The addition of BzZATP
showed a slightly higher amount of IL-1B measured in the supernatants (5 pg/ml to 43
pg/ml; p>0.05; n =9; Fig. 12). The elevation of IL-1p in the supernatants reached levels
of 40 pg/ml to 279 pg/ml (n = 13; p > 0.05; Fig. 12) after addition of ATP.

PC (200 uM) was added to the cells, resulting in a significantly reduced amount of IL-1
measured in the supernatants. The values ranging from 6 pg/ml to 55 pg/ml (n = 6; p >
0.05; Fig. 12). The IL-1B secretion was also inhibited significantly by all 3 SCFAs that
were added separately. An inhibition was seen with the addition of butyrate (20 mM; 9
pg/ml to 114 pg/ml; n = 10; p > 0.05; Fig. 12). Another reduction of IL-1B was measured
in the supernatants after the addition of acetate (20 mM; 7 pg/ml to 87 pg/ml; p > 0.05; n
= 7; Fig. 12). Furthermore, reduced IL-1pB values were detected in the supernatants of
cells after the addition of propionate (9 pg/ml to 131 pg/ml; n =7; p > 0.05; Fig. 12).

When the SCFAs were added in absence of ATP, only low amounts of IL-1B were
detected. For acetate (20 mM) the values started at 2 pg/ml and reached 17 pg/ml (n = 6;
Fig. 12). Similar low amounts were measured with butyrate (4 pg/ml to 8 pg/ml; n = 6;

Fig. 12) and propionate (4 pg/ml to 8 pg/ml; n = 5; Fig. 12).
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The LDH activity measurements are shown in Table S6. The median of the LDH activity
measured is under 10.0%. No significant differences are seen among the experimental

groups (Friedman-test p = 0.08). The number (n) varies between 5-13.
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Figure 12. Inhibition in the ATP-induced release of interleukin-1§ (IL-1p) by
phosphocholine (PC), acetate (Acet), butyrate (Buty) and propionate (Prop). Mouse
blood was freshly drawn from sacrificed mice. Mouse peripheral blood mononuclear cells
(mPBMCs) were “pulsed” with lipopolysaccharide (LPS; 10 ng/ml for 30 min) during the
process of mMPBMC isolation. After culturing for 2 h, non-adherent cells were removed.
The cholinergic agonist PC (200 uM), acetate (20 mM), butyrate (20 mM) and propionate
(20 mM) were added 10 min prior to BzZATP (100 uM) or ATP (1 mM). All compounds
inhibited the ATP-induced IL-1p secretion significantly. The IL-1B concentration in
experiments where pulsed mPBMCs were stimulated with ATP alone was set to 100%
and all other values were calculated accordingly. Data are presented as individual data
points, bars represent median, whiskers percentiles 25 and 75. Friedmann-test followed
by Wilcoxon signed-rank test. * p <0.05 significantly different from samples where ATP

was given alone to LPS-pulsed mPBMCs.
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3.2.3 Inhibition of IL-1p release via SCFAs by wild-type and gene-
deficient mPBMCs

Next, the hypothesis was tested, that the inhibition of the IL-1p release via SCFAs is
dependent on the FFA2. This was done by performing the experiments on FFA2 gene-
deficient and corresponding wild-type mPBMCs. The supernatants of cells in both groups
of mPBMCs “pulsed” with only LPS showed low amounts of IL-1p from 1 pg/ml to 7
pg/ml (n = 6; Fig. 13) in wild-type mPBMCs and 6 pg/ml to 10 pg/ml (n = 5; Fig. 13) in
the gene-deficient group. After the addition of ATP, higher levels of IL-1 were measured
in both of the groups. In wild-type mPBMCs the values ranged from 101 pg/ml to 163
pg/ml (n = 6; p>0.05; Fig. 13) and in FFA2 gene-deficient mMPBMCs the values showed
a higher fluctuation from 43 pg/ml to 348 pg/ml (n = 5; p > 0.05; Fig. 13).

PC was added to the cells in both groups of mPBMCs and likewise showed a significant
inhibition of the IL-1B measured in the supernatants of the cells. In the wild-type group
reduced levels were seen from 17 pg/ml to 64 pg/ml (n = 6; p > 0.05; Fig. 13). The gene-
deficient group showed values from 29 pg/ml to 129 pg/ml (n = 5; p > 0.05; Fig. 13).
After the addition of the SCFAs, the group of the wild-type mPBMCs showed a
significant inhibition of IL-1p release as seen in the previous experiments performed in
3.2.2. Acetate (20 mM) provoked a reduction of IL-1p values from 53 pg/ml to 133 pg/mi
(n=6; p>0.05; Fig. 13). In propionate (20 mM) similar values were measured (75 pg/ml
to 96 pg/ml; n = 6; Fig. 13). Butyrate (20 mM) as seen in 3.2.2 also led to a reduction of
the IL-1p release measured in the cell supernatants (41 pg/ml to 71 pg/ml; n =6; p>0.05;
Fig. 13). In direct comparison, no significant reduction in the IL-1p values were measured
after the addition of the SCFAs in the corresponding gene-deficient group of mPBMCs.
After the addition of acetate (54 pg/ml to 204 pg/ml; n =5; p > 0.05; Fig. 13), propionate
(51 pg/ml to 235 pg/ml; n =5; p > 0.05; Fig. 13) or butyrate (66 pg/ml to 204 pg/ml; n =
5; p>0.05; Fig. 13), IL-1B levels did not significantly differ from those treated with LPS
and ATP.

When the SCFAs were added in absence of ATP, only low amounts of IL-1B were
detected in both groups of mMPBMCs. For acetate (20 mM) the values started at 0 pg/mi
and reached 8 pg/ml (n = 6; Fig. 13) in the wild-type group and 4 pg/ml to 16 pg/ml (n =
4; Fig. 13) in the gene-deficient group. Similar low amounts were measured with
propionate in wild-type mPBMCs (0 pg/ml to 7 pg/ml; n = 6; Fig. 13) and in gene-
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deficient mPBMCs (2 pg/ml to 12 pg/ml; n = 3; Fig. 13) as well as with butyrate in the
wild-type group (0 pg/ml to 10 pg/ml; n = 6; Fig. 13) and the gene-deficient group (2
pg/ml to 10 pg/ml; n = 3; Fig. 13).

The LDH activity measurements are shown in Table S7. Data from wild-type and the
gene-deficient mice were statistically analyzed separately. The median of the LDH
activity measured in the cell supernatants of the wild-type group is under 8.5%. A
significant increase in the LDH activity is seen in some experiments. Cells stimulated
with LPS + ATP + PC (200 uM) are significantly different compared to data of cells
treated with LPS + ATP. The number (n) is 6 for each experimental group. The median
of the LDH activity measured in the cell supernatants of the gene-deficient group is under
9.0%. No significant differences are seen for the values, at a Friedman-test of 0.19. The

number (n) varies between 3-5.
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Figure 13. Effects of short-chain fatty acids (SCFASs) on the release of IL-1p by wild-
type and FFA2 gene-deficient mouse peripheral blood mononuclear cells
(mPBMCs). Mouse blood was freshly drawn from sacrificed mice. During the process
of isolation, mMPBMCs were “pulsed” with lipopolysaccharide (LPS; 10 ng/ml for 30
min). After culturing for 2 h, non-adherent cells were removed. Phosphocholine (PC; 200
K1M) and the SCFAs acetate (Acet; 20 mM), butyrate (But; 20 mM) or propionate (Prop;
20 mM) were added 10 min prior to the P2X7 agonist ATP (1 mM). PC and the SCFAs
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inhibited the ATP-induced IL-1p secretion significantly in wild-type mice. PC also
inhibits the ATP-induced IL-1p release in FFA2 gene-deficient mice. The SCFAs do not
lead to an IL-1B inhibition in gene-deficient mice. The IL-1p concentration in
experiments where pulsed mPBMCs were stimulated with ATP alone was set to 100%
and all other values were calculated accordingly. Data are presented as individual data
points, bars represent median, whiskers percentiles 25 and 75. Friedmann-test followed
by Wilcoxon signed-rank test. * p <0.05 significantly different from samples where ATP

was given alone to LPS-pulsed mPBMCs.

3.2.4 Inhibition of IL-1p release via FFA2 and FFA3 agonists

The following pre-experiments were performed on wild-type mPBMCs to test the
hypothesis that the stimulation of the FFA2 and FFAS3 via the agonists 4-CMTB and
AR420626 downregulates the ATP-induced IL-1p release. While in supernatants of LPS-
pulsed cells low amounts of IL-1p were measured (0 pg/ml to 8 pg/ml; n = 6; Fig. 14),
additional stimulation with ATP resulted in an elevation of the IL-1B concentrations in
the supernatants (124 pg/ml to 306 pg/ml; n = 6; p > 0.05; Fig. 14).

The IL-1B secretion was significantly inhibited after the addition of synthetic FFA2
agonist 4-CMTB (10 uM; 33 pg/ml to 216 pg/ml; n =5; p>0.05; Fig. 14) or FFA3 agonist
AR420626 (20 uM; 7 pg/ml to 45 pg/ml; n = 5; p > 0.05; Fig. 14). A stronger inhibition
was measured after the addition of AR420626 compared to 4-CMTB. When FFA2
agonist 4-CMTB was given without the addition of ATP low amounts of IL-1p were
measured (4 pg/ml to 5 pg/ml; n = 2; Fig. 14). The same effect was seen with the addition
of FFA3 agonist AR420626 without ATP (2 pg/ml to 4 pg/ml; n = 2; Fig. 14).

The LDH activity measurements are shown in Table S8. The median of the LDH activity
measured is under 22.0%. No significant differences are seen among the experimental

groups (Friedman-test p = 0.12). The number (n) varies between 2-6.
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Figure 14. The FFA2 and FFA3 agonists inhibit the ATP-induced release of
interleukin-1p (IL-1p) by wild-type mouse peripheral blood mononuclear cells
(mPBMCs). Mouse blood was freshly drawn from sacrificed mice. Mouse peripheral
blood mononuclear cells (MPBMCs) were “pulsed” with lipopolysaccharide (LPS; 10
ng/ml for 30 min) during the process of mPBMC isolation. After culturing for 2 h, non-
adherent cells were removed. The P2X7 agonist ATP (1 mM) was added in the absence
and presence of FFA2 agonist 4-CMTB (10 uM) or the FFA3 agonist AR420626 (20
HUM). 4-CMTB and AR420626 inhibited the ATP-induced IL-1p secretion significantly.
The IL-1p concentration in experiments where pulsed mPBMCs were stimulated with
ATP alone was set to 100% and all other values were calculated accordingly. Data are
presented as individual data points, bars represent median, whiskers percentiles 25 and
75. Friedmann-test followed by Wilcoxon signed-rank test. * p < 0.05 significantly

different from samples where ATP was given alone to LPS-pulsed mPBMCs.

3.2.5 Inhibition of IL-1p release via FFA2 and FFA3 agonists in wild-
type and gene-deficient mice

Next, the hypothesis was tested, that AR420626 inhibits the ATP-dependent IL-1p release
in FFA2 gene-deficient mPBMCs, while 4-CMTB on the other hand does not. Wild-type
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mice of the same genetic background like the gene-deficient mice were included in these
experiments. The wild-type and Ffar2 gene-deficient mPBMCs only stimulated with LPS
both showed a low IL-1p release in the supernatants. The wild-type group showed values
from 1 pg/ml to 7 pg/ml (n = 6; Fig. 15) and the gene-deficient group values from 6 pg/ml
to 10 pg/ml (n = 5; Fig. 15). After the addition of ATP and 0.2% DMSO elevated levels
of IL-1p were measured. In wild-type mPBMCs values ranging from 65 pg/ml to 186
pg/ml (n = 6; p > 0.05; Fig. 15) and in gene-deficient mPBMCs levels from 66 pg/ml to
293 pg/ml (n =5; p > 0.05; Fig. 15).

In both groups of MPBMC:s a statistically significant reduction of the IL-1f secretion was
measured after the addition of FFA3 agonist AR420626 (20 puM). A reduction was seen
in the wild-type mPBMCs with values from 42 pg/ml to 66 pg/ml (n = 6; p > 0.05; Fig.
15) as well as in FFA2 gene-deficient mPBMCs (40 pg/ml to 219 pg/ml; n=5; p > 0.05;
Fig. 15). A significant inhibition of the IL-1P release after the addition of the FFA2
agonist 4-CMTB (20 uM) was only measured in wild-type mPBMCs (52 pg/ml to 130
pg/ml; n = 6; p > 0.05; Fig. 15). In FFA2 gene-deficient mPBMCs values started at 71
pg/ml and reached 205 pg/ml (n = 5; Fig. 15).

When the FFA2 agonist 4-CMTB dissolved in DMSO was given without the addition of
ATP, low amounts of IL-1p were measured in both groups. In cell culture supernatants
of the wild-type mPBMCs low values of 5 pg/ml to 9 pg/ml (n = 6; Fig. 15) were measured
and in supernatants of gene-deficient mMPBMCs similar low amounts from 6 pg/ml to 13
pg/ml (n = 5; Fig. 15).

The LDH activity measurements are shown in Table S9. The wild-type and the gene-
deficient data were statistically analyzed separately. The median of the LDH activity
measured in the supernatants of the wild-type group is under 4.5%. No significant
differences are seen among the experimental groups (Friedman-test p = 0.06). The
number (n) is 6 for each experimental group. The median of the LDH activity measured
in the supernatants of the gene-deficient group is under 10.0%. No significant differences
are seen for the values, at a Friedman-test of 0.19. The number (n) is 5 for each

experimental group.
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Figure 15. The FFA2 and FFA3 agonists inhibit the ATP-induced release of
interleukin-1p (IL-1p) in wild-type and FFAZ2 gene-deficient mouse peripheral blood
mononuclear cells (MPBMCs). Mouse blood was freshly drawn from sacrificed mice.
Mouse peripheral blood mononuclear cells (mMPBMCs) were “pulsed” with
lipopolysaccharide (LPS; 10 ng/ml for 30 min) during the process of mPBMC isolation.
After culturing for 2 h, non-adherent cells were removed. ATP (1 mM) as well as DMSO
0.2% were added in the absence and presence of FFA2 agonist 4-CMTB (10 uM) or the
FFA3 agonist AR420626 (20 uM) in both wild-type and gene-deficient mPBMCs. 4-
CMTB and AR420626 inhibited the ATP-induced IL-1B secretion significantly in the
wild-type group. AR420626 also inhibited the ATP-induced IL-1p secretion in the gene-
deficient group, however, 4-CMTB did not inhibit the secretion. The IL-1p concentration
in experiments where pulsed mPBMCs were stimulated with ATP alone was set to 100%
and all other values were calculated accordingly. Data are presented as individual data
points, bars represent median, whiskers percentiles 25 and 75. Friedmann-test followed
by Wilcoxon signed-rank test. * p < 0.05 significantly different from samples where ATP

was given alone to LPS-pulsed mPBMCs.
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3.3 SCFA and synthetic FFA agonists induce a cholinergic mechanism
to inhibit the ATP-induced release of IL-1$ by mouse BMDMs

3.3.1 Cell characterization via F4/80 staining

The experiments are performed on mouse BMDM s in this chapter. To verify that the cells

are indeed differentiated macrophages, that express the F4/80 glycoprotein, an

immunohistochemical staining was performed. Bone marrow cells were treated according

to the protocol in 2.2.2.3. Figures 16 M1, M2 and M3 A show the cells with an hemalum

coloring. In figures 16 M1, M2 and M3 B F4/80 is stained in brown color in a majority

of cells. Furthermore, the typical variable morphological structure of macrophages is

detected, classifying them to be macrophages. In technical control experiments, in which

the primary antibodies were omitted, virtually no brown staining was visible (data not

shown).
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Figure 16. Immunohistochemical localization of the F4/80 antigen in mouse bone
marrow-derived cells. Mouse bone marrow cells of 3 mice (M1, M2 and M3) were
seeded out at a density of 0.125 x 10° cells/200 pl medium per well and differentiated into
bone marrow-derived macrophages via stimulation with M-CSF, LPS and INF-y
following a certain protocol mentioned in 2.2.2.3. After 6 days of cultivation, the cells
were stained using a primary anti-F2/80 antibody and secondary horse-radish peroxidase-
labeled rabbit antibodies directed to rat immunoglobulins. M1 A, M2 A, M3 A: Bone
marrow-derived cells after stimulation for differentiation, with hemalum staining. Light
cells with a subtly darker nucleus visible. Cell membrane not clearly delineated. (Bar =
50 uM). M1 B, M2 B, M3 B: Bone marrow cells after stimulation and with anti-F4/80

staining in brown color (Bar = 50 uM).

3.3.2 Double-staining of macrophages and the FFA2 within the murine
colon

To confirm that the FFAZ2 is found in the colon and furthermore, that macrophages in the
colon also express the FFA2, a double-staining was performed. A mouse strain was used
in which monomeric red fluorescent protein (MRFP) was expressed under the control of
the FFA2 promoter. The colon was removed from sacrificed mice, fixed and stained
according to 2.2.2.6. The brown staining in figure 17 A shows the mRFP present in that
area. Figure 17 B shows macrophages within the colon tissue that show a blue color.
Figure 17 C shows the double-staining, using antibodies directed to mouse F4/80 and

70



mRFP. The arrows are pointing to the double-positive macrophages. In negative controls,

in which the primary antibodies where omitted, virtually no staining is visible.
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Figure 17. Double-staining of macrophages and FFA2 within the murine colon. The
expression of FFA2 was studied in the colon of reporter mice expressing monomeric red
fluorescent protein (mRFP) under the control of the FFA2 promoter. A) Localization of
FFA2-mRFP labeled in brown with a peroxidase-coupled detection system in the colon.
(Bar = 50 uM) B) Immunohistochemical staining of macrophages (F4/80, stained in blue
using an AP-coupled detection system) within the colon tissue. (Bar = 50 uM) C) Double-
staining using antibodies directed to mouse F4/80 and mRFP. The arrows are pointing to

double-positive macrophages. (Bar = 50 uM) D) Negative control. (Bar = 50 uM)

3.3.3 The BzATP or ATP induced release of IL-1p in mouse BMDMs

This set of experiments was performed on mouse BMDMs. Bone marrow cells were
isolated from C57BL/6 mice and differentiated by macrophage colony-stimulating factor
(M-CSF; 10 ng/ml, 6 days) and interferon-y (IFN-y; 10 ng/ml, 3 days) to BMDMs.
BMDMs were primed for 5 h with LPS (1 pg/ml).
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In supernatants of cells that were not primed, low amounts of IL-1p (0 pg/ml to 12 pg/ml;
n = 48; Fig. 18) were measured. After the addition of only ATP (1 mM), similar low
amounts of IL-1p were measured (4 pg/ml to 223 pg/ml; n = 7; Fig. 18). After the cells
were primed with LPS a slight increase of 1l-1p was measured, ranging from 9 pg/ml to
595 pg/ml (n = 46; Fig. 18). An additional stimulation with BzATP (100 uM) resulted in
IL-1B levels ranging from 47 pg/ml to 280 pg/ml (n="7; p > 0.05; Fig. 18). The stimulation
with BzATP (300 uM) showed elevated IL-1p levels from 109 pg/ml to 295 pg/ml (n =
5; p>0.05; Fig. 18). Compared to cells only primed with LPS, the stimulation with ATP
(1 mM) resulted in elevated IL-1p levels from 353 pg/ml to 2029 pg/ml (n = 30; p > 0.05;
Fig. 18). Furthermore, elevated IL-1p levels were measured after the addition of ATP (2
mM) from 2311 pg/ml to 14738 pg/ml, compared to cells stimulated with LPS alone (n =
22; p >0.05; Fig. 18).
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Figure 18. The impact of BzZATP (3'-O-(4-benzoyl) benzoyl ATP) or ATP on the
secretion of IL-1B. Bone marrow cells were isolated from C57BL/6 mice and
differentiated by macrophage colony-stimulating factor (M-CSF; 10 ng/ml, 6 days) and
interferon-y (IFN-y; 10 ng/ml, 3 days) to bone marrow-derived macrophages (BMDMs).
BMDMs were primed for 5 h with lipopolysaccharide (LPS; 1 ug/ml). The P2X7 agonist
BzATP (3'-O-(4-benzoyl) benzoyl ATP, 100 uM, 300 uM) or ATP (1 mM, 2 mM) were
added. The IL-1B concentration in experiments where pulsed BMDMs were stimulated

with ATP alone was set to 100% and all other values were calculated accordingly. Data
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are presented as individual data points, bars represent median, whiskers percentiles 25
and 75. Friedmann-test followed by Wilcoxon signed-rank test. * p < 0.05 significantly

different from cells stimulated with LPS alone.

3.3.4 The inhibition of ATP-induced IL-1p release in mouse BMDMs
via P2X7 receptor antagonist

To test the hypothesis, that the P2X7 receptor antagonist A438079 leads to an inhibition
of the ATP-induced IL-1p secretion in mouse BMDMs the following experiments were
performed. In supernatants of cells without the addition of any substance, low amounts
of IL-1B were measured (0 pg/ml to 11 pg/ml; n = 15; Fig. 19). Furthermore, the
stimulation with only ATP (1 mM) also resulted in low IL-1B concentrations in the
supernatants (0 pg/ml to 262 pg/ml; n =7; Fig. 19). An elevation in IL-1 concentrations
were measured in supernatants of LPS-primed cells (77 pg/ml to 595 pg/ml; n =13; p >
0.05; Fig. 19).

Low IL-1PB levels were measured in the cell supernatants after the addition of 100 uM
BzATP (97 pg/ml to 280 pg/ml; n =5; p>0.05; Fig. 19) or the addition of 300 uM BzATP
(109 pg/ml to 295 pg/ml; n =5; p>0.05; Fig. 19), compared to cells stimulated with LPS
+ ATP (1 mM). High values of IL-1B were measured after the addition of ATP 1 mM
(263 pg/ml to 2029 pg/ml; n = 15; p > 0.05; Fig. 19). Therefore, for the further
experiments ATP was used and not BzZATP.

After the addition of P2X7 receptor antagonist A438079 10 uM together with ATP, a
significant reduction of IL-1p was measured, compared to cells stimulated with LPS +
ATP (104 pg/mlto 983 pg/ml; n=7; p>0.05; Fig. 19). When A439079 was given without
ATP, low amounts of IL-1p were measured (622 pg/ml to 678 pg/ml; n = 4; Fig. 19).

The LDH activity measurements are shown in Table S10. The median of the LDH activity
measured is generally under 15.0%. However, cells stimulated with LPS + ATP +
A438079 (10 uM) are significantly different compared to data of cells treated with LPS

+ ATP. The number (n) varies between 4-15.
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Figure 19. The impact of P2X7 receptor antagonist A438079 on the ATP-induced
release of interleukin-1p (IL-1g) by mouse bone marrow-derived macrophages
(BMDMs). Bone marrow cells were isolated from C57BL/6 mice and differentiated by
macrophage colony-stimulating factor (M-CSF; 10 ng/ml, 6 days) and interferon-y (IFN-
v; 10 ng/ml, 3 days) to BMDMs. BMDMs were primed for 5 h with lipopolysaccharide
(LPS; 1 pg/ml). The P2X7 agonist BzATP (3'-O-(4-benzoyl) benzoyl ATP) was added in
2 different concentrations (100 uM and 300 puM). ATP (1 mM) was added in the absence
and presence of P2X7 receptor antagonist A439079 (10 uM). A439079 inhibits the ATP-
induced IL-1B release significantly. The IL-1B concentration in experiments where
primed BMDMs were stimulated with ATP alone was set to 100% and all other values
were calculated accordingly. Data are presented as individual data points, bars represent
median, whiskers percentiles 25 and 75. Friedmann-test followed by Wilcoxon signed-
rank test. * p < 0.05 significantly different from cells stimulated with LPS + ATP.

3.3.5 The ATP-induced IL-1p release is blunted in the presence of
P2X7 and P2X4 receptor antagonists

Next, the hypothesis that the P2X7 and P2X4 receptor antagonists result in a
downregulation of the ATP-dependent IL-1p secretion by BMDMs was tested. While in
cell culture supernatants of untreated BMDMs (0 pg/ml to 1 pg/ml; n = 12; Fig. 20) or
BMDMs primed with LPS (37 pg/ml to 403 pg/ml; n = 12; Fig. 20) low amounts of IL-
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1B were measured, higher levels were measured after the addition of ATP (2 mM; 6041
pg/ml to 16836 pg/ml; n =12; p > 0.05; Fig. 20).

After the addition of P2X4 receptor antagonist 5-BDBD together with ATP, a dose-
dependent inhibition of the IL-1B secretion was measured (1 uM — 100 uM; n =4-12; p
> 0.05; Fig. 20). At 1 pM a reduction was measured. The IL-1p values ranged from 1400
pg/ml to 15033 pg/ml (n = 8; p > 0.05; Fig. 20). The strongest reduction of IL-1p was
measured after the addition of 100 uM 5-BDBD from 1478 pg/ml and to 4642 pg/ml (n
=6; p>0.05; Fig. 20). The calculated ICsp value was 34 uM.

A similar dose-dependent inhibition of the IL-1B secretion was measured after the
addition of P2X7 receptor antagonist A438079 together with ATP (0.5 — 100 uM; n = 4-
8, p > 0.05; Fig. 20). At 0.5 puM a slight reduction of the IL-1p concentration was
measured (9235 pg/ml to 13407 pg/ml; n =4; p > 0.05; Fig. 20). The strongest reduction
of IL-1p was measured after the addition of 100 uM of A438079 with values from 77
pg/ml to 479 pg/ml (n = 6; p > 0.05; Fig. 20). The calculated 1Cso value was 0.8 uM.

When 5-BDBD (10 uM) was given without ATP, low amounts of IL-1p were measured
(296 pg/ml to 910 pg/ml; n = 8; Fig. 20). Similar low amounts were measured after only
A439079 (10 uM) was added without ATP (50 pg/ml to 423 pg/ml; n = 6; Fig. 20).

The LDH activity measurements are shown in Table S11. The median of the LDH activity
measured in cell supernatants is generally high with values reaching up to 49.9. A
significant increase is seen in some experiments. Cells stimulated with LPS + ATP + 5-
BDBD (1 puM, 10 uM, 100 uM) are significantly different compared to data of cells
treated with LPS + ATP. The same significant difference is seen with LPS + ATP +
A438079 (10 uM). The number (n) varies between 4-12.
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Figure 20. The impact of P2X7 receptor antagonist A438079 and P2X4 receptor
antagonist 5-BDBD  (5-(3-Bromophenyl)-1,3-dihydro-2H-benzofuro[3,2-e]-1,4-
diazepin-2-one) on the ATP-induced release of interleukin-1p (IL-1f) in mouse bone
marrow-derived macrophages (BMDMs). Bone marrow cells were isolated from
C57BL/6 mice and differentiated by macrophage colony-stimulating factor (M-CSF; 10
ng/ml, 6 days) and interferon-y (IFN-y; 10 ng/ml, 3 days) to BMDMs. BMDMs were
primed for 5 h with lipopolysaccharide (LPS; 1 pg/ml). The P2X7 agonist ATP (2 mM)
was added in the absence and presence of P2X7 receptor antagonist A439079 (0.5 uM, 1
UM, 5 uM, 10 pM, 100 puM) and P2X4 receptor antagonist 5-BDBD (1 puM, 10 uM, 50
MM, 100 pM). A439079 and 5-BDBD both inhibited the ATP-induced IL-1pB release
significantly and in a dose-dependent manner (ICso = 34 uM; 1Cs0 = 0.8 uM). The IL-1p
concentration in experiments where primed BMDMs were stimulated with ATP alone
was set to 100% and all other values were calculated accordingly. Data are presented as
individual data points, bars represent median, whiskers percentiles 25 and 75. Friedmann-
test followed by Wilcoxon signed-rank test. * p < 0.05 significantly different from
samples where ATP was given alone to LPS-primed BMDMs.
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3.3.6 The influence of SCFAs and FFA2 and FFA3 agonists on the
ATP-induced IL-1p release

The hypothesis was tested, that the SCFA butyrate as well as FFA2 and FFA3 agonists
inhibit the ATP-induced IL-1p release by murine BMDMs. Cells without any stimulation
released only low amounts of IL-1p from 0 pg/ml to 11 pg/ml (n = 8; Fig. 21). The
addition of ATP (1 mM) to unprimed BMDMs also resulted in a low amount of IL-1f in
the cell culture supernatants (0 pg/ml to 41 pg/ml; n = 6; Fig. 21). Higher values were
seen after the cells were primed with LPS (46 pg/ml to 595 pg/ml; n = 8; Fig. 21). After
the addition of ATP (1 mM) an increase of IL-1p was measured with values from 263
pg/ml to 2930 pg/ml (n = 8; p > 0.05; Fig. 21).

After the addition of nicotinic receptor agonist acetylcholine (10 puM) a significant
inhibition of the ATP-induced release of IL-1p was measured (105 pg/ml to 530 pg/ml; n
=7, p > 0.05; Fig. 21). The addition of butyrate (20 mM) also resulted in a significant
inhibition of the IL-1p release (241 pg/ml to 1249 pg/ml; n = 7; p > 0.05; Fig. 21). The
synthetic FFA2 agonist 4-CMTB (10 uM) also resulted in a significant inhibition of the
IL-1P secretion (201 pg/ml to 1369 pg/ml; n = 8; p > 0.05; Fig. 21) as well as the FFA3
agonist AR420626 (20 uM; 125 pg/ml to 734 pg/ml; n = 7; p > 0.05; Fig. 21).

The LDH activity measurements are shown in Table S12. The median of the LDH
acitivity measured in cell supernatants is generally low and under 2.0%. However, cells
stimulated with LPS + ATP + Butyrate (20 mM) as well as LPS + ATP + 4-CMTB (10
puM) and LPS + ATP + AR420626 (20 uM) are significantly different compared to data
of cells treated with LPS + ATP. The number (n) varies between 6-8.
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Figure 21. The influence of short-chain fatty acid (SCFA) butyrate (Buty) on the
ATP-induced release of interleukin-1 (IL-1p) by mouse bone marrow-derived
macrophages (BMDMs). Bone marrow cells were isolated from C57BL/6 mice and
differentiated by macrophage colony-stimulating factor (M-CSF; 10 ng/ml, 6 days) and
interferon-y (IFN-y; 10 ng/ml, 3 days) to BMDMs. BMDMs were primed for 5 h with
lipopolysaccharide (LPS; 1 pg/ml) and ATP (1 mM, 30 min). The induced release of IL-
1P was investigated in the cell culture supernatant. ATP (2 mM) was added in the absence
and presence of the SCFA, the FFA2 (4-CMTB) and FFA3 (AR420626; AR) agonists.
These inhibited the ATP-mediated IL-1p release significantly. The IL-1p concentration
in experiments where primed BMDMs were stimulated with ATP alone was set to 100%
and all other values were calculated accordingly. Data are presented as individual data
points, bars represent median, whiskers percentiles 25 and 75. Friedmann-test followed
by Wilcoxon signed-rank test. * p < 0.05 significantly different from samples where ATP

was given alone on LPS-primed BMDMs.
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3.3.7 The signaling of FFA2 and FFA3 involve nAChR containing a7
and 09/a10

Finally, the last hypothesis was tested, that the signaling of FFA2 and FFA3 involves the
NAChR containing subunits a7 and a9/a10 in murine BMDMs. These experiments were
performed on mouse BMDMs not only with the measurement of IL-1p, but also as pilot

experiments where IL-1a was measured (see figure 22 B).

In cell culture supernatants of untreated BMDMs IL-1B concentrations remained below
the level of detection (0 pg/ml; n = 5; Fig. 22 A). The cells primed with LPS showed
slightly higher values of IL-1p from 123 pg/ml to 148 pg/ml (n = 5; Fig. 22 A). After the
addition of ATP (2 mM) to BMDMs, higher IL-1p levels were measured (2311 pg/ml to
6610 pg/ml; n=5; p > 0.05; Fig. 22 A). The addition of FFA2 agonist 4-CMTB (20 uM)
resulted in a significant inhibition of the ATP-induced IL-1p release (48 pg/ml to 212
pg/ml; n = 5; p > 0.05; Fig. 22 A). This inhibition was significantly reversed by the
addition of nAChR antagonists RgIA4 (2315 pg/ml to 5646 pg/ml; n = 5; p > 0.05; Fig.
22 A) and ArIB [VI1L, V16D] (1605 pg/ml to 6716 pg/ml; n=5; p > 0.05; Fig. 22 A).

A significant reduction of the ATP-induced release of IL-1p similar to that provoked by
4-CMTB was seen after the addition of the FFA3 agonist AR420626 (50 uM; 32 pg/mi
to 166 pg/ml; n=5; p > 0.05; Fig. 22 A). This inhibition was also significantly reversed
by the addition of nAChR antagonists RglA4 (1315 pg/ml to 7082 pg/ml; n=5; p > 0.05;
Fig. 22 A) and also by ArIB [V11L, V16D] (1240 pg/ml to 7304 pg/ml; n = 5; p > 0.05;
Fig. 22 A).

When RglA4 or ArIB [V11L, V16D] were added to primed BMDMs, which were
stimulated with ATP in the absence of the FFA2 or FFA3 agonists, the IL-1p release was
not significantly inhibited. Without the addition of 4-CMTB or AR420626, but with the
addition of ATP and LPS, RglA4 showed measured levels from 3043 pg/ml to 8362 pg/ml
(n =5; p>0.05; Fig. 22 A) and ArIB [V11L, V16D] levels from 4054 pg/ml to 7035
pg/ml (n =5; p>0.05; Fig. 22 A).

The LDH activity measurements are shown in Table S13. The IL-1f and the IL-10o data
were statistically analyzed separately. The median of the LDH activity measured in cell
supernatants of the IL-1B group is high with values under 24.0%. Cells stimulated with
LPS are significantly different compared to data of untreated cells. Additionally, cells
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stimulated with LPS + ATP are significantly different compared to data of cells treated
with LPS. Furthermore, cells stimulated with LPS + ATP + AR420626 (50 uM) + ArIB
[V11L, V16D] (500 nM) are significantly different compared to data of cells treated with
LPS + ATP. The number (n) is 5 for each experimental group.

The same experiments were performed on mouse BMDMs with the measurement of IL-
la in cell supernatants. These pilot experiments showed similar results to the ones

measured above (see figure 22 A).

Untreated cells secreted low levels of IL-1a in the supernatant (1.5 pg/ml to 3 pg/ml; n =
5; Fig. 22 B). The cells primed with LPS showed similar low values of IL-1a from 15
pg/ml to 23 pg/ml (n = 5; Fig. 22 B). After the addition of ATP (2 mM) higher IL-1a
levels were measured (208 pg/ml to 623 pg/ml; n = 5; p > 0.05; Fig. 22 B). The addition
of FFA2 agonist 4-CMTB (20 uM) resulted in a significant inhibition of the ATP-induced
IL-1a release by primed BMDMs (48 pg/ml to 100 pg/ml; n = 5; p > 0.05; Fig. 22 B).
This inhibition was significantly reversed by the addition of NAChR antagonists RglA4
(92 pg/ml to 493 pg/ml; n = 5; p > 0.05; Fig. 22 B) and ArIB [V11L, V16D] (106 pg/ml
to 588 pg/ml; n = 5; p > 0.05; Fig. 22 B).

A similar significant reduction of the ATP-induced IL-1a release by primed BMDMs was
seen after the addition of the FFA3 agonist AR420626 (50 uM; 33 pg/ml to 95 pg/ml; n
=35; p > 0.05; Fig. 22 B). This inhibition was also significantly reversed by the addition
of nAChR antagonists RglA4 (176 pg/ml to 689 pg/ml; n = 5; p > 0.05; Fig. 22 B) and
ArIB [V11L, V16D] (93 pg/ml to 683 pg/ml; n = 5; p > 0.05; Fig. 22 B).

When RglA4 and ArIB [V11L, V16D] were added to primed BMDMs, which were
stimulated with ATP in the absence of the FFA2 or FFA3 agonists, the IL-1a release was
not significantly inhibited (Fig. 22 B).

The LDH activity measurements are shown in Table S13. The median of the LDH activity
measured in cell supernatants of the IL-1p group is under 23.0%. Cells stimulated with
LPS are significantly different compared to data of untreated cells. Additionally, cells
stimulated with LPS + ATP are significantly different compared to data of cells treated
with LPS. Furthermore, cells stimulated with LPS + ATP + AR420626 (50 uM) + ArIB
[V11L, V16D] (500 nM) are significantly different compared to data of cells treated with
LPS + ATP. The number (n) is 5 for each experimental group.
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Figure 22. The signaling of FFA2 and FFA3 involve nAChR containing a7 and
a9/a10. Bone marrow cells were isolated from C57BL/6 mice and differentiated by
macrophage colony-stimulating factor (M-CSF; 10 ng/ml, 6 days) and interferon-y (IFN-
v; 10 ng/ml, 3 days) to BMDMs. BMDMs were primed for 5 h with lipopolysaccharide
(LPS; 1 pg/ml) and ATP (2 mM, 30 min). A) The induced release of IL-1B was
investigated in the cell culture supernatant. B) The induced release of IL-lo was

investigated in the cell culture supernatant. A and B) The nAChRs antagonists RglA4
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(50 nM) and AriIB [V11L, V16D] (500 nM) were added 10 min prior to the addition of
the P2X7 receptor agonist ATP (2 mM) in the absence and presence of the FFA2 (4-
CMTB, 20 uM) and FFA3 agonist (AR420626, 50 pM). AR420626 and 4-CMTB
inhibited the ATP-induced IL-1p release. This inhibition was significantly reversed by
the nAChRs antagonists RglA4 and ArIlB [V1lL, V16D]. The IL-1f and IL-la
concentration in experiments where primed BMDMs were stimulated with ATP alone
was set to 100% and all other values were calculated accordingly. Data are presented as
individual data points, bars represent median, whiskers percentiles 25 and 75. Friedmann-
test followed by Wilcoxon signed-rank test. * p < 0.05 significantly different from

samples where ATP was given alone on LPS-primed BMDMs.

82



4. Discussion
4.1 Summary of the results

The experiments for this thesis were performed on 3 different cell types, hPBMCs,
mPBMCs and murine BMDMs. The important focus is the ATP- or BZATP-dependent
IL-1B secretion and its inhibition via SCFAs or synthetic FFA2 and FFA3 agonists.
Furthermore, it investigates a cholinergic mechanism that is induced by FFA agonists to
inhibit the ATP- or BzZATP-dependent IL-1p secretion.

The results in the first group of cells, the hPBMCs, indicate that the BzZATP-mediated IL-
1B secretion is dependent on the P2X7 and partly on the P2X4 receptor. Both synthetic
FFA2 and FFA3 agonists show a clear dose-dependent inhibition of the IL-1f secretion,
which is significantly reversed by the addition of nAChR antagonists. These results
indicate that the inhibition of the BzZATP-induced IL-1p secretion via synthetic FFA2 and
FFA3 agonists is dependent on a cholinergic mechanism. Similar experiments were then

performed on mPBMCs to contrast the results to FFA2 gene-deficient mice.

In mPBMCs an efficient secretion of IL-1pB can be induced by ATP but not by BzZATP.
Further, the data suggest that SCFAs as well as the synthetic FFA2 and FFA3 agonists
lead to an inhibition of the ATP-dependent IL-1B secretion as seen in hPBMCs. This
inhibition via SCFAs and the FFA2 agonist is not seen in FFA2 gene-deficient mice,

while, the inhibition via FFA3 agonist is still detected.

Moreover, in mouse BMDMs, ATP induced a more efficient release of IL-1p compared
to BzATP. This ATP-mediated release is dependent on the P2X7 as well as on the P2X4
receptor. The further analysis supports the theory that the FFA2 and FFA3 agonists
including the SCFAs inhibit the ATP-mediated IL-1p release dependent on nAChRs.
Finally, the pilot experiments performed on mouse BMDMs measuring the IL-la
secretion, showed an ATP-dependent secretion resembling that of IL-1p that is inhibited
via SCFAs, FFA2 and FFA3 agonists depending on nAChRs.
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4.2 FFA-mediated regulation of ATP-dependent IL-1p secretion by
hPBMCs

4.2.1 ATP receptor-dependent secretion of IL-1§

The first group of experiments was performed on hPBMCs. HPBMCs, as mentioned in
section 1.1, are human blood cells with a single non-fragmented nucleus, which include
lymphocytes, monocytes and natural killer cells (Delves et al. 2006). Activated
monocytes show pro-inflammatory features and have the ability to produce and secrete
IL-1B as well as other pro-inflammatory mediators (Cané et al. 2019; Oppenheim et al.
1986; Dinarello 2009) (see 1.1). They are also among the prominent cells in this activity
(Cané et al. 2019; Dinarello 2009). Furthermore, monocytes are known to express FFA2
and FFA3 (Ang et al. 2016). Initially, experiments had already been performed on
monocytes along with other cell types such as neutrophils, to investigate the ATP-
dependent IL-1B secretion (Karmakar et al. 2016; Ferrari et al. 1997). The provided
information, make the monocyte a suitable choice of cell to specifically investigate the
BzATP- or ATP-mediated IL-1p secretion and its inhibition via synthetic FFA2 and FFA3

agonists and SCFAs. This topic remains unexplored in this form in literature.

In the methods of this thesis, monocytes were enriched using two steps. First, PBMCs
were isolated by gradient centrifugation. Thereafter, monocytes were enriched from
PBMCs by adherence selection. According to the manufacturer of the monocyte
attachment medium, this method allows a purity of 80-90% of obtained monocytes (see
2.2.1.1). Hence, there still exists a certain number of other cells among the monocytes,
that might influence the measured IL-1f concentrations to a certain point. Further options
for the monocyte isolation are known some of which show higher or lower monocyte
purity levels (Nielsen et al. 2020). The positive selection method of monocytes showed
the highest purity (98.7%) and is therefore a possible option to avoid impurities caused
by other cells and therefore specifically only measure the monocyte IL-1B secretion
(Nielsen et al. 2020). However, the positive selection method does come with drawbacks.
Since antibodies are used targeting specific cell surface markers, these surface markers
can be blocked by the antibodies (Bhattacharjee et al. 2017). Furthermore, studies show
that the monocyte can be activated by the antibodies, disrupting any further experiments
performed on the cell (Nielsen et al. 2020; Bhattacharjee et al. 2017).
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According to literature, IL-1p secretion by monocytes is typically achieved by 2
independent stimuli (Martinon et. al 2009). As mentioned in section 1.2, the first signal,
a danger signal such as LPS being a PAMP, can be recognized by TLR4 and results in an
elevated expression of the constituents of the NLRP3 inflammasome and also to an
increased production of the precursor protein pro-IL-1B (Kawasaki & Kawai 2014;
Iwasaki and Medzhitov 2015). A second stimulus, such as ATP, leads to the formation of
the NLRP3-inflammasome and the maturation of pro-IL-1f to IL-1p which is
subsequently released (see 1.3) (Adinolfi et al. 2018; Cekic and Linden 2016).

Here, hPBMCs were stimulated with LPS from E.coli and both, BzATP or ATP. An
alignment with literature was seen in the results, since BzATP is said to have a higher
affinity to the P2X7 receptor in humans and also a higher potency, compared to ATP,
which is important for the signaling leading to the formation of the NLRP3-
inflammasome (Adinofli et al. 2018; Young et al. 2007). Moreover, BzZATP is known to
be a more stable alternative compared to ATP and is therefore used for experiments in
contemporary and historical literature (Gicquel et al. 2014; Williams and Coleman 1982).
Additionally, ATP is also known to be unstable in vitro (Chen and Xia 2021).
Furthermore, a higher ATP concentration is needed to achieve the same effect seen with
BzATP as an agonist of the P2X7 receptor, which might account for the lower efficacy
of ATP observed in figure 5 (Young et al. 2007). Therefore, the significantly higher
secretion of IL-1p using BZATP resulted in the further utilization of BZATP for all the
experiments on hPBMCs. Moreover, LPS alone shows no significant raise in IL-1p,

confirming that 2 stimuli are needed for IL-1f to be secreted by monocytes.

In addition to measuring the IL-1p in cellular supernatants, the LDH activity was also
measured parallel to each experiment performed and compared to the maximum LDH

activity of lysed cells, corresponding to the respective experiments.

The measurement of the LDH activity is a commonly used method to determine cell death
in a cell culture (Legrand et al. 1992). LDH is an enzyme found in the cytoplasm of most
cells (Legrand et al. 1992). Its function is to catalyze the reduction of pyruvate to lactate,
which is reversible (Legrand et al. 1992; Markert 1984). In the early stages of research
and medicine, the LDH activity was measured and an increase associated with disease
(Hsieh and Blumenthal 1956). Then, in 1992, the LDH activity was associated with cell
death and became the preferred method used (Legrand et al. 1992).
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The measurement of the LDH activity is of importance, since it represents cell vitality. In
all performed experiments the IL-1p levels were measured in cell supernatants. Not only
the LDH is released by dying cells and therefore found in a higher concentration in
supernatants, but additionally cytosolic IL-1p is also released. The IL-1B levels can
therefore be unreliably high if the cells are dying or are dead. A certain level of LDH is
tolerable, however if the LDH activity is too high, the credibility of the measured IL-18
is not given. In most experiments on hPBMCs, however, the addition of LPS, BZATP or
ATP did not result in a relevant increase in LDH activity (supplementary tables S1-S4),

suggesting that increased IL-1p levels are not caused by cell death.

4.2.2 Involvement of the ATP receptors P2X4 and P2X7

A further question that arises is whether BzATP or ATP do indeed act as agonists
specifically for the P2X7 receptor, or if further P2X receptors are also involved in the IL-

1B secretion and therefore activated by BZATP or ATP.

The P2X receptor superfamily consists of 7 subforms of which the P2X7 receptor is the
most extensively researched (Adinolfi et al. 2018; Jarvis and Khakh 2009) (see 1.3). Since
all 7 receptors are ATP-gated, an involvement of other receptors apart from the P2X7
receptor in the BzATP-dependent IL-1B secretion is possible and requires further
investigation. Recent studies on human embryonic kidney (HEK) 293 cells show that
there is a potential interaction between the P2X4 and P2X7 receptor, which leads to an
increase of the IL-1p and IL-18 secretion (Kanellopoulos et al. 2021; Sakaki et al. 2013).
However, the exact interaction as well as the heterotrimeric or homotrimeric formation
of the 2 receptors has not yet been fully understood (Kanellopoulos et al. 2021). Other
studies show that there is no heteromerization of the P2X4 and P2X7 receptor in microglia
and that they are activated independently (Trang et al. 2020). In dendritic cells a decrease
in the expression of the P2X4 receptor leads to a decrease of IL-1p and IL-18 release,
indicating a dependency of the 2 mentioned receptors and the involvement of the P2X4
receptor in the IL-1pB secretion (Sakaki et al. 2013). Another study shows, that the co-
expression of the P2X4 and the P2X7 receptor enhances the P2X7-mediated
inflammation (Kawano et al. 2012). Furthermore, BzZATP has also shown to be a partial
agonist of the P2X4 receptor, allowing the possibility of a potential significant impact of
the P2X4 receptor in the BzATP-dependent IL-1p secretion (Bowler et al. 2003).

86



To assess the extent of the involvement of the P2X4 and P2X7 receptors in human
monocytes, the ATP- or BzATP-dependent IL-1B secretion was measured after the
addition of P2X7 receptor antagonist A438079 or P2X4 receptor antagonist 5-BDBD in
different concentrations (see figure 6). A significant reduction of the IL-1p release is
measured in the supernatants of cells stimulated with ATP or BzZATP with the addition of
A438079. This indicates that the IL-1p secretion is P2X7 dependent, as evident from the
existing literature (Ferrari et al. 2006). After the addition of 5-BDBD in combination with
BzATP, a slight but statistically significant inhibition of the IL-1B secretion was
measured. This result suggests that the P2X4 receptor is also involved in the BzATP-
dependent IL-1p secretion in monocytes, however, not to the extent of the P2X7 receptor
(see figure 6 A). In past studies, the involvement of the P2X4 receptor and the NLRP3-
inflammasome activation has already been confirmed, which could explain the results
seen in figure 6 A (Chen et al. 2013). Additionally, some studies have already shown,
that P2X7-deficient mouse macrophages have led to the release of mature IL-1p after the
stimulation with ATP (Kanellopoulos et al. 2021). This concept could potentially be
extrapolated to human monocytes. This needs to be further investigated. The effect
depicted in figure 6 A is not seen after the addition of 5-BDBD in combination with ATP.
An explanation of these results would be based on speculation. However, this could be
due to the higher potency and affinity of BzATP to the P2X7 receptor compared to ATP
(figure 5) (Young et al. 2007).

The specificity of both antagonists is of importance to confirm the credibility of the
results. In literature, A438079 is known as a selective P2X7 receptor antagonist (Nelson
et al. 2006). Furthermore, it does not inhibit other P2 receptors (Manaka et al. 2015). The
ICso value is 300 nM, making the antagonist potent (Potula et al. 2023).

5-BDBD has been tested and has been described as a selective and potent antagonist in
studies with an ICsg of 0.75 uM (Coddou et al. 2019). Furthermore, 5-BDBD has not been
seen to affect the ATP-induced P2X7 receptor’s current amplitude and therefore it may
be deduced that the P2X7 receptor remains unaffected by 5-BDBD (Coddou et al. 2019).
For more specific results, the experiments could be repeated on P2X7 or P2X4 gene-
deficient mice. Further research on the other P2X receptors, such as the P2X3 receptor

and the potential interactions can be performed in future studies.
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Apart from some exceptions that will be mentioned next, the cell death median in figure
6 A and B ranged between 2.0 — 6.0%. Due to centrifugation or generally the isolation of
the hPBMCs, a small percentage of cells are damaged and die which is common (Chien
et al. 2006). After the addition of BzATP or ATP a significant increase in cell death was
seen. In literature, similar experiments were performed, adding BzATP to cell lines such
as RAW264.7 and THP-1 that also resulted in a rising LDH activity (Kawano et al. 2012;
Humphreys and Dubyak 1996). A possible explanation could be that the binding of
BzATP to the P2X7 receptor also leads to pyroptosis and therefore to the formation of
pores in the cell membrane, allowing LDH to pass through (Sborgi et al. 2016).

Furthermore, after the addition of 5-BDBD (10 puM, 20 uM, 50 puM) to the cells, a
significant raise in cell death, compared to only LPS + BzATP was seen. However, the
addition of 5-BDBD (10 uM) to only LPS did not lead to a significant raise in cell death.
There is no data on the substance 5-BDBD and cell death in literature. In combination
with BzZATP or ATP (see figure 6 B and figure 20) 5-BDBD might disrupt the membrane
structure of the cell and lead to a formation of pores and the release of LDH. However, a
contradiction becomes apparent as the IL-1P levels measured still show a significant
reduction after the addition of 5-BDBD, despite rising LDH activity levels. The results
with 5-BDBD can be viewed with more caution. A concentration-response curve can be
conducted in future experiments and might demonstrate more insight. However, an

explanation is based on pure speculation.

4.2.3 Control of IL-1p secretion by synthetic FFA2 and FFA3 agonists

The next step, was to investigate whether synthetic ligands of FFA2 and FFA3 reduce the
BzATP-induced secretion of IL-1p by LPS-primed hPBMCs.

FFA2 and FFAS3 are found on immune cells and have a high expression on monocytes
(Maslowski et al. 2009) (see 1.8). The ligands for both receptors are SCFAs (Brown et al.
2003). It is thought that FFA2 is activated more efficiently by acetate and propionate, and
FFAS3, on the other hand, is activated most efficiently by butyrate and propionate (Brown
et al. 2003). First, to test the anti-inflammatory effect that the activation of the FFA2 and
FFAS3 results in, synthetic agonists were added to hPBMCs in rising concentrations (see
figure 7 and 8).
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The addition of the synthetic FFA2 agonist 4-CMTB resulted in an inhibition of the
BzATP-mediated IL-1p release. With a rising concentration of 4-CMTB from 0.5 to 50
UM a dose-dependent inhibition was seen (see figure 7). The ICso value was calculated
being 8.3 WM. This value is higher than the ones mentioned in literature which are said
to be around 1.62 pM (Grundmann et al. 2016). This difference shows that in the
experiments conducted for this thesis, the FFA2 agonist 4-CMTB has a slightly lower
potency as seen in other studies (Grundmann et al. 2016). 4-CMTB is, however, the most
studied agonist (Bolognini et al. 2016). Moreover, 4-CMTB shows no effect at the FFA3
and is described as moderately potent and FFA2 selective (Bolognini et al. 2016). An
additional optimization effort to achieve a ligand with an even better potency and
specificity to only FFA2 has failed so far (Grundmann et al. 2016). Furthermore, the
binding site has not been successfully mapped (Grundmann et al. 2016). Therefore, it is
not known whether 4-CMTB does indeed activate the exact signaling pathway as do the
SCFA and furthermore, whether there is “functional selectivity” at the FFA2 (Bolognini
et al. 2016). This devaluates the direct transferability of the synthetic agonist to the
SCFA:s, as being the natural agonists. To solve this problem, experiments were performed

on FFA2 gene-deficient mice, to evaluate the role of the FFA2.

Similar to the addition of 4-CMTB the synthetic FFA3 agonist AR420626 was added in
increasing concentrations (1 — 50 pM) resulting in a dose-dependent inhibition of the
BzATP-dependent IL-1p secretion, showing an anti-inflammatory effect (see figure 8).
AR420626 is used and mentioned in multiple studies as being a selective FFA3 agonist
(Mikami et al. 2020; Christiansen et al. 2018). The ICso value in the experiments
conducted for this thesis was calculated being 19.7 uM. In other papers, a value of 117
nM has been mentioned (Engelstoft et al. 2013). Here, a more reduced potency of the
FFA3 agonist is seen, as with 4-CMTB, compared to other literature. AR420626 has been
seen not to activate the FFA2 up to a concentration of 100 uM, making it a good agonist
in the concentrations used for the experiments conducted here (Engelstoft et al. 2013). In
order to have a clearer understanding of the role of the FFA3 in the inhibition of the
BzATP-induced IL-1f secretion, further experiments can be performed on FFA3 gene-

deficient mice.

In figure 7, cell death was generally low under 6.6%, however after the addition of 4-
CMTB (10 pM and 50 pM), a significant raise in cell death was seen compared to data
of cells treated with LPS + BzATP. Additionally, in figure 9, the addition of 4-CMTB
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(10 uM) also led to a significantly higher cell death, compared to LPS + BzATP at a
general median cell death of under 4.5%. In figure 21, there was also a significant increase
in cell death after the addition of 4-CMTB (10 uM) to mouse BMDMs. Interestingly, not
all 4-CMTB concentrations had the effect of a cell death increase. It is primarily seen in
the concentration of 10 uM. No explanation for this increase in cell death is found in
literature. However, the possibility exists that this could be coincidental, therefore, further

investigation is needed.

In the experiments performed for figure 8, no significant increase in cell death was

measured.

4.2.4 Signaling of FFA2 and FFA3 via nAChRs

After having observed that the activation of both FFA2 and FFAS3 leads to an inhibition
of the BzATP-dependent IL-1p secretion by hPBMCs, the inhibitory mechanism needs
to be studied further.

Since unpublished pilot experiments already suggested that nAChRs might be involved
in the signaling of the synthetic FFA2 agonist 4-CMTB, the conopeptides RglA4 and
ArIB [VI11L, V16D], which are specific for nAChR subunits a7 and 09/a10, respectively,
were used (Grau et al. 2018). Indeed, both conopeptides blunted the inhibitory effect of
4-CMTB on the BzATP-mediated release of IL-1p (Fig. 9). In the same set of
experiments, the BzATP-induced release of IL-1p by LPS-pulsed hPBMCs in the
presence or absence of 4-CMTB was included as controls. The results of these

experiments confirmed well the results shown in figure 5 and 7.

According to 1.6, NAChRs are found in the immune system (Fujii et al. 2017). In immune
cells the receptor can be made up of the subunits a7 and a9/10 (Hecker et al. 2015; Zoli
et al. 2018). Studies show, that the nAChR and the P2X7 receptor can interact (Di et al.
2018; Richter et al. 2016). The metabotropic activation of the nAChR can lead to an
inhibition of the P2X7 receptor that cannot react with ATP/BzATP in an ionotropic
manner (Hecker et al. 2015; Richter et al. 2016). Recent studies show, that the inhibitory
signaling of the ATP-mediated IL-1p secretion via the nAChRs involved an activation of
the endothelial NO synthase as well as a modification of the P2X7 receptor (Richter et al.

2023). ACh is known to be an agonist for the nAChR, as well as other substances with a
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choline group (Hecker et al. 2015; Richter et al. 2016). These agonists bind to the nAChR
and lead to an inhibition of the BzATP-dependent NLRP3-iflammasome activation and
therefore lead to an inhibition of the IL-1p release (Hecker et al. 2015; Richter et al. 2016;
Backhaus et al. 2017). ACh of neuronal origin and non-neuronal origin can regulate
immune cell functions (Mashimo et al. 2021; Borovikova et al. 2000). ACh and PC both
unfold their effect via nAChR subunits a7, a9 and al0. The conopeptide ArIB [VI1L,
V16D], acts as an antagonist for the subunit a7 and the conopeptide RglA4 as an
antagonist for the subunits 09/a10 (Grau et al. 2018).

If the FFA2 and FFA3 are dependent on nAChRs to lead to an inhibition of the BzZATP-
induced IL-1B secretion by hPBMCs, the expected result, after the addition of an
antagonistic conopeptide, would be that the inhibitory effect is reversed, leading to a
higher secretion of IL-1B. The 2 different conopeptides were added in order to
differentiate which subunit may be responsible for the inhibition. With an addition of 4-
CMTB at a concentration of 1 uM, none of the conopeptides showed a significant effect.
This might be explained by the observation that the variance of these data was high.
However, the conopeptides showed a significant effect when combined with a higher
concentration of 4-CMTB (10 uM). This indicates that the anti-inflammatory effect
conducted via FFA2 is indeed in some unknown way connected to all nAChR subunits

a7 and 09/010 and in need for further investigation.

Similar results, compared to 4-CMTB, were seen after the addition of the synthetic FFA3
agonist AR420626 (Fig. 10). As seen in figure 8, AR420626 leads to a significant
inhibition of the BzATP-induced IL-1p release, while conopeptides RgIA4 and ArIB
[V11L, V16D] significantly reversed this effect. The reversed effect points to the FFA3
being dependent on nAChR subunits a7 and a9/a10.

RglA4 is a second-generation antagonist, derived from the natural RglA antagonist
isolated from Conus regius (Huynh et al. 2022). Its selectivity and potency was altered
for human 09/010 nAChR (Huynh et al. 2022). Studies on knockout mice have shown,
that the a9 subunit is essential for RglA4 (Huynh et al. 2022). Further studies have also
shown a low 1Cso value and a high selectivity, indicating that RglA4 is a potent antagonist
(Christensen et al. 2017; Romero et al. 2017). However, the exact mechanism of action

remains unknown (Huynh et al. 2022).
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Moreover, ArlB is an antagonist isolated from the hepatopancreas of the Conus arenatus
(Whiteaker et al. 2007). ArIB was altered and amino acids were added making ArIB
[V11IL, V16D] thereby increasing the activity for the a7 subunit (Grau et al. 2018). The
ICso value was measured to be 1.1 nM, making ArIB [V11L, V16D] a highly potent

antagonist and the most selective one reported in literature (Grau et al. 2018).

Reviewing the efficacy and potency of both FFA2 and FFA3 agonists as well as the
nAChR antagonists, there is a possibility that the synthetic substances do indeed not act
in a way that most studies suggest. It might be possible, however, that 4-CMTB or
AR420626 act directly at the nAChR and for that reason reverse the inhibition or the
nAChR antagonists are not as potent and specific as claimed to be. In order to clarify any
potential questions, further experiments need to be performed on gene-deficient mice.
Therefore, mouse data is collected, since the human data cannot be directly extrapolated

to mice (Bolognini et al. 2016).

Figure 9 shows that not only the addition of 4-CMTB (10 uM) led to a significant increase
of cell death, as already mentioned in 4.2.3, but also the addition of RglA4. The same
increase in cell death was seen after the addition of RglA4 to AR420626 in figure 10. In
some cases, though, RglA4 does not lead to a higher cell death. This is seen in figure 9
and figure 22 A, B. In these figures there are also controls where RglA4 is added only to
LPS without BzZATP or ATP. Here, no increase in cell death is observed. A combination
of RglA4 with FFA2 and FFA3 agonists might disrupt the cell membrane in some
unknown way. This also warrants further research as no answers have been found in the

existing literature.

Similar to the LDH activity results seen in figure 9, figure 10 also shows a significant
raise in cell death after the addition of AR420626 compared to LPS + BzATP alone, at a
general cell death median of under 2.0%. Considering the general low cell death, the data
need to be put in perspective. In figure 21, in mouse BMDMs, the addition of AR420626
also showed a significant increase in the LDH activity compared to LPS + ATP alone.
Here, the cell death is higher as seen in figure 10. The level is at 24.9%, making the IL-
1B results questionable. Generally speaking, the higher the LDH activity, the less reliable
are the measured IL-1p results, since dying cells have no intact cell membrane releasing
cytosolic pro-IL-1B or IL-1p besides LDH. This can result in a falsely high IL-1B

measured. However, the IL-1B levels are significantly reduced by the addition of
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AR420626, which is difficult to be explained. No comparative data were found in the
literature. In figure 10, after the further addition of ArIB [V11L, V16D] a significantly
higher cell death was measured, however also ranging below 2.0%. These data also need
to be put in perspective, considering the very low general cell death. In figure 22 A and
B, AR420626 and ArlIB [V11L, V16D] were added to mouse BMDMs. Both showed a
significant increase in cell death, the LDH activity being high, at 19.0%. No data was
found on ArIB [V11L, V16D] and cell death in literature. A concentration-response curve

might clarify the phenomena.

4.3 FFA-mediated regulation of ATP-dependent IL-1p secretion by
mPBMCs

4.3.1 ATP receptor-dependent secretion of IL-1§

The next set of experiments was performed on mPBMCs. This step was taken to gather
data and establish a foundational basis for subsequent work involving FFA2 gene-
deficient mice. Human data is shown not to be transferrable to murine cells, since
differences in the selectivity for ligands are seen for example with the synthetic FFA2
and FFA3 agonists (Bolognini et al. 2016). Furthermore, another difference in species is
seen in the human P2X7 receptor compared to the murine receptor (Moore and Mackenzie
2008). The human P2X7 receptor has a higher affinity to BzZATP and ATP as well as a
higher deactivation speed (Urbina-Trevifio et al. 2022; Moore and Mackenzie 2008).
Therefore, separate data were collected. The monocyte, as mentioned in 4.2.1, is a good
choice of cell to specifically investigate the ATP-mediated IL-1B secretion and its
inhibition via synthetic FFA2 and FFA3 agonists and SCFAs.

The isolation method used for the mPBMCs is a density gradient. The manufacturer, as
well as other studies, mention different purity levels of monocytes after the usage of the
gradient and the adherence selection with the usage of RPMI. A high range is seen
between 75% purity and 95% (Repnik et al. 2003; Nielsen et al. 2020). The same problem
occurs as discussed with the hPBMCs. Impurities from other cells are possible and can
act as a disruptive factor (Nelson et al. 2006). According to literature, a positive isolation
mechanism shows the highest purity levels. This can also be used here, the aim being to
have less impurities and then only to investigate the monocyte and the IL-1f secretion

(see 4.2.1) (Nelson et al. 2006). However, as mentioned in 4.2.1 the antibodies used can
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either lead to a blockade or activation of cell surface receptors (Bhattacharjee et al. 2017;
Nielsen et al. 2020).

As mentioned in 4.2.1, a secretion of IL-1p in mouse monocytes is typically achieved by
2 independent stimuli (Martinon et al. 2009). Contrasting results, as suggested in
literature and seen in hPBMCs, were measured in mPBMC:s after the addition of LPS and
BzATP or ATP acting as a second signal. BzZATP, as mentioned in 4.2.1, is said to have
a higher affinity and potency to the P2X7 receptor in humans as well as being more stable,
compared to ATP (Young et al. 2007; Gicquel et al. 2014). However, in the experiments
performed with mPBMCs, ATP (1 mM) has shown to lead to a significantly higher release
of IL-1p compared to BzZATP. A possible explanation for this phenomenon, might be the
fact that the P2X7 receptor needs higher ATP concentration to be activated, compared to
other P2X receptors, making other receptors more involved in the IL-1B secretion
(Urbina-Trevifio et al. 2022). Since BzATP is seen to be a partial agonist to the P2X4
receptor and ATP on the other hand shows a higher potency, there is a possibility that
ATP demonstrates this strong effect due to its efficiency to the P2X4 and not the P2X7
receptor (Bowler et al. 2003). The P2X4 receptor has shown to contribute to the induction
of the IL-1p secretion in hPBMCs (see figure 6 A, B). Additionally, studies have shown,
that there is a reduced amount of the P2X7 receptor on the cell surface of T- cells of
C57BL/6 mice (Sluyter et al. 2023). This might also be the case in monocytes, it is

however, in need of further investigation.

Reviewing the results, a possible lower expression of the P2X7 receptor and a higher
potency of ATP to the P2X4 receptor might be a cause for the stronger IL-1p secretion
using ATP as a second stimulus. This theory needs to be investigated more. A possibility
would be to perform a polymerase chain reaction (PCR) and demonstrate the presence of
the mRNA of the P2X7 receptor on the murine cells. Additionally, the experiments could
be repeated using cells isolated from P2X7 receptor knockout mice and mice that over
express the receptor. Due to the time limit, the experiments as seen in figure 6, were not
repeated for mPBMCs. This could be a further point of investigation, demonstrating the

impact of the P2X4 receptor. ATP was used for all experiments performed in mPBMCs.
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4.3.2 Control of IL-1p secretion by endogenous and synthetic FFA
agonists

Similar to the experiments performed in 4.2.3, synthetic or endogenous FFA2 and FFA3
ligands were added to LPS-pulsed mPBMC:s to investigate whether they reduce the ATP-

induced secretion of IL-1p.

It is thought that FFAZ2 is activated more efficiently by acetate and propionate, and FFA3,
on the other hand, is activated most efficiently by butyrate and propionate in humans
(Brown et al. 2003). However, in mice differences have been seen (Bolognini et al. 2016).
Here, FFA2 is activated most efficiently by acetate and butyrate and FFA3 by butyrate
and propionate (Bolognini et al. 2016). This has to be taken into consideration when

comparing human to murine data as well as the efficiency of each SCFAs.

Animal models are often used for research. However, a difference that also needs to be
kept in mind, when researching on animals, is the difference in microbiome found in mice
and in humans. The production and ratio of SCFAs is dependent on the bacteria present
in the gut (Savage 1986). The mice used for these experiments are known to have a more
simplified microbiome compared to wild mice or humans (Zhang et al. 2021). Therefore,
the collected data is not entirely transferrable (Zhang et al. 2021). The experiments
performed on mononuclear phagocytes isolated from gene-deficient mice do however
allow insight into the role of FFA2 and FFA3 in the ATP-dependent IL-1p secretion and

its inhibition.

Since the SCFAs are the natural endogenous agonists for the FFA2 and FFA3 and are
found physiologically in the mouse or human body, they are the best representation of
how the ligands lead to a potential inhibition of the ATP-induced IL-1p (Brown et al.
2003).

In the experiments performed on mPBMCs, all SCFAs led to a significant inhibition of
the ATP-dependent IL-1p secretion. This underlines the statements mentioned above, that
the SCFAs display an anti-inflammatory effect. The synthetic FFA2 agonist 4-CMTB and
the synthetic FFA3 agonist AR420626 were also added to mPBMCs and a similar
inhibition of the ATP-dependent IL-1p release was seen compared to hPBMCs. In
literature, no difference in selectivity of 4-CMTB and AR420626 in humans and mice
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has been mentioned and might be an interesting point for further research (Bolognini et
al. 2016).

PC as well as further substances having a choline group are known to be non-canonical
cholinergic agonists and therefore have an anti-inflammatory effect, leading to in
inhibition of the ATP-induced IL-1p secretion (Hecker et al. 2015; Richter et al. 2016;
Backhaus et al. 2017). This inhibitory effect was also seen in the experiments performed.
In this experimental setting, PC was added as a positive control, to confirm indirectly the
presence of the NAChR. Since time was too short to run a PCR and check for the definite
presence of the NAChR, PC and in further experiments also ACh act as a positive control

that confirm the nAChR being present and active in mPBMCs.

In the experiments performed for figure 12 and 14, no significant increase in cell death

was measured.

4.3.3 Role of FFA2 in the control of IL-1p secretion

The initially performed experiments mentioned in previous chapters resulted in the
experiments being conducted on FFA2 gene-deficient mPBMCs. Here, the synthetic
FFA2 and FFA3 agonists as well as SCFAs were added to LPS-pulsed wild-type and
FFA2 gene-deficient mPBMCs, which were both from the same genetic background to
determine the role of the FFA2.

In wild-type mPBMCs, the synthetic FFA2 agonist 4-CMTB leads to an expected
significant reduction of ATP-induced IL-1p, measured in the cellular supernatants, as
seen in previous experiments. However, in FFA2 gene-deficient mPBMCs, 4-CMTB
does not lead to a reduction of IL-1p. This allows the assumption that 4-CMTB is indeed
a specific agonist for the FFA2 that does not lead to a reduction of the ATP-dependent
IL-1pB release. Since the FFA3 is still present in the gene-deficient mMPBMCs and 4-CMTB
does not lead to a reduction of the ATP-dependent IL-1B release. Therefore, the
specificity of 4-CMTB is assumed to be as specific to FFA2 as mentioned in 4.3.2.
Furthermore, the blunted ATP-dependent IL-1B secretion by FFA2 gene-deficient
mPBMCs through 4-CMTB, also brings up the question of the FFA2 signal transduction.
In previous experiments performed, the FFA2 or FFA3 and the nAChR have been
observed to be linked (see 4.2.4). This is specifically seen by the fact that the ATP-
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dependent IL-1p secretion is blunted through the blockade of the nAChRs or the absence

of FFA2 in the gene-deficient mice. The exact mechanism is in need of further research.

After the addition of AR420626 in wild-type mPBMCs, a reduction of the ATP-induced
IL-1B was measured in the cell supernatants. Additionally, a reduction of the ATP-
induced IL-1B in the supernatants of the FFA2 gene-deficient mPBMCs was also
measured. This allows the assumption that the FFA3 is present and functioning, if the
specificity of AR420626 is thought to be as mentioned in 4.3.2. Furthermore, AR420626
is not seen to be dependent on FFA2. The role of the FFA3 and the specificity of
AR420626 can be tested in future experiments performed on FFA3 gene-deficient
mPBMC:s.

However, the data on FFA2 gene-deficient mice should be interpreted with care.
Although there were statistically significant differences among gene-deficient and wild-

type mice, these differences were small.

The addition of all 3 SCFAs to the wild-type mPBMCs, showed a significant reduction
of the ATP-induced IL-1p release, measured in the cell supernatants. In the FFA2 gene-
deficient mPBMCs supernatants no significant reduction of the ATP-induced IL-1p value
was measured. This shows that all 3 SCFAs are dependent on the FFA2 to activate the
signal transduction and lead to a reduction of the measured IL-1p. This experiment needs
to be repeated in FFA3 gene-deficient mPBMCs. Since studies show, that the FFA2 and
FFA3 are able to interact and form a heteromeric structure, there is a possibility that the
SCFAs need both receptors to lead to a reduction of the ATP-dependent IL-1p secretion
(Ang et al. 2018).

As seen in the previous chapter (see 4.3.2) PC was added as a positive control for the
nAChR, in order to make sure the nAChR is still functioning in the cells. PC led to a
significant inhibition in the wild-type mPBMCs, as seen in previous experiments. In the
FFA2 gene-deficient mMPBMCs, a significant reduction of the ATP-dependent IL-1p was
also measured in cell supernatants. This does not only show the functioning of the
nAChR, but also that 4-CMTB does not directly bind to the nAChRs, which could have
been possible. Furthermore, this shows that the nAChR acts independently of the FFAZ2.

The addition of PC to mPBMCs showed a significant increase in the LDH activity.

Additionally, it was the highest value in the set of experiments, being 8.5%. This, put in
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perspective, is significantly higher, however still under 10%. Furthermore, in literature,
no similar phenomenon was documented. Interestingly, the addition of ACh did not lead

to the same increase in cell death (see Fig. 21). Perhaps this is coincidental.

In the experiments performed for figure 15, no significant increase in cell death was

measured.

4.4 FFA-mediated regulation of ATP-dependent IL-1p secretion by
murine macrophages

4.4.1 Localization of FFA2-expressing macrophages in the murine
colon

In this thesis, experiments were not only conducted on monocytes, due to their capability

of a high IL-1p secretion, but also bone marrow-derived macrophages were used.

To ensure that the cells used for the following experiments, are indeed bone marrow-
derived macrophages, a staining with F4/80 antibodies was performed. This monoclonal
antibody called F4/80, was developed in 1981 and targets the F4/80 glycoprotein thought
to be specific to macrophages (Austyn and Gordon 1981). Therefore, this
immunohistochemical staining method was used to identify macrophages. The stains
were performed on 3 different mice to rule out coincidence. All slides clearly show the
brown staining of the cells. This underlines the fact that the cells are indeed macrophages.
Additionally, the variable morphological structure with filopodia seen is typical for
macrophages (Kress et al. 2007). The F4/80 antibody turns out not to be specific to the
macrophage. There are a few cells like the eosinophils and Langerhans cells that also
express the F4/80 antigen (McGarry and Stewart 1991). The morphological structure seen

in these cells would, however, be different compared to the typical macrophage structure.

A double-staining was performed on macrophages within the murine colon.
Macrophages, as mentioned above, are cells that secrete a higher amount of IL-1pB
compared to other cells and are also known to highly express the FFA2 (Bolognini et al.
2021; Milligan et al. 2009). Additionally, the colon is the organ in which the production
of the SCFAs takes place (Wong et al. 2006; Brody 1999). Therefore, the macrophages
in the colon are exposed to high concentrations of SCFAs. To further confirm the presence
of the FFA2 in the murine colon the double-staining was performed. In literature, the

FFAZ2 is known to be present in the murine colon (Milligan et al. 2009).
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As mentioned in 3.3.2 a mouse strain was used in which mRFP was expressed under the
control of the FFA2 promoter. It is clearly seen that the FFA2 gene is expressed in the
colon, hence the brown staining (Fig. 17 A). Furthermore, the blue staining in figure 17
B shows the presence of macrophages. Figure 17 C represents the double-staining. Here,
it is clear to see that both macrophages are present in the colon as well as the mRFP under
the control of the FFA2 promoter. This double-staining emphasizes the macrophages as
being an optimal cell to further pursue the experiments on bone marrow-derived

macrophages.

4.4.2 ATP receptor-dependent secretion of IL-1§

As mentioned previously, the last set of experiments was performed on mouse BMDMs.
The experiments previously conducted on hPBMCs and mPBMCs were partly repeated
in mouse BMDMs in order to compare the effect of specific substances on the IL-1
secretion by macrophages. Since macrophages are, as mentioned earlier, one of the main

cells to produce IL-1B, besides monocytes, these cells were also of experimental interest.

The isolation mechanism used for mouse BMDMs differs to the one performed on
hPBMCs or mPBMCs. After isolating the bone marrow cells from C57BL/6 mice, the
cells were differentiated into macrophages following a certain stimulation protocol (see
2.2.2.3). To ensure the success of the stimulation and that the cells had indeed
differentiated into macrophages the staining mentioned above (see 4.4.1) was performed.
However, since not every single BMDM culture was stained, it is important to know that
the contamination risk in the whole isolation protocol is high (Trouplin et al. 2013). This
would lead to impurified cells and falsified results. Additionally, a slight difference to
keep in mind when comparing PBMCs to BMDMs is the stimulation with LPS. In
PBMCs the cells were “pulsed” meaning the addition of LPS took place early, before the
monocytes were isolated. In BMDMs the cells were primed with LPS for 5 h on day 6 of

cultivation.

A secretion of IL-1p in mouse macrophages, as mentioned in 4.2.1, is typically achieved
by 2 independent stimuli (Martinon et al. 2009). Contrasting results were observed in
mPBMCs, compared to hPBMCs and compared to literature, when stimulated with
BzATP and ATP as a second stimulus (see 4.3.1). ATP resulted in a significant IL-1p
secretion in mPBMCs.
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Therefore, mouse BMDMs were stimulated with BzATP or ATP in 2 different
concentrations, in order to understand what effect a raise in concentration would have on
the IL-1p secretion. The addition of BZATP (100 uM) led to no significant IL-1f secretion
measured in cell supernatants compared to LPS alone. The same was seen after the
addition of BZATP (300 uM). On the other hand, the stimulation with ATP (1 mM) shows
a significant IL-1p secretion compared to LPS alone. This is also seen after the addition
of ATP (2 mM). These results show, that mouse BMDMs react to ATP as seen in
mPBMCs. The exact reason can be assumed to be similar to the ones mentioned in 4.3.1.
2 mM of ATP is on the margin of being an unphysiologically high concentration. It will

however be used in further experiments performed on the mouse BMDMs.

In literature, BzATP is said to have a higher affinity to the P2X7 receptor compared to
ATP (Young et al. 2007; Gicquel et al. 2014). It is interesting to observe that an even
higher concentration of BzATP still does not result in a significant IL-1p secretion. This
observation cannot be explained. ATP however, as seen in 4.3.1 results in a higher IL-1
secretion when the concentration is doubled. The explanation may be similar to the one
mentioned in 4.3.1. The P2X7 receptor in macrophages may be expressed less and the
ATP may have a higher affinity to other P2X receptors (Sluyter et al. 2023; Urbina-
Trevifio et al. 2022). Further research on P2X7 knockout mice could allow further insight.

After the addition of the P2X7 receptor antagonist A438079 the ATP-dependent IL-18
secretion was significantly blunted. The selectivity of A438079 is mentioned in literature
to be high to the P2X7 receptor (see. 4.2.2) (Nelson et al. 2006). Furthermore, it is seen
as a potent antagonist (Potula et al. 2023). Considering all the information, the P2X7
receptor must be present, if the potency of the antagonist is indeed as described in

literature.

Figure 19 shows a definite significant increase in the LDH activity in mouse BMDMs,
after the addition of A438079 compared to LPS + ATP. The cell death median is 57%,
stating that very few viable cells are left. A similar significant increase in the LDH activity
was seen in figure 20 after the addition of A438079 in mouse BMDMSs compared to LPS
+ ATP. The cell death median is lower, at 16.0%. No comparable data were found in

literature.

Generally, a higher LDH activity was seen in mouse BMDMs compared to the other cell
groups. There is a possibility that the cells might be more susceptible after the 6 days of
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cultivation. This needs further research and perhaps an improvement can be found to

allow the IL-1p levels measured to be more credible.

4.4.3 Involvement of the ATP receptors P2X4 and P2X7

To test the involvement of other P2X receptors in mouse BMDMSs, such as the P2X4
receptor in the ATP-dependent IL-1 secretion, both P2X4 and P2X7 receptor antagonists
were added in rising concentrations and the IL-1p concentration was measured in the cell
supernatants. 5-BDBD was added as an antagonist for the P2X4 receptor and A438079
as an antagonist for the P2X7 receptor. A similar experiment was performed in 4.2.2 on
hPBMC:s.

After the addition of 5-BDBD a significant reduction in the ATP-dependent IL-1p
concentration in cell supernatants was measured. This fact suggests, that the P2X4
receptor is involved in the ATP-dependent IL-1p secretion to a certain degree. Literature
has already confirmed the involvement of the P2X4 receptor and the NLRP3-
inflammasome activation which could be a possible explanation (Chen et al. 2013).
Furthermore, experiments performed on P2X7 gene-deficient mouse macrophages have
led to a secretion of mature IL-1p after the stimulation with ATP (Kanellopoulos et al.
2021). This underlines the fact that further receptors, such as the P2X4 receptor seen in
these experiments performed, must be involved in the ATP-dependent IL-1p release in

mouse macrophages.

The addition of P2X7 receptor antagonist A438079, a significant reduction of the IL-1p
release was also measured in the cell supernatants. This was already seen in the previous
experiments discussed in 4.4.2. Literature states that the P2X7 receptor is involved in the
ATP-dependent IL-1p secretion, which can be confirmed by the experiments performed
in this thesis (Ferrari et al. 2006).

Both antagonists were added in rising concentrations and the 1Cso value was calculated,
being 34 uM with 5-BDBD and 0.8 uM with A438079. In literature, both antagonists are
stated to be potent (Coddou et al. 2019; Nelson et al. 2006). The ICso values given in
different studies are however smaller and therefore slightly more potent than the values
calculated for this thesis (see 4.2.2). P2X7 or even P2X4 receptor knockout mice could

help and give more specific insight into the involvement of both receptors.
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A significant increase of the LDH activity has been seen after the addition of 5-BDBD (1
MM, 10 pM, 100 uM) and after the addition of A438079. The LDH activity was high
ranging between 15.8% and 49.5%. An explanation cannot be found in the literature. The

results have also been discussed in 4.2.2 and 4.4.2.

4.4.4 Control of IL-1p secretion by synthetic FFA agonists

Similar to the experiments performed on mPBMCs, endogenous and synthetic FFA2 and
FFA3 agonists as well as ACh were added to mouse BMDMs. This was done in order to
see what effect the substances have on the IL-1 secretion of macrophages. Furthermore,
in order to generally compare the results of the macrophages with the ones of monocytes.
The experiments performed on mouse BMDMs should ultimately lead up to FFA2 gene-

deficient mouse BMDM experiments, which are not part of this thesis.

As seen in 4.3.2, the FFA2 agonist 4-CMTB and FFA3 agonist A420626 were added to
mouse BMDMs and led to a significant inhibition of the ATP-dependent IL-1f secretion
measured in cell supernatants. This indicates, that macrophages do indeed express the
FFA2 and FFA3 as suggested in literature (Bolognini et al. 2021). This can only be
assumed if the potency and specificity of the agonists is as mentioned in 4.2.3.
Additionally, this inhibitory effect is seen in both monocytes and macrophages. In further
experiments performed on FFA2 and FFA3 gene-deficient mouse BMDMs, the role of

both receptors can be analyzed further.

The SCFA butyrate was added to mouse BMDMSs and acts as a representative for the
other SCFAs that were not added. The results show that butyrate also led to a significant
inhibition of the ATP-dependent IL-1pB secretion measured in the cell supernatants of
macrophages. This inhibitory effect is also similar to the significant inhibition seen in
mPBMCs, allowing the conclusion that SCFAs have an anti-inflammatory effect on
mouse BMDMs.

A further similarity between the mouse BMDMs and the mPBMC:s is the significant
inhibition of the ATP-induced IL-1p secretion when ACh is added to the cells. ACh is
the control for the nAChRs, indicating that they are present and working. This was tested
as a pilot experiment on mouse BMDMs at this stage for the nAChRs antagonization

experiments viewed in the next chapter.
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A significant increase in cell death was seen after the addition of 4-CMTB, AR420626
and butyrate. The results considering 4-CMTB and AR420626 have been previously
discussed (see 4.2.3 and 4.2.4). The only significant increase in the LDH activity has been
seen in mouse BMDMs after the addition of SCFA butyrate. This has also not been

addressed in literature and might be considered as being a coincidence.

4.4.5 Signaling of FFAs via nAChRs

The final experiments for this thesis were performed to ascertain the involvement of
nAChRs containing subunits a7 and 09/a10 in the inhibition of the ATP-induced IL-13
secretion. As seen in prior experiments (see 4.4.4), after the addition of endogenous or
synthetic FFA2 and FFA3 agonists to mouse BMDMs, a significant inhibition of the IL-
1B secretion was measured in cell supernatants. This inhibition was also seen in mPBMCs
as well as hPBMCs, Additionally, in hPBMCs the IL-1p secretion was blunted by
nAChRs antagonists (see 4.2.4). This antagonization was repeated in mouse BMDMs.

After the addition of FFA2 agonist 4-CMTB, an expected inhibition of the ATP-induced
IL-1B secretion was measured in cell supernatants. As nAChRs antagonists, the
conopeptides RglA4 and ArlB [V11L, V16D] were used (Grau et al. 2018). The
conopeptide ArIB [VI1L, V16D], acts as an antagonist for the subunit a7 and the
conopeptide RglA4 as an antagonist for the subunits a9/a10 (Grau et al. 2018). Both
significantly blunted the inhibitory effect of 4-CMTB on the ATP-mediated release of IL-
1B (see Fig. 22 A).

Similar to 4-CMTB, the addition of FFA3 agonist AR420626 also led to an expected
significant inhibition of the ATP-mediated IL-1f secretion that was measured in cellular
supernatants. The addition of the conopeptides also significantly blunted the inhibitory
effect of AR420626 on the ATP-mediated IL-1p release (see Fig. 22 A).

The precise correlation between the P2X7 receptor and the nAChR are still partly
unknown. However, it is known that the nAChR and the P2X7 receptor can interact (Di
et al. 2018; Richter et al. 2016). The fact that the FFA2 and FFAS3 are dependent on the
NAChRSs subunits a7 and a9/a.10 has not only been confirmed by experiments performed
on hPBMC:s in this thesis, but also seen in mouse BMDMs.
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The final experiment for this thesis has the same experimental method as performed for
figure 22 A. The synthetic FFA2 and FFA3 agonists were added to mouse BMDMs as
well as the conopeptides RglA4 and ArIB [V11L, V16D]. At this point, as a pilot
experiment, the IL-lo. was measured in cellular supernatants instead of IL-1.

Surprisingly, similar results to the ones where IL-1 was measured were seen (Fig. 22 B).

IL-1a, like IL-1pB, belongs to the IL-1 family and are both pro-inflammatory cytokines
(Malik and Kanneganti 2018; Cavalli et al. 2021). IL-1a and IL-1p bind to the IL-1
receptor 1 (IL-1R1), which induces pro-inflammatory effects (Cavalli et al. 2021). IL-1a
is found in hematopoietic and nonhematopoietic cells (Cavalli et al. 2021). IL-1a is found
as a precursor in a variety of cells (Cavalli et al. 2021). In literature, opposing facts are
given on the synthesis, processing and cleavage of pro-IL-1a. Some state that as with pro-
IL-1B, pro-IL-1a is also cleaved by caspase-1 to its mature form IL-1a (Malik and
Kanneganti 2018). On the other hand, other studies state that caspase-1 and the
inflammasome have no role in the cleavage if pro-IL-1a (Cavalli et al. 2021).
Nevertheless, both sources agree on the fact that pro-IL-1a is already biologically active,
unlike pro-IL-1p (Cavalli et al. 2021).

After examining the IL-1a results of the experiments in this thesis, it might be possible
to say, that the synthesis and release of IL-1o may be similar to the one of IL-1f. This
may be said because the cells were treated with a first and second stimulus just as
performed when IL-1P was measured in the cell supernatants. What is surely observed, is
that both synthetic FFA2 and FFA3 agonists lead to a significant inhibition of the IL-1a
release, which is partly but significantly blunted by both conopeptides RglA4 and ArlB
[V11L, V16D]. This indicates that there might be a similar connection between the FFA2
and FFA3 as well as the nAChRs. However, all this is based on speculation and therefore

in need of further more intensive experimental research.

Finally, in figure 22 A and B, the addition of LPS to mouse BMDM s led to a significantly
higher LDH activity, compared with cells without any stimulus. Furthermore, the addition
of ATP to mouse BMDMs, also led to a significantly higher measured LDH activity. This
might be due to pyroptosis being activated and has been recorded in literature
(Humphreys and Dubyak 1996; Kawano et al. 2012) (see 4.2.2). Furthermore, the
addition of AR420626 and ArIB [V11L, V16D] also led to a significant increase in cell

death compared to cells stimulated with LPS + ATP alone. No concluding explanation
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has been found, since the inhibition of IL-1 was still measured and also blunted by the
addition of ArIB [V11L, V16D]. This was also seen in 4.2.4.

All in all, the LDH activity was significantly increased by specific substances, generally
lowering the credibility for the IL-1p measurements. However, most cell death increases
were kept in range and the substances still led to a significant inhibition of the IL-1p level
measured. Therefore, more research needs to be done for each substance, such as

concentration-responsive curves.
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5. Conclusion

In this thesis, the emphasis lies on the anti-inflammatory regulation of the ATP-induced
IL-1P release by SCFAs acetate, propionate and butyrate. Some main points mentioned

in the following, can be concluded from the experiments performed.

It has been observed, that both the P2X4 and P2X7 receptors play a role in the IL-1p
secretion by activated “pulsed” monocytes. This enables the possibility of further P2X
receptors to be involved in the ATP-dependent IL-1B secretion and therefore acts as a

foundation for further research.

Furthermore, the stimulation of the FFA2 and FFA3 with SCFAs and synthetic agonists
clearly results in an inhibition of the IL-1p secretion. Additionally, the FFA2 has shown
to play a definite role in this process. Moreover, the data indicates that the downstream
signaling of the FFA2 and FFA3 runs via the nAChRs. The exact mechanism remains

unknown and should be further researched.

In multiple research papers, SCFAs have been shown to have significant health benefits
(Maslowski et al. 2009; Filippo et al. 2010) (see 1.7). The exact mechanism of action
remains unclear. These experiments in this thesis, shed some light on the signal

transduction. It is however, still in need of more research.

Chronic inflammatory diseases, including those which affect the intestine, play a major
socio-economic role. The results collected in this thesis demonstrate that the ATP-
dependent IL-1B secretion can be reduced by submitting SCFAs. The exact way of
application or use of the SCFAs is yet to be shown. Future research may demonstrate that,

the increase of SCFAs might reduce inflammation and prevent or even cure diseases.
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6. Summary
6.1 German

Interleukin-1B (IL-1p) ist ein proinflammatorisches Zytokin, das hauptséchlich von
aktivierten Monozyten und Makrophagen ausgeschittet wird. Wenn IL-1p freigesetzt
wird, sind zahlreiche Wirkungen zu beobachten, wie die Freisetzung von Zytokinen und
Chemokinen, die zusatzlich das Knochenmark stimulieren. Eine Dysregulation der IL-
1B-Sekretion kann zu systemischen Erkrankungen fiihren. Daher muss die Freisetzung

von IL-1p streng reguliert werden.

Der erste Stimulus durch ein pathogen-assoziiertes molekulares Muster (PAMP) wie
Lipopolysaccharid (LPS), fiihrt zur Produktion des Vorlauferproteins pro-Interleukin-1
(pro-1L-1B) und der Proteine, die das NLRP3-Inflammasom bilden. Der P2X7-Rezeptor
wird durch den zweiten Stimulus, zum Beispiel ATP aus geschadigten Zellen, aktiviert,
was zur Bildung des NLRP3-Inflammasoms und der anschlieBenden Freisetzung von
reifem IL-1p flhrt.

In dieser Arbeit wurden Experimente mit mononukledren Zellen des menschlichen
peripheren Blutes (hPBMCs), mononukleédren Zellen des peripheren Blutes der Maus
(mPBMCs) und Makrophagen aus dem Knochenmark der Maus (Maus-BMDMs)
durchgefihrt. BzZATP in hPBMCs wirkte als starkes zweites Signal, es zeigte sich ein
Widerspruch zur Literatur, da ATP sich jedoch in mPBMCs und Maus-BMDMs als
starkerer P2X7-Agonist erwies. AuBBerdem hat sich gezeigt, dass nicht nur der P2X7-
Rezeptor, sondern auch der P2X4-Rezeptor eine Rolle bei der BzATP- oder ATP-
abhéngigen Freisetzung von IL-1p in hPBMCs und Maus-BMDMs spielt.

Neuere Studien zeigen, dass die Freisetzung von ATP-induziertem IL-1B iiber einen
cholinergen Mechanismus gehemmt werden kann. In der vorliegenden Arbeit wurde
festgestellt, dass der cholinerge Mechanismus durch synthetische FFA-Agonisten und die
natrlichen FFA-Agonisten, bei denen es sich um kurzkettige Fettsdauren (SCFAS)
handelt, in allen getesteten Zellen induziert wird. Insbesondere hat sich gezeigt, dass
FFA2 fir die Hemmung der Sekretion von ATP-abhangigem IL-1p notwendig ist. Dies
wurde bei Experimenten mit mPBMCs festgestellt, denen das FFA2-Gen fehlt.

Die genaue Signaltransduktion der entziindungshemmenden Wirkung von SCFAs muss

weiter erforscht werden. Daruber hinaus wird in den SCFAs ein groRes Potenzial als
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therapeutischer Ansatz gegen Entziindungskrankheiten gesehen. Daher sind weitere

Forschungen auf diesem Gebiet von grol3er Bedeutung.

6.2 English

Interleukin-1B (IL-1B) is a pro-inflammatory cytokine, that is mainly secreted by
activated monocytes and macrophages. When IL-1p is released, numerous effects are
seen, such as the release of cytokines and chemokines which additionally stimulate the
bone marrow. A dysregulation of the IL-1p secretion can lead to systemic diseases.

Therefore, the release of IL-1 needs to be strictly regulated.

The first stimulus by a pathogen-associated molecular pattern (PAMP) such as
lipopolysaccharide (LPS), results in the production of the precursor protein pro-
interleukin-1p (pro-IL-1B) and the proteins that form the NLRP3-inflammasome. The
P2XT receptor is activated via the second stimulus being for example ATP from damaged
cells, which leads to the assembly of the NLRP3-inflammasome and consecutive release

of mature IL-1p.

In this thesis, experiments were performed on human peripheral blood mononuclear cells
(hPBMCs), mouse peripheral blood mononuclear cells (mPBMCs) and mouse bone
marrow-derived macrophages (mouse BMDMSs). BzATP acted as a potent second signal
in hPBMCs, however, contrary to published literature, ATP has seen to be a more potent
P2X7 agonist in mPBMCs and mouse BMDMSs. Furthermore, not only the P2X7 receptor
but also the P2X4 receptor was shown to play a role in the BZATP- or ATP-dependent
release of IL-1p in hPBMCs and mouse BMDMs.

Recent studies show, that the release of ATP-induced IL-1B can be inhibited via a
cholinergic mechanism. In this present work, the cholinergic mechanism is seen to be
induced by synthetic FFA agonists and the natural FFA agonists being short-chain fatty
acids (SCFAs), in all cells tested. Specifically, the FFA2 has shown to be necessary for
the inhibition of the secretion of ATP-dependent IL-1p. This was seen by performing
experiments on FFA2 gene-deficient mPBMCs.

The exact signal transduction of the anti-inflammatory role shown by SCFAs is in need
of further research. Additionally, there is a high potential seen in SCFAs as a therapeutic
approach against inflammatory diseases. Therefore, further research in this field is of

importance.
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7. List of abbreviations

Abbreviation Meaning

4-CMTB 4-chloro-a-(1-methylethyl)-N-2-
thiazolylbenzeneacetamide

5-BDBD 5-(3-Bromophenyl)-1,3-dihydro-2H-
benzofuro[3,2-e]-1,4-diazepin-2-on

Acet Acetate

ACh Acetylcholine

AP Alkaline phosphatase

AP-1 Activator protein 1

Agqua dest. Aqua destillata

ASC Apoptosis-associated speck like protein

ATP Adenosine triphosphate

BDNF Brain-derived neurotrophic factor

BMDMs Bone marrow-derived macrophages

BSA Bovine serum albumin

Buty Butyrate

BzATP 3'-0-(4-benzoyl) benzoyl ATP

CAMP Cyclic AMP

CARD Caspase-recruitment domain

CD14 Cluster of differentiation 14

CDNA Complementary DNA

COX-2 Cyclooxygenase-2

CRP C-reactive protein

DAB 3,3"-Diaminobenzidine

DAMPs Damage-associated molecular patterns

DMSO Dimethyl sulfoxide
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DNA Deoxyribonucleic acid

DPPC Dipalmitoylphosphatidylcholine

EDTA Ethylenediamine tetraacetic acid

ELISA Enzyme-linked Immunosorbent Assay

ERK1/2 Extracellular-signal regulated kinases

FCS Fetal calf serum

FFA2 Free fatty acid receptor 2

FFA3 Free fatty acid receptor 3

G-CSF Granulocyte-colony stimulating factor

GDNA Genomic DNA

GLP-1 Glucagon-like peptide-1

GPC Glycerophosphocholine

G-proteins Guanine nucleotide binding proteins

HEK human embryonic kidney

HPBMCs Human peripheral blood mononuclear
cells

HPLC High performance liquid chromatography

HRP Horseradish peroxidase

IBD Inflammatory bowel disease

IBM International Business Machines

IL-1 Interleukin-1

IL-18 Interleukin-18

IL-18R Interleukin-18 receptor

IL-1R1 Interleukin-1 receptor

IL-1Ra Interleukin-receptor antagonist

IL-1a Interleukin-1a
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IL-1B Interleukin-1p

IL-1R2 Interleukin-2 receptor

IL-1R3 Interleukin-3 receptor

INF-y Interferon-y

IRF3 Interferon regulatory factor 3
JLU Justus-Liebig University

LDH Lactate dehydrogenase

LPS Lipopolysaccharide

LRRs Leucine rich copies

MAM Monocyte Attachment Medium
M-CSF Macrophage colony-stimulating factor

Mouse BMDMSs

Mouse bone marrow-derived macrophages

MPBMCs Mouse peripheral blood mononuclear cells

MRFP Red fluorescent protein

MRNA Messenger RNA

MyD88 Myeloid differentiation primary response
88

NAChRs Nicotinic ACh receptors

NAD+ Nicotine-adenine-dinucleotide

NCBI National Center for Biotechnology
Information

NF-xB Nuclear factor kB

NIH National Institutes of Health

NLR Nod-like receptor

NMS Normal mouse serum

PAMPs Pathogen-associated molecular patterns

PBMCs Peripheral blood mononuclear cells
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PBS Dulbecco's phosphate buffered saline
PC Phosphocholine

PCR Polymerase chain reaction

PenStrep Penicillin streptomycin

Pro-IL-18 Pro-interleukin-18

Pro-1L-1B Pro-interleukin-1p

Prop Propionate

PRRs Pattern recognition receptors

PYY Peptide YY

RCB Red blood cell lysis buffer

RFP Red fluorescent protein
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11. Supplementary Material
Table S1: Cell death in human peripheral blood mononuclear cells (hPBMCs) as
estimated by the lactate dehydrogenase (LDH) activity in cell culture supernatants.

Cells, treatment Cell death | n | Friedman
) [9%0] test
Figure
median P=0.00
6A, B
Wilcoxon
signed-
rank test
hPBMCs, LPS 2.0 16
hPBMCs, LPS, BzZATP 55 16 *
hPBMCs, LPS, BzATP, A438079 1 uM 4.0 8
hPBMCs, LPS, BzATP, A438079 10 uM 4.0 11
hPBMCs, LPS, BzATP, A438079 20 uM 5.0 5
hPBMCs, LPS, BzZATP, A438079 50 uM 5.0 8
hPBMCs, LPS, BzATP, 5-BDBD 1 uM 5.0 6
hPBMCs, LPS, BzZATP, 5-BDBD 10 uM 12.0 9 #
hPBMCs, LPS, BzZATP, 5-BDBD 20 uM 16.5 6 #
hPBMCs, LPS, BzATP, 5-BDBD 50 uM 21.0 6 #
hPBMCs, LPS, BzATP, 5-BDBD 100 10.0 3
Y
hPBMCs, LPS, ATP 2.5 14 *
hPBMCs, LPS, ATP, A438079 1 uM 25 6
hPBMCs, LPS, ATP, A438079 10 uM 2.0 9
hPBMCs, LPS, ATP, A438079 20 uM 2.0 5
hPBMCs, LPS, ATP, A438079 50 uM 3.0 6
hPBMCs, LPS, ATP, 5-BDBD 1 uM 4.5 6
hPBMCs, LPS, ATP, 5-BDBD 10 uM 6.0 9 8

134




hPBMCs, LPS, ATP, 5-BDBD 20 uM 155 4
hPBMCs, LPS, ATP, 5-BDBD 50 uM 115 6 8
hPBMCs, LPS, ATP, 5-BDBD 100 uM 14.0 4
hPBMCs, LPS, A438079 10 uM 2.0 5
hPBMCs, LPS, 5-BDBD 10 uM 3.0 8

Cell death was estimated via measurement of the release of lactate dehydrogenase (LDH)
into the cell culture medium. The data depicted in this table corresponds to the
experiments shown in the respective figures of the main part of this thesis. Human
peripheral blood mononuclear cells (hnPBMCs) were “pulsed” with lipopolysaccharide
(LPS, 5 ng/ml, for 25 min). All cells were further stimulated with 3'-O-(4-benzoyl)
benzoyl ATP (BzATP, 100 mM, 300 mM) or ATP (1 mM or 2 mM) and with further
substances mentioned in the table above. *P < 0.05 significantly different compared to
data of cells treated with LPS; #P < 0.05 significantly different compared to data of cells
treated with LPS + BzATP; §P < 0.05 significantly different compared to data of cells
treated with LPS + ATP.

Table S2: Cell death in human peripheral blood mononuclear cells (hPBMCs) as
estimated by the lactate dehydrogenase (LDH) activity in cell culture supernatants.

Cells, treatment Cell death | n | Friedman
[%%6] test
Figure 7 median P =0.00
Wilcoxon
signed-
rank test
hPBMCs, LPS 4.5 6
hPBMCs, LPS, BZATP 1.9 6
hPBMCs, LPS, BzZATP, 4-CMTB 0.5 uM 2.1 4
hPBMCs, LPS, BZATP, 4-CMTB 1 uM 2.3 6
hPBMCs, LPS, BzZATP, 4-CMTB 10 uM 3.6 6 #
hPBMCs, LPS, BzZATP, 4-CMTB 20 uM 4.1 4
hPBMCs, LPS, BzATP, 4-CMTB 50 uM 6.6 6 #
hPBMCs, LPS, 4-CMTB 1 uM 1.7 5
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Cell death was estimated via measurement of the release of lactate dehydrogenase (LDH)
into the cell culture medium. The data depicted in this table corresponds to the
experiments shown in the respective figures of the main part of this thesis. Human
peripheral blood mononuclear cells (hPBMCs) were “pulsed” with lipopolysaccharide
(LPS, 5 ng/ml, for 25 min). All cells were further stimulated with 3'-O-(4-benzoyl)
benzoyl ATP (BzATP, 100 mM, 300 mM) or ATP (1 mM or 2 mM) and with further
substances mentioned in the table above. #P < 0.05 significantly different compared to
data of cells treated with LPS + BzATP.

Table S3: Cell death in human peripheral blood mononuclear cells (hPBMCs) as
estimated by the lactate dehydrogenase (LDH) activity in cell culture supernatants.

Cells, treatment Cell death | n | Friedman
) [9%0] test
Figure 8
median P=0.17
Wilcoxon
signed-
rank test
hPBMCs, LPS 1.8 6
hPBMCs, LPS, BzATP 2.3 6
hPBMCs, LPS, BzZATP, AR420626 1 uM 2.1 6
hPBMCs, LPS, BzZATP, AR420626 10 2.8 6
Y
hPBMCs, LPS, BzZATP, AR420626 50 3.2 6
Y
hPBMCs, LPS, AR420626 50 uM 1.9 6

Cell death was estimated via measurement of the release of lactate dehydrogenase (LDH)
into the cell culture medium. The data depicted in this table corresponds to the
experiments shown in the respective figures of the main part of this thesis. Human
peripheral blood mononuclear cells ((PBMCs) were “pulsed” with lipopolysaccharide
(LPS, 5 ng/ml, for 25 min). All cells were further stimulated with 3'-O-(4-benzoyl)
benzoyl ATP (BzATP, 100 mM, 300 mM) or ATP (1 mM or 2 mM) and with further
substances mentioned in the table above. Since the Friedman test is above 0.05, the
Wilcoxon test becomes redundant.
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Table S4: Cell death in human peripheral blood mononuclear cells (hPBMCs) as
estimated by the lactate dehydrogenase (LDH) activity in cell culture supernatants.

Cells, treatment Cell death | n | Friedman
) [%%6] test
Figure 9
median P=0.00
Wilcoxon
signed-

rank test

hPBMCs, LPS 45 6

hPBMCs, LPS, BzATP 19 6

hPBMCs, LPS, BzZATP, 4-CMTB 1 uM 2.3 5

hPBMCs, LPS, BZATP, 4-CMTB 1 uM, 2.9 5

RglA4 50 nM

hPBMCs, LPS, BZATP, 4-CMTB 1 uM, 1.9 5

ArlB [V11L, V16D] 500 nM

hPBMCs, LPS, BzZATP, 4-CMTB 10 uM 3.6 6 #

hPBMCs, LPS, BzZATP, 4-CMTB 10 pM, 3.9 6 #

RglA4 50 nM

hPBMCs, LPS, BzZATP, 4-CMTB 10 pM, 3.1 6

ArlB [V11L, V16D] 500 nM

Cell death was estimated via measurement of the release of lactate dehydrogenase (LDH)
into the cell culture medium. The data depicted in this table corresponds to the
experiments shown in the respective figures of the main part of this thesis. Human
peripheral blood mononuclear cells (hPBMCs) were “pulsed” with lipopolysaccharide
(LPS, 5 ng/ml, for 25 min). All cells were further stimulated with 3'-O-(4-benzoyl)
benzoyl ATP (BzATP, 100 mM, 300 mM) or ATP (1 mM or 2 mM) and with further
substances mentioned in the table above. #P < 0.05 significantly different compared to
data of cells treated with LPS + BzATP.

Table S5: Cell death in human peripheral blood mononuclear cells (hPBMCs) as
estimated by the lactate dehydrogenase (LDH) activity in cell culture supernatants.

Figure Cells, treatment Cell death | n | Friedman
10 [9%6] test
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median P =0.002
Wilcoxon
signed-
rank test
hPBMCs, LPS 1.2 5
hPBMCs, LPS, BzATP 1.1 5
hPBMCs, LPS, BzATP, AR420626 50 1.9 5 #
MM
hPBMCs, BzZATP, AR420626 50 UM, 2.0 5 #
RglA4 50 nM
hPBMCs, BzZATP, AR420626 50 UM, 1.8 5 #
ArIB [V11L, V16D] 500 nM

Cell death was estimated via measurement of the release of lactate dehydrogenase (LDH)
into the cell culture medium. The data depicted in this table corresponds to the
experiments shown in the respective figures of the main part of this thesis. Human
peripheral blood mononuclear cells (hPBMCs) were “pulsed” with lipopolysaccharide
(LPS, 5 ng/ml, for 25 min). All cells were further stimulated with 3'-O-(4-benzoyl)
benzoyl ATP (BzATP, 100 mM, 300 mM) or ATP (1 mM or 2 mM) and with further
substances mentioned in the table above. #P < 0.05 significantly different compared to
data of cells treated with LPS + BzATP.

Table S6: Cell death in mouse peripheral blood mononuclear cells (MPBMCs) as
estimated by the lactate dehydrogenase (LDH) activity in cell culture supernatants.

_ Cells, treatment Cell death | n | Friedman
Figure [%6] test
12
median P =0.08
Wilcoxon
signed-
rank test
mPBMCs, LPS 2.0 9
mPBMCs, LPS, BzZATP 9.0 5
mPBMCs, LPS, ATP 3.0 9
mPBMCs, LPS, ATP, PC (200 uM) 5.0 5
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mPBMCs, LPS, ATP, Acetate (20 mM) 2.0 7
mPBMCs, LPS, ATP, Butyrate (20 mM) 10.0 7
mPBMCs, LPS, ATP, Propionate (20 3.0 7
mM)

mPBMCs, LPS, Acetate (20 mM) 2.0 6
mPBMCs, LPS, Butyrate (20 mM) 2.5 6
mPBMCs, LPS, Propionate (20 mM) 1.0 5

Cell death was estimated via measurement of the release of lactate dehydrogenase (LDH)
into the cell culture medium. The data depicted in this table corresponds to the
experiments shown in the respective figures of the main part of this thesis. Mouse
peripheral blood mononuclear cells (MPBMCs) were “pulsed” with lipopolysaccharide
(LPS, 5 ng/ml, for 25 min). All cells were further stimulated with 3'-O-(4-benzoyl)
benzoyl ATP (BzATP, 100 mM) or ATP (1 mM) and with further substances mentioned
in the table above. Since the Friedman test is above 0.05, the Wilcoxon test becomes

redundant.

Table S7: Cell death in mouse peripheral blood mononuclear cells (MPBMCs) as
estimated by the lactate dehydrogenase (LDH) activity in cell culture supernatants.

Figure
13

Cells, treatment Cell death | n | Friedman
[9%6] test
median P=0.02
Wilcoxon
signed-
rank test
wild-type mPBMCs, LPS 0.5 6
wild-type mPBMCs, LPS, ATP 0.5 6
wild-type mPBMCs, LPS, ATP, PC (200 8.5 6 #
HM)
wild-type mPBMCs, LPS, ATP, Acetate 0.5 6

(20 mM)
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wild-type mPBMCs, LPS, ATP, 6.0

Propionate (20 mM)

wild-type mPBMCs, LPS, ATP, Butyrate 2.5

(20 mM)

wild-type mPBMCs, LPS, Acetate (20 3.3

mM)

wild-type mPBMCs, LPS, Propionate (20 35

mM)

wild-type mPBMCs, LPS, Butyrate (20 2.5

mM)
Friedman

test
P=0.19
Wilcoxon
signed-

rank test

gene-deficient mPBMCs, LPS 2.0

gene-deficient mMPBMCs, LPS, ATP 0.0

gene-deficient mMPBMCs, LPS, ATP, PC 2.5

(200 puM)

gene-deficient mMPBMCs, LPS, ATP, 9.0

Acetate (20 mM)

gene-deficient mMPBMCs, LPS, ATP, 1.0

Propionate (20 mM)

gene-deficient mMPBMCs, LPS, ATP, 0.0

Butyrate (20 mM)

gene-deficient mMPBMCs, LPS, Acetate 3.2

(20 mM)

gene-deficient mMPBMCs, LPS, 1.5

Propionate (20 mM)

gene-deficient mMPBMCs, LPS, Butyrate 3.0

(20 mM)
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Cell death was estimated via measurement of the release of lactate dehydrogenase (LDH)
into the cell culture medium. The data depicted in this table corresponds to the
experiments shown in the respective figures of the main part of this thesis. Mouse
peripheral blood mononuclear cells (MPBMCs) were “pulsed” with lipopolysaccharide
(LPS, 5 ng/ml, for 25 min). All cells were further stimulated with ATP (1 mM) and with
further substances mentioned in the table above. The wild-type and the gene-deficient
data were statistically analyzed separately. In the wild-type group, #p < 0.05 significantly
different compared to data of cells treated with LPS + ATP. Since the Friedman test in
the gene-deficient group is above 0.05, the Wilcoxon test becomes redundant.

Table S8: Cell death in mouse peripheral blood mononuclear cells (MPBMCs) as
estimated by the lactate dehydrogenase (LDH) activity in cell culture supernatants.

Cells, treatment Cell death | n | Friedman
. [9%6] test
Figure
14 median P=0.12
Wilcoxon
signed-
rank test
mPBMCs, LPS 0.5 6
mPBMCs, LPS, ATP 35 6
mPBMCs, LPS, ATP, 4-CMTB (10 uM) 18.0 5
mPBMCs, LPS, ATP, AR420626 (20 22.0 5
HM)
mPBMCs, LPS, 4-CMTB (10 uM) 15 2
mPBMCs, LPS, AR420626 (20 uM) 0.0 2

Cell death was estimated via measurement of the release of lactate dehydrogenase (LDH)
into the cell culture medium. The data depicted in this table corresponds to the
experiments shown in the respective figures of the main part of this thesis. Mouse
peripheral blood mononuclear cells (MPBMCs) were “pulsed” with lipopolysaccharide
(LPS, 5 ng/ml, for 25 min). All cells were further stimulated with ATP (1 mM) and with
further substances mentioned in the table above. Since the Friedman test is above 0.05,
the Wilcoxon test becomes redundant.
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Table S9: Cell death in mouse peripheral blood mononuclear cells (MPBMCs) as
estimated by the lactate dehydrogenase (LDH) activity in cell culture supernatants.

Cells, treatment Cell death | n | Friedman
) [9%6] test
Figure
15 median P =0.06
Wilcoxon
signed-
rank test
wild-type mPBMCs, LPS 0.5 6
wild-type mPBMCs, LPS, ATP, DMSO 0.5 6
wild-type mPBMCs, LPS, ATP, 4-CMTB 1.0 6
(20 pM)
wild-type mPBMCs, LPS, ATP, 4.5 6
AR420626 (20 uM)
Friedman
test
P=0.19
Wilcoxon
signed-
rank test
gene-deficient MPBMCs, LPS 2.0 5
gene-deficient mMPBMCs, LPS, ATP, 8.0 5
DMSO
gene-deficient mMPBMCs, LPS, ATP, 4- 0.0 5
CMTB (20 uM)
gene-deficient mPBMCs, LPS, ATP, 10.0 5
AR420626 (20 uM)
gene-deficient mMPBMCs, LPS, 4-CMTB 2.0 5
(20 pM)

Cell death was estimated via measurement of the release of lactate dehydrogenase (LDH)
into the cell culture medium. The data depicted in this table corresponds to the
experiments shown in the respective figures of the main part of this thesis. Mouse
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peripheral blood mononuclear cells (MPBMCs) were “pulsed” with lipopolysaccharide
(LPS, 5 ng/ml, for 25 min). All cells were further stimulated with ATP (1 mM) and with
further substances mentioned in the table above. The wild-type and the gene-deficient
data were statistically analyzed separately. In the wild-type group and gene-deficient
group the Friedman test is above 0.05, the Wilcoxon test becomes redundant.

Table S10: Cell death in mouse bone marrow-derived macrophages (BMDMs) as
estimated by the lactate dehydrogenase (LDH) activity in cell culture supernatants.

Cells, treatment Cell death | n | Friedman
) [9%0] test
Figure
19 median P=0.03
Wilcoxon
signed-
rank test
Mouse BMDMs 0.0 15
Mouse BMDMs, ATP 0.0 7
Mouse BMDMSs, LPS 1.0 13
Mouse BMDMs, LPS, BzATP (100 uM) 1.0 5
Mouse BMDMs, LPS, BzATP (300 uM) 0.0 5
Mouse BMDMs, ATP, LPS 4.0 15
Mouse BMDMs, ATP, LPS, A438079 57.0 7 #
(10 pM)
Mouse BMDMs, LPS, A438079 (10 uM) 15.0 4

Cell death was estimated via measurement of the release of lactate dehydrogenase (LDH)
into the cell culture medium. The data depicted in this table corresponds to the
experiments shown in the respective figures of the main part of this thesis. Bone marrow-
derived macrophages (BMDMs) were primed with lipopolysaccharide (LPS, 1 pg/ml, for
5 h). All cells were further stimulated with 3'-O-(4-benzoyl) benzoyl ATP (BzATP, 100
mM, 300 mM) or ATP (1 mM) and with further substances mentioned in the table above.
#P < 0.05 significantly different compared to data of cells treated with LPS + ATP.

143



Table S11: Cell death in mouse bone marrow-derived macrophages (BMDMs) as
estimated by the lactate dehydrogenase (LDH) activity in cell culture supernatants.

Cells, treatment Cell death | n | Friedman
. [9%6] test
Figure
20 median P =0.001
Wilcoxon
signed-
rank test
Mouse BMDMs 17.0 12
Mouse BMDMs, LPS 15.8 12
Mouse BMDMs, LPS, ATP 17.8 12
Mouse BMDMs, LPS, ATP, 5-BDBD (1 325 8 #
HM)
Mouse BMDMs, LPS, ATP, 5-BDBD (10 315 12 #
HM)
Mouse BMDMs, LPS, ATP, 5-BDBD (50 49.5 4
HM)
Mouse BMDMs, LPS, ATP, 5-BDBD 355 6 #
(100 M)
Mouse BMDMs, LPS, ATP, A438079 33.0 4
(0.5 M)
Mouse BMDMs, LPS, ATP, A438079 (1 17.5 8
HM)
Mouse BMDMs, LPS, ATP, A438079 (5 20.0 4
HM)
Mouse BMDMs, LPS, ATP, A438079 16.0 8 #
(10 pM)
Mouse BMDMs, LPS, ATP, A438079 17.0 6
(100 M)
Mouse BMDMs, LPS, 5-BDBD (10 uM) 23.0 8
Mouse BMDMs, LPS, A438079 (10 uM) 29.0 6
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Cell death was estimated via measurement of the release of lactate dehydrogenase (LDH)
into the cell culture medium. The data depicted in this table corresponds to the
experiments shown in the respective figures of the main part of this thesis. Bone marrow-
derived macrophages (BMDMs) were primed with lipopolysaccharide (LPS, 1 pg/ml, for
5 h). All cells were further stimulated with ATP (2 mM) and with further substances
mentioned in the table above. #P < 0.05 significantly different compared to data of cells
treated with LPS + ATP.

Table S12: Cell death in mouse bone marrow-derived macrophages (BMDMs) as
estimated by the lactate dehydrogenase (LDH) activity in cell culture supernatants.

Cells, treatment Cell death | n | Friedman
) [9%0] test
Figure
21 median P=0.01
Wilcoxon
signed-
rank test
Mouse BMDMs 0.0 8
Mouse BMDMs, ATP 0.0 6
Mouse BMDMSs, LPS 1.0 8
Mouse BMDMs, LPS, ATP 2.0 8
Mouse BMDMs, LPS, ATP, ACh (10 0.0 7
HM)
Mouse BMDMs, LPS, ATP, Butyrate (20 17.0 7 #
mM)
Mouse BMDMs, LPS, ATP, 4-CMTB (10 5.8 8 #
HM)
Mouse BMDMs, LPS, ATP, AR420626 24.9 7 #
(20 uM)

Cell death was estimated via measurement of the release of lactate dehydrogenase (LDH)
into the cell culture medium. The data depicted in this table corresponds to the
experiments shown in the respective figures of the main part of this thesis. Bone marrow-
derived macrophages (BMDMs) were primed with lipopolysaccharide (LPS, 1 pg/ml, for
5 h). All cells were further stimulated with ATP (2 mM) and with further substances
mentioned in the table above. #P < 0.05 significantly different compared to data of cells
treated with LPS + ATP.
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Table S13: Cell death in mouse bone marrow-derived macrophages (BMDMs) as
estimated by the lactate dehydrogenase (LDH) activity in cell culture supernatants.

Figure
22A,B

Cells, treatment Cell death | n | Friedman
[9%6] test
median P=0.00
Wilcoxon
signed-
rank test
Mouse BMDMs 11.0 5
Mouse BMDMs, LPS 14.0 5 *
Mouse BMDMs, LPS, ATP 21.0 5 #
Mouse BMDMs, LPS, ATP, 4-CMTB (20 18.0 5
HM)
Mouse BMDMs, LPS, 4-CMTB (20 uM), 17.0 5
RglA4 50 nM
Mouse BMDMs, LPS, 4-CMTB (20 uM), 18.0 5
ArlIB [V11L, V16D] 500 nM
Mouse BMDMs, LPS, ATP, AR420626 17.0 5
(50 M)
Mouse BMDMs, LPS, AR420626 (50 18.0 5
uM), RglA4 50 nM
Mouse BMDMs, LPS, AR420626 (50 19.0 5 )
uM), AriB [V11L, V16D] 500 nM
Mouse BMDMs, LPS, RglA4 50 nM 20.0 5
Mouse BMDMs, LPS, ArIB [V11L, 24.0 5
V16D] 500 nM
Friedman
test
P=0.00
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Wilcoxon
signed-
rank test
Mouse BMDMs 11.0 5
Mouse BMDMs, LPS 13.0 5 *
Mouse BMDMs, LPS, ATP 23.0 5 #
Mouse BMDMs, LPS, ATP, 4-CMTB (20 18.0 5
HM)
Mouse BMDMs, LPS, 4-CMTB (20 uM), 17.0 5
RglA4 50 nM
Mouse BMDMs, LPS, 4-CMTB (20 uM), 18.0 5
ArIB [V11L, V16D] 500 nM
Mouse BMDMs, LPS, ATP, AR420626 17.0 5
(50 uMm)
Mouse BMDMs, LPS, AR420626 (50 18.0 5
uM), RglA4 50 nM
Mouse BMDMs, LPS, AR420626 (50 19.0 5 8
uM), AriB [V11L, V16D] 500 nM
Mouse BMDMs, LPS, ArIB [V11L, 24.0 5
V16D] 500 nM

Cell death was estimated via measurement of the release of lactate dehydrogenase (LDH)
into the cell culture medium. The data depicted in this table corresponds to the
experiments shown in the respective figures of the main part of this thesis. Bone marrow-
derived macrophages (BMDMs) were primed with lipopolysaccharide (LPS, 1 pg/ml, for
5 h). All cells were further stimulated with ATP (2 mM) and with further substances
mentioned in the table above. Part A and B were statistically analyzed separately. *P <
0.05 significantly different compared to data of untreated cells; #P < 0.05 significantly
different compared to data of cells treated with LPS; §P < 0.05 significantly different
compared to data of cells treated with LPS + ATP.
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