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Abstract

Inflammation is a biological response in body tissue due to harmful stimuli. In order to maintain
homeostasis in the body, immune cells need to be tightly regulated. Dysregulated activity of
the immune cells called macrophages result in chronic inflammation and aberrant pathogen
response. The receptor-interacting serine-threonine protein kinase 1 (RIPK1) is a central
regulator of inflammation and cell death in macrophages. RIPKL1 is tightly regulated by
ubiquitination of cellular inhibitor of apoptosis protein (clAP) 1 and 2 which acts as a switch
between cell survival and death. SMAC-mimetics (SMs) are small molecules which specifically
inhibit IAPs and are under clinical trials for treatment of cancer. Inhibition of the 1APSs results
in deubiquitylation of the kinase and induction of RIPK1-dependent cell death. Knowledge
about SM-induced cell death is necessary in order to understand how it can be used for treatment
of diseases. In this project we investigate how SM works in macrophages under different
conditions. A more precise understanding of these mechanisms can lead to novel therapeutic

approaches for treating inflammatory diseases.

Lipopolysaccharide (LPS) is a cell wall component of gram-negative bacteria. It binds to the
host receptor TLR4 to activate first-line immune responses and prepare the immune system for
subsequent responses. Pretreatment by LPS in healthy human macrophages increased the
cytotoxicity of birinapant-induced cell death in vitro. We did not observe the same effect with
LCL-161, another SM, suggesting that birinapant was more potent to induce cell death. In
addition to LPS, pretreatment by TNF-a was also tested since both activate NF-kB signaling.
TNF-a-pretreatment did not potentiate birinapant-induced cell death suggesting that LPS acts
specific in macrophages. In addition, some production of IL-13 was observed in birinapant-
stimulated macrophages pretreated with LPS. Stimulation by LPS for 6 hours also increased
the levels of the anti-apoptotic protein c-FLIP in the cells. Immunoblot analysis showed
increased protein levels of caspase-3, caspase-8 and GSDMD p43 cleavage products when
birinapant-stimulated macrophages were pretreated with LPS. Despise high c-FLIP levels,
caspase-8 seemed to still be able to execute cell death, which most likely was apoptosis. In
conclusion, we here showed that LPS-pretreatment potentiated birinapant cytotoxicity in

human macrophages and short pretreatment was sufficient.






Sammendrag

Betennelse er en biologisk respons i kroppsvevet forarsaket av skadelig stimuli. For a
opprettholde homeostase i kroppen er det viktig & ngye regulere immuncellene. Dysregulert
aktivitet av en immuncelletype som heter makrofager kan resultere i kronisk betennelse og
avvikende patogenrespons. Reseptor-interagerende serin-threonin protein kinase 1 (RIPK1) er
sentral for reguleringen av betennelse og celleded i makrofager. RIPK1 er ngye regulert av
ubiquitinering av celluleere hemmere av apoptose protein (clAP) 1 og 2. Disse fungerer som en
bryter mellom celleoverlevelse og celledad. SMAC-etterlignere (SMer) er sma molekyler som
spesifikt hemmer 1APene og er under klinisk testing som kreftbehandling. Dersom 1APene blir
hemmet farer dette til deubiquitinering av kinasen og induserer RIPK1-avhengig celledad. Det
er nyttig & ha kunnskap om SM-indusert celledgd for & forsta hvordan det kan anvendes i
behandling av sykdommer. | dette prosjektet undersgkte vi hvordan SM virker pa makrofager
under ulike betingelser. En mer presis forstaelse av disse mekanismene kan fare til nyskapende

terapier for behandling av betennelsessykdommer.

Lipopolysakkarid (LPS) er en bestanddel av celleveggen til gram-negative bakterier. Den
binder seg til vertsreseptoren TLR4 for & aktivere ferstelinjen i kroppens immunforsvar og
forbereder immunsystemet pa pafelgende responser. Forbehandling med LPS i humane
makrofager gkte cytotoksisiteten til birinapant-indusert celledad in vitro. Vi observerte ikke
samme effekt med LCL-161, en annen SM. Dette antyder at birinapant var mer potent til a
indusere celledgd enn LCL-161. | tillegg til a teste LPS, ble ogsa TNF-o. forbehandling testet
siden begge aktiverer NF-xB signalisering. Forbehandling med TNF-a potenserte ikke
birinapant-indusert celledgd. Dette antyder at LPS har en spesifikk effekt i makrofager. | tillegg
ble det observert IL-13 produksjon i birinapant stimulerte makrofager som ble forbehandlet
med LPS. Stimulering med LPS i 6 timer gkte nivaene av det anti-apoptotiske proteinet c-FLIP
i cellene. Immunoblott-analyser viste gkt protein nivaer av caspase-3, caspase-8 og GSDMD
p43 klgyvingsprodukter nar birinapant-stimulerte makrofager fikk LPS forbehandling. Til tross
for hgye nivaer av c-FLIP i cellen, ser det ut til at caspase-8 fremdeles var i stand til & utfare
celleded. Denne celledgden var mest sannsynlig apoptose. For & oppsummere viser vi i dette
arbeidet at LPS forbehandling potenserer birinpant sin cytotoksisitet i humane makrofager, og

kort forbehandling var tilstrekkelig.
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Introduction

1 Introduction

1.1 The monocytic linage

1.1.1 The monocyte

Monocytes are a type of white blood cell that play an essential part in the innate immune system.
Originating from hematopoietic stem cells (HSCs) in the bone marrow, the cells differentiate
through a series of stages to become monocytes. They are found in the spleen and bone marrow
and circulate in the blood. Morphological features of monocytes include an irregular cell shape
with a kidney-shaped nucleus, a high cytoplasm-to-nucleus ratio, and cytoplasmic vesicles.
Human peripheral blood monocytes are heterogeneous and categorized into three subtypes
based on their expression of different Cluster of Differentiation proteins (CD) on their surface.
The subgroups are distinguished based on the composition of CD14 and CD16 surface proteins.
Most monocytes (~85%) belong to the subgroup classical monocytes, expressing CD14 and not
CD16 % 2. Monocytes are crucial for innate immunity as they mediate host defense against
pathogens by differentiating into macrophages and dendritic cells (DCs), when exposed to

microbial molecules or stimulated with cytokines 3.

1.1.2 Macrophages and polarization

Macrophages are multifunctional cells important for tissue development and repair, eliminating
pathogens and clearing apoptotic cells * °. The importance of macrophages is reflected by their
presence in different tissues where they exhibit functional and anatomical diversity.
Macrophages present in the skin are Langerhans cells, while other macrophages called
osteoclasts reside in the bone. When tissue homeostasis is in steady-state tissue-resident
macrophages, such as alveolar macrophages in the lung, have intrinsic anti-inflammatory
functions to prevent persistent inflammation 6. During increased caloric intake, macrophages
of the liver called Kupffer cells regulate metabolic adaptions of hepatocytes. In response to
environmental changes or tissue physiology, macrophages change phenotype and functional
state to adapt to different challenges. And their ability to distinguish between self and non-self

is essential for this ’.

Colony-stimulating factor 1 (CSF-1, previously known as macrophage-CSF, M-CSF) is a
growth factor essential for macrophage differentiation. Mature monocytes express CSF-1
receptor (CSF-1R), which binds CSF-1 and cytokines > 4. When infection occurs, circulating
monocytes move from the bloodstream to the inflammatory tissue. Here the monocytes

differentiate into peripheral mononuclear phagocytes, such as macrophages and DCs 2 3.



Introduction

The phenotype of macrophages is determined by polarization in response to different stimuli °.
Monocytes stimulated with CSF-1 is the primary regulator of macrophage differentiation
(Figure 1.1) 8 Macrophages change their phenotype depending on the microenvironment and
this process is dynamic °. Earlier, these cells have been categorized as pro-inflammatory M1
and anti-inflammatory M2 macrophages based on the direction of the polarization. Now it is
more common to regard the nomenclature of macrophages based on which cytokine or other
modulators they are stimulated with, such as M(LPS), M(TNF-a) and M(IL-4). This is
grounded in the fact that M1/M2 categorization does not represent the natural condition in the
body, as stably defined groups do not exist here. Rather, the macrophages respond to a

combination of factors in their present environment and should be referred to according to these

stimuli °.
Monocyte
+ CSF-1
+ LPS, TNF-q, IFN-y7 Macrophage \-:IL-‘L IL-10, IL-13 etc.
Pro-inflammatory Anti-inflammatory macrophage (M2)
macrophage (M1) Tumor-associated macrophage (TAM)

Figure 1.1 Macrophage polarization. Human monocytes are dependent on colony stimulating factor-
1 (CSF-1) to differentiate into macrophages. A pro-inflammatory phenotype is obtained by treating the
macrophages with stimulants, such as LPS, TNF-a and IFN-y. Polarization towards an anti-

inflammatory phenotype is promoted by cytokines, including IL-4, IL-10 and IL-13. Modified from .
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Pro-inflammatory macrophages, earlier referred to as M1 or classically activated macrophages,
are important for the host defense against infection °>. Macrophages polarize into this subtype
when exposed to specific cytokines, such as tumor necrosis factor (TNF)-a or interferon (IFN)-
y. Alternatively, pathogens can stimulate these cells to polarize into this phenotype through
activation of toll-like receptors (TLRs). An example is lipopolysaccharide (LPS) from gram-
negative bacteria stimulates these cells to polarize into this phenotype ®. LPS is a type of
pathogen-associated molecular pattern (PAMP) which macrophages recognize with their
TLRA4. Activation of TLR4 leads to signaling via nuclear factor-kappa B (NF-«xB) resulting in
production of inflammatory cytokines, such as TNF-o and interleukin 6 (1L-6) *> 1. Prolonged
or chronic activation of the pro-inflammatory macrophages can damage host tissue and lead to

inflammatory diseases > 1% 12,

Anti-inflammatory macrophages, previously referred to as M2 or alternatively activated
macrophages, are necessary for protecting the host against excessive injury. These macrophages
provide tissue remodeling, and promote tissue healing and growth > 11, Polarization towards an
anti-inflammatory phenotype requires cytokines such as IL-4, IL-10 and IL-13. These cytokines
activate signaling through STAT3/STAT®6 (signal transducer and activator of transcription 3 or
6). This results in the release of transforming growth factor (TGF)-$ and 1L-10, which promote
dampening of immune responses > & 2. The tumor-associated macrophages (TAMs) show a
similar phenotype to anti-inflammatory macrophages. However, TAMs are essential for cancer
formation, angiogenesis, dampers the immune recognition of tumor cells and promote immune

evasion 4 13,

The classification of M1 and M2 polarization of macrophages only represent the terminals of a
continuum, and it is a dynamic process. The M1/M2 crosstalk is mediated by activation of
STAT1 and STAT3/STATG signaling. NF-kB, interferon-regulatory factor (IRFs) and activator
protein (AP)-1 are some key transcription factors involved in macrophage polarization °. In
sepsis, NF-kB activation drives macrophages to its M1 phenotype to induce a response to
inflammation but later polarize to the M2 phenotype by inhibiting NF-xB to exhibiting anti-
inflammatory features. Populations of macrophages in disease settings can also have mixed
phenotypes. Little is known about the exact switch that manage the macrophage phenotype and

the molecular networks involved 12,
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1.2 NF-xB signaling

Nuclear factor k-light chain enhancer of activated B-cells (NF-«B) is a family of transcription
factors regulating many cellular functions such as in inflammation and immune cell survival 4.
It is a central transcription mediator of pro-inflammatory macrophages as it is essential for
induction of inflammatory genes °. A wide range of stimuli activate NF-xB, including LPS
and cytokines 6. The main function of this transcription factor is to maintain and initiate
inflammatory conditions through the innate and adaptive immunity upon autoimmune and
pathogenic stimuli /. NF-xB binds to DNA sites to express over 150 target genes encoding
proteins, including cytokines such as IL-6 and TNF-o, 16 18 The transcription factor genes can
also inhibit pro-apoptotic signaling pathways by inducing factors directly targeting the caspase
cascade, such as cellular FLICE inhibitory protein (c-FLIP) and inhibitor of apoptosis proteins
(IAPs) . The NF-xB family consists of RelA (p65), p50/p105, RelB, p52/p100 and c-Rel,
which form either homodimers or heterodimers 14 16 18 Dysregulation of NF-kB is involved in
several inflammatory diseases, such as multiple sclerosis (MS) and rheumatoid arthritis (RA),

and is therefore an attractive target for anti-inflammatory therapies *°.

Two signaling pathways lead to the activation of NF-kB: the canonical (classical) and the non-
canonical (alternative) pathways (Figure 1.2) 8. The canonical pathway is rapid and is involved
in the innate immune response. In contrast, the non-canonical pathway responds slower but
provides a prolonged NF-kB activity. It also ensures an effective immune response as it is

associated with the development of the lymphoid organs % 20,

Several receptors activate the canonical pathway, including TNF receptors (TNFRs) and TLR4
(Figure 1.2, A) 18, Upon activation by TNF-a and LPS, respectively, the receptors recruit a
TNF receptor associating factor (TRAF). TRAF recruits receptor-interacting serine-threonine
protein kinase 1 (RIPK1) and cellular inhibitor of apoptosis protein (clAP) 1 and 2 to the
membrane-bound receptor complex. RIPK1 and clAP1/2 will be further discussed later. The
transforming growth factor p-activated kinase 1 (TAK1)-binding protein (TAB) 2 recruits
TAK1 to TRAF 212223 |nhibitor of NF-kB (1xB) consists of two catalytic subunits, I«B kinase
(IKK)B and IKKa, and the regulatory subunit IKKy/NEMO, comprising the IKK complex. The
kinase protein TAK1 directly phosphorylates IKKB 2% 23, Active IKKpB phosphorylates 1kBo

bound to the RelA/p50 heterodimer. Proteases polyubiquitinate and degrade IkBa resulting in
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the release of the heterodimer, which translocates to the nucleus to induce transcription of target

genes 19 20,

While the canonical pathway depends on the degradation of kB to release NF-xB, the non-
canonical pathway has a different mechanism (Figure 1.2, B). Cytokines belonging to the TNF
family, such as CD40 ligand (CD40L), activate this pathway 8. When binding to the TNFR,
NF-kB-inducing kinase (NIK) indirectly phosphorylate p100 through the kinase IKKa, leading
to the processing of p100. Phosphorylated and ubiquitinated p100 lead to the generation of p52.

The heterodimer RelB/p52 translocates to the nucleus to target genes for transcription 24 25,

A Canonical B Non-canonical
PRRs, cytokine TNFR TNFR

receptors, antigen superfamily superfamily
receptors, etc. members members

\
1AP1/2
clAP1/2 TRAF6/ ‘TRAF2/5.C TRAF2/3/1AP1/2
RIPK1 ), | RIPK1
Ub l Ub i
: TRAF degradation
Complex Cytoplasm l Release of NIK
formation @
IkBa l
@ degradation
|KBG/® ——» Proteasome @ ®/ RelB/p100
Ub
RelA/ps0 > °
’ p100 processing
Nucleus RelA/p50 RelB/p52

Figure 1.2 Canonical and non-canonical NF-kB signaling. A, B. (A) The canonical NF-kB pathway
is induced by LPS and several types of cytokines, including TNF-a. Activation of TLR4 and TNFR1
result in signaling which involves induction of the IKK complex by TAK1. IxBa gets phosphorylated
by IKKp and ubiquitinated for degradation by the proteasome. This results in the release of RelA/p50
heterodimer which translocates to the nucleus. (B) The non-canonical NF-kB pathway activates TNFR
superfamily members, such as CD40. Cytokines from the TNF family, including CD40L are involved
in the receptor activation. Signaling involves processing of p100 by NIK and IKKa. This results in the

generation of p52, and RelB/p52 heterodimer can translocate to the nucleus. Modified from 14 24,
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1.3 The MAPK family

Mitogen-activated protein kinases (MAPKSs) are a mammalian family of serine-threonine
kinases. They are often activated together with NF-kB downstream of TLR4, TNFR1 and
TAKUL. Therefore, activation of MAPKSs results in some of the same responses as NF-«xB, such
as producing pro-inflammatory cytokines. MAPKs are responsible for regulating cellular
activities, including differentiation, proliferation, survival and death. The family consists of
extracellular signal-regulated kinase (ERK), p38 and c-Jun NHa-terminal kinase (IJNK).
Activation of each pathway results in a signaling cascade including at least three components:
a MAPK kinase kinase (MAP3K), a MAPK kinase (MAP2K) and a MAPK. The pathways are
activated by intracellular and extracellular stimuli, such as cytokines, hormones and cellular

stressors 26: 27,

Stimulation of TNFR or TLR4 result in RIPK1-mediated activation of TAK1. TAK1 is a
MAP3K and phosphorylates a downstream MAP2K, which in turn phosphorylates the MAPKs
ERK, p38 or JNK 28 20 Activated MAPKSs phosphorylate substrate proteins, such as the
transcription factors c-Jun, p53 and AP-1, regulating a variety of cellular activities. This
includes inflammatory responses, proliferation and death. MAPK signaling is guided by
scaffold proteins which consist of specific kinase components depending on the pathway
induced %6. TAK1-deficient cells will not activate JNK, p38 nor NF-xB when stimulating with
TNF-o, IL-1 or TLR-ligands, such as LPS %,

1.4 The RIPK1-pathway

Receptor-interacting serine-threonine protein kinase 1 (RIPK1) is a cytosolic protein kinase. It
is involved in three signaling cascades: NF-kB/MAPK signaling, and apoptotic and necroptotic
cell death %, The RIPK1-pathway is activated by pro-inflammatory cytokines, including TNF-
a, IL-6, IL-1B and IFNs, and microbial stimuli such as LPS. As previously described, activation
of TNFR or TLR4 results in the formation of the receptor complex which recruits RIPK1 3L,
This results in activation of the transcription factors NF-kB and AP-1, and cell death *°. RIPK1
is a fundamental mediator of the innate immune response because its activation can result in
several cell death and inflammation outcomes. Dysregulation of RIPK1 can lead to detrimental
consequences, such as tissue damage. Therefore, it needs strictly regulation to maintain control
of normal homeostasis in tissues 3. The main focus for this work will be on TLR4 signaling

induced by LPS, as well as TNFR1-signaling *2.
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1.4.1 RIPK1-activation of NF-xB and MAPK

RIPK1 is necessary for TNFR1 activation of NF-kB/MAPK. Activation of TNFR1 by TNF-a
stimulates the adaptor protein TNFR1-associated death domain protein (TRADD). TRADD
brings RIPK1 and TRAF2 together to form a membrane-bound complex. clAP1 and clAP2 are
bound to TRAF2 which brings the complex to the intracellular domain of TNFR1. When RIPK1
is part of this receptor complex, ubiquitin enzymes including clAPs can polyubiquitinate the
kinase. The ubiquitination is central for whether the signaling results in cell survival or death.
Modulators of the canonical NF-kB and MAPKSs pathways, such as TAK1, can bind to this
polyubiquitinated site. This results in survival and induce inflammatory responses as previously
described (1.2) 30 3% 32, Recruitment of deubiquinating enzymes (DUBSs) to the activated
TNFR1-complex results in deubiquitylation of RIPK1 by these enzymes which induce cell

death. 3233,

1.4.2 clAP1 and 2 ubiquitinate RIPK1 to form a TNFR1-RIPK1 receptor complex
Ubiquitin (Ub) is a small protein, about 8 kDa, which covalently attach to a substrate protein.
This process is called ubiquitination and involves three classes of enzymes: E1, E2, and E3
ubiquitin ligases. A ubiquitin-activating enzyme (E1) binds Ub with a thioester linkage before
transferring the Ub to a ubiquitin-conjugating enzyme (E2). E2 consists of an active site
cysteine, which the Ub binds to. Lastly, the mediation of Ub from E2 to a specific substrate
protein is conducted by a ubiquitin ligase (E3). The substrate contains a lysine residue that binds
to a C-terminal glycine at the Ub, and they form an isopeptide bond. Ub can also form a
polyubiquitin chain consisting of Ub molecules conjugated to each other 32, Ub-chains are often
studied as tags for degradation via the proteasome or autophagy ** %. In the RIPK1 signaling
pathway the Ub-chains display another function: they perform as scaffolds to recruit and build
multimeric signaling complexes . The Ub molecule consists of seven internal lysine residues
(such as K11, K48, and K63), and one of these can bind to one lysine residue of another Ub
molecule. Alternatively, formation of linear ubiquitin linkage can be assembled if Ub

conjugates to another Ub by attaching to its a-amino group of the N-terminal methionine 2.

Regulation of RIPK1 by ubiquitination and deubiquitylation mediates whether the signaling
results in NF-kB/MAPK activation or cell death, respectively. Ubiquitinated RIPK1 performs

as a scaffold and not a kinase. However, its kinase activity is activated in necroptosis and
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sometimes during apoptosis 2. Various lysine-linked polyubiquitin chains are involved in the
scaffolding function of RIPK1. This includes K63-linked polyubiquitination which recruits
factors needed to stabilize the TNFR complex to induce NF-xB and MAPKSs signaling 3’. clAP1
and clAP2 mediate this ubiquitination 3. Other ubiquitin ligases are also involved in the

ubiquitination of RIPK1, such as the linear ubiquitin chain assembly complex (LUBAC) 32 33,

clAPs are ubiquitin ligases belonging to the 1AP family. They are central regulators of cell
death 32. There are a total of eight members in the family. The clAP are characterized by the
presence of one or several Baculoviral IAP Repeats (BIRs) which indirectly bind to and inhibit
caspases 3839, Two of the members, clAP1 and clAP2, are recruited to inflammatory receptors,
and are involved in inflammatory responses and extrinsic cell death regulation. By interacting
with TRAF1 and TRAF2, clAP1 and clAP2 regulate TNFR1 signaling pathway 4% 41,

1.4.3 TLR4 activates RIPK1 via TRIF signaling

TLR4 is a pattern recognition receptor (PRR) belonging to the TLR family. The family consists
of thirteen members recognizing PAMPSs, such as bacteria. The activation of TLRs is important
for the innate immunity as it results in inflammatory responses. Immune cells, including
monocytes and macrophages, express TLR4. The plasma membrane anchored CD14 protein
displayed on these immune cells and the myeloid differentiation (MD) factor-2 protein facilitate
the binding of LPS to TLR4 2,

Lipopolysaccharide (LPS) is a cell wall component of gram-negative bacteria 2. LPS binding
triggers TLR4 signaling via MyD88 (myeloid differentiation factor 88) and TRIF (Toll/IL-1
receptor homology domain (TIR)-containing adaptor inducing IFN-B) (Figure 1.3). Almost all
TLRs use MyD88 to activate a rapid NF-kB/MAPK response. Signaling via the adaptor protein
TRIF is unique for TLR4 and activates several pathways, including RIPK1. Endocytosis of
TLR4 is needed for activation and recruitment of TRIF. TRIF-related adaptor molecule
(TRAM) is required for TRIF recruitment to endosomal TLR4. Active TRIF recruits TRADD,
TRAF®6, clAP1/2 and RIPK1 to the C-terminal RIP homotypic interaction motif where clAP1/2
polyubiquitinate RIPK1. TAK1 binds to the polyubiquitin chain which results in activation of
NF-kB and MAPK cascades, as previously described in 1.2 and 1.3. If RIPK1 is deubiquitylated

the signaling will change to cell death 43 4445,
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Figure 1.3 TLR4 activates RIPK1-dependent cell death via TRIF signaling. Stimulation with LPS
activates TLR4. Two signaling pathways can be induced: MyD88 and TRIF. MyD88 binds to the
intracellular domains of TLR4 activating early NF-xB and MAPK signaling. Activation of TRIF
requires internalized endosomal TLR4. The receptor is endocytosed which activates TRIF. TRADD,
TRAF6, clAP1/2 and RIPK1 are recruited to TRIF. Polyubiquitination of RIPK1 results in late NF-xB
and MAPK activation. Deubiquitylation of RIPK1 causes it to dissociate from the TLR4-bound complex
into cytosol. Complex formation with other proteins results in RIPK1-mediated cell death. Modified

from 42 4
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1.5 RIPK1 coordinates PANoptosis

Deubiquitylation of RIPK1 changes its signaling from the NF-«xB/MAPK pathways to cell
death 32, Several DUBs are responsible for deubiquitylation of RIPK1, including
cylindromatosis (CYLD) and A20. Alternatively, the absence of ubiquitin ligases, such as
clAP1/2, leads to no ubiquitination of RIPK1 at the receptor complex, which also results in cell
death activation 3% 46, Deubiquitylation of RIPK1 causes the kinase to dissociate from the
membrane-bound complex and construct death-inducing complexes in the cytosol 4’. The
downstream signaling of RIPK1 results in caspase 8-dependent apoptosis. But under certain
circumstances, other forms of cell death such as RIPK3-dependent necroptosis or
inflammasome-dependent  pyroptosis can be activated. The term PANoptosis
(pyro/apo/necroptosis) has been coined to describe the extensive crosstalk between these three

cell death forms 32 37,

1.5.1 RIPK1-dependent apoptosis

Apoptosis is a type of cell death. An apoptotic cell is typically characterized by chromatin
condensation, cytoplasmic shrinkage, plasma membrane blebbing, and small intact vesicles
(apoptotic bodies) 48 4% %9, Apoptosis is immunologically silent, meaning that the cell does not
cause inflammatory reactions at the tissue site. This is because no cellular constituents are
released by the apoptotic cell to surrounding tissue, and if so, it is quickly phagocytosed by

nearby cells 4% 5051,

Apoptosis can signal through the extrinsic or the intrinsic pathways. The extrinsic pathway
receives its signal from the extracellular environment, such as the death receptor Fas (CD95),
or inflammatory receptors such as TLR4 and TNFRL1. In the absence of clAPs or kinases,
including TAK1, TNFR1 promotes another receptor complex consisting of RIPK1, FAS-
associated death domain (FADD), and caspase-8 (Figure 1.4) 3% 5L 52 A death-inducing
signaling complex (DISC) forms when FADD connects to procaspase-8, and autocatalytic
activation of the caspase is initiated. Caspase-8 activates the executioner caspases, such as

caspase-3, which leads to apoptotic cell death °.

Caspases are a family of cysteine proteases that regulate processes such as apoptosis and
inflammation %1, They can be divided into initiator, executioner and inflammatory caspases.
The initiator caspases include caspase-2, -8, -9 and -10 and become active when interacting
with death-effector domains (DEDSs) or caspase recruitment domains (CARDs) of the extrinsic

and intrinsic pathways . Activation of the initiator caspases results in formation of multimers,
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and cleavage of their partners occurs. The initiator caspases have a critical role in triggering the
downstream executioner caspases, including caspase-3, -6 and -7. These caspases are inactive
multimers until the initiator caspases cleave their protease domain which results in
rearrangement of the executioner caspases. The executioner caspases then go on to cleave
factors such as the plasma membrane channel pannexin-1 leading to the execution of apoptosis
50,52,53 Inflammatory caspases such as caspase-1, -4, -5 and -11 are involved in inflammasome

formation, as described further below 24,

Another factor tightly regulating apoptosis is the apoptotic-inhibitory molecule c-FLIP which
counteracts caspase activation, and especially caspase-8 % %6, c-FLIP can form heterodimers
with procaspase-8 limiting the enzyme activity of caspase-8 (Figure 1.4) 5. c-FLIP also
contains DEDs which show similarity to caspase-8 in its death domains and therefore competes
with binding to FADD 5 %8, Death receptor-mediated apoptosis does not occur when c-FLIP is
bound to FADD instead of caspase-8, as c-FLIP blocks this signaling %' °°. The CFLAR gene
encodes three splice variants of c-FLIP 8. These isoforms include c-FLIP Long (L), c-FLIP
Short (S) and c-FLIP Raji (R) %> %, All are found in humans, while c-FLIP (S) is not present in
mice but c-FLIP (R) in mice is the functional counterpart to c-FLIP (S) in humans 5% 0, The
three isoforms perform different functions. The most studied isoform, c-FLIP (L), is a 55-kDa
protein which is catalytically inactive ®*. It acts differently depending on its amount in the cell.
In case of low amounts it works in a pro-apoptotic manner, while it acts in an anti-apoptotic
way when the protein level is high 5. ¢c-FLIP (S) is a 26-kDa caspase-8 analog, and at high
levels it works in an anti-apoptotic manner as it binds to and inhibit procaspase-8 to become its
active form 5 80, This blocks death receptor-induced apoptosis °’. The 24-kDa protein c-FLIP

(R) is similar in structure as the short isoform 55 60,

All three isoforms create heterodimers with procaspase-8 when recruited to the DISC and the
cell fate is dependent on the relative amounts of (S) and (L) isoforms recruited to this complex
62, However, only the c-FLIP (L)/procaspase-8 heterodimer performs catalytic activity and
cleaves adjacent homo- and heterodimers. This generates the p43-c-FLIP (L) and p41/p43-
procaspase-8 cleavage products ®1. The processing of p43-c-FLIP (L) can activate NF-xB
signaling pathway and thereby act as an anti-apoptotic manner feedback mechanism %°. The
formation of the heterodimer inhibits procaspase-8 activation which makes RIPK1 form a
complex with RIPK3 resulting in necroptosis. However, cleavage of RIPK1 by caspase-8

blocks necroptosis 63 64,
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Figure 1.4 RIPK1-dependent apoptosis. Deubiquitylation of RIPK1 can be induced by deubiquinating
enzymes (DUBSs) such as A20 or CYLD, or by inhibiting ubiquitin ligases such as clAPs or TRAFs.
This results in dissociation of RIPK1 from the membrane-bound complex. In the cytosol, RIPK1
interacts with FADD which recruits procaspase-8 proteins forming homodimers. Active caspase-8 is
induced by self-cleavage resulting in activation of caspase-3 and execution of apoptosis. Caspase-8
activity also inactivates RIPK1 by cleavage making it inaccessible to execute necroptosis. Alternatively,
procaspase-8 can form heterodimers with c-FLIP (L) blocking caspase-8 activity inducing cell survival.
Modified from 3,
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1.5.2 RIPK1-dependent necroptosis

Necroptosis is a regulated lytic form of necrotic cell death causing inflammation due to the
release of cellular content ®. Cells undergoing necroptosis are characterized by loss of
membrane integrity, they possess swelling organelles and leak their cellular content . The
cells emit damage-associated molecular patterns (DAMPS), such as adenosine triphosphate
(ATP) and high mobility group box 1 (HMGBL1), which induce the inflammatory responses 5
67, PRRs, such as TLRs, and TNF receptor superfamily recognize DAMPs to initiate an innate

immune response 55 68,

LPS stimulation of TLR4 or TNF-a binding to TNFR1 actives the receptor complex previously
described, including RIPK1. Deubiquitylation of RIPK1 results in dissociation of RIPK1 from
the membrane-bound complex. Active caspase-8 cleaves RIPK1 which makes it unavailable to
procced to necroptosis 9. Inhibition of caspase-8 by for examples c-FLIP result in kinase
activity of RIPK1 which is now able to interact with RIPK3 via their RIP homotypic interaction
motifs (RHIMSs). This results in phosphorylation and activation of RIPK3 by RIPK1 (Figure
1.5) 8370, 71 Activation of RIPK3 leads to phosphorylation of the mixed lineage kinase domain-
like protein (MLKL). Together, RIPK1, RIPK3 and MLKL form the necrosome ¢ 72, MLKL
trimerizes upon phosphorylation by RIPK3 and interacts with the plasma membrane lipids and
disrupt the integrity of the membrane to execute necroptosis. As a result, the membrane

punctures and an influx of ions, such as calcium, occurs 957273,
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Figure 1.5 RIPK1-dependent necroptosis. Deubiquitylation or inhibition of ubiquitination proteins
result in dissociation of RIPK1 from the membrane-bound complex when caspase-8 is inactive or
blocked. Formation of the necrosome occur in the cytosol due to kinase activity of RIPK1 and RIPK3.
RIPK1 recruits several RIPK3 proteins by trans- and autophosphorylation. Activation of MLKL occurs
through phosphorylation and translocates to the plasma membrane resulting in induction of necroptosis.
Modified from 3 70,
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1.5.3 Pyroptosis and the inflammasome

Pyroptosis is another mode of inflammatory cell death and shares a resemblance with
necroptosis as it leads to lysis of the cell and inflammation. A pyroptotic cell exhibits bubbles
on the plasma membrane and swelling features 4. This type of cell death induces mechanisms
in the innate immune system when intracellular pathogens are exposed to the cell. In contrast
to necroptosis, pyroptosis is caspase-dependent and is activated through a multimeric protein
complex, called the inflammasome. Induction of the inflammasome occurs when the cell is

exposed to infection or stress L.

Several types of inflammasomes exist and are provoked by different mechanisms .
Nucleotide-binding leucine-rich repeat receptors (NLRS) or absent in melanoma 2 (AIM2)-like
receptors (ALRS) initiate the assembly of the inflammasome complex. NLR family pyrin
domain containing 3 (NLRP3) is the best characterized NLR and is present in the cytosol 76 77,
Two signals are needed for canonical NLRP3 inflammasome activation in macrophages:
priming and activation. Priming of PRRs including TLR4 by inflammatory stimuli such as LPS
prime the receptor to induce NLRP3 and pro-1L-1f3 expression. DAMPs and PAMPs activate
NLRP3 which recruits apoptosis-associated speck-like protein containing a caspase activation
and recruitment domain (ASC). ASC recruits procaspase-1 to form the canonical NRLP3
inflammasome which initiate procaspase-1 self-cleavage to become the active caspase-1.

During necroptosis, membrane permeabilization also activates the NLRP3 inflammasome 76
77,78

Caspase-1 is responsible for converting pro-IL-1p to IL-1 by proteolytic processing. The cell
secretes IL-1B when the cell undergoes pyroptosis ¢ 77: 78 Caspase-1 also cleaves Gasdermin
D (GSDMD) into a pore-forming protein. N-terminal GSDMDs (p30) translocate and
permeabilize the plasma membrane by binding to phospholipids in the membrane and forming
pores. The pores cause rupture in the cell membrane leading to IL-1f release and efflux of

potassium ions, which induce pyroptosis 77 7% &,

Caspase-8 is mainly an apoptotic factor but is also involved in pyroptosis as an inflammasome-
caspase. It can cleave pro-IL-13 and GSDMD during extrinsic apoptosis (Figure 1.6). This may
induce pyroptosis 51 76, Cleavage of pro-1L-1p result in mature IL-1pB which is released by the

cell when pyroptosis is induced " 8L Caspase-8 can also directly process and cleave
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procaspase-1 and procaspase-3 to become the active caspases 8. Activation of caspase-3 results
in cleavage of GSDMD p43 but inhibits the N-terminal GSDMD which consequently blocks

pyroptosis 8.
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Figure 1.6 Extrinsic apoptosis induces caspase-8-mediated pyroptosis. Activation of caspase-8 via
extrinsic apoptosis activates caspase-3 and in certain cases caspase-1. Caspase-8 cleaves GSDMD and
pro-1L-1B directly or indirectly via caspase-1. Cleaved GSDMDs p30 translocate to the plasma
membrane forming pores and inducing pyroptosis. Additionally, cleavage and maturation of pro-1L-13
to IL-1B by the caspases are released through the GSDMD-mediated pores. Activation of caspase-3
results in cleavage of GSDMD p43 and inhibits cleavage of GSDMD to p30 which leads to blocking of

pyroptosis. Modified from 83,
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1.6 Targeting RIPK1 signaling

RIPK1 is essential in the human innate immune system as it mediates several signaling
pathways involved in the immune response . Dysregulation or mutation of RIPK1 or other
factors in the RIPK1 pathway cause inflammation due to overproduction of inflammatory
cytokines or uncontrolled cell death 8 ., Cytokine overexpression can result in disease
development, such as inflammatory bowel disease (IBD), polyarthritis, rheumatoid arthritis
(RA), multiple sclerosis (MS), and other autoinflammatory diseases 3* 23 8, Functional RIPK1
is crucial for triggering a host defense against pathogens 4. Mutations of the RIPK1 gene cause
recurrent viral, bacterial, and fungal infections in humans, while it is lethal in mice 30 33 86,
RIPKZ1 inhibitors are desired for treating human inflammatory diseases. Necrostatins are small
molecules that hamper necroptosis by inhibiting the kinase activity of RIPK1. The prevention
of RIPK1-mediated necroptosis can be a potential therapy in sepsis, and neurodegenerative and
autoimmune disorders 3386, Since RIPK1 controls a broad spectrum of pathways, it is a desired

target for medical drugs 3% 3.

1.6.1 AP antagonists

The IAP proteins regulate pro-inflammation and PANoptosis by ubiquitinating and
deubiquitylating RIPK1, respectively 8. As clAP1/2 are involved in apoptotic evasion in tumor
cells, much attention has been directed at developing IAP antagonists, also termed second
mitochondrial activator of caspases (SMAC)-mimetics (SMs). As clAP1/2 are important in
inflammation, they have also been explored as treatment for inflammatory diseases. SMs are
small molecules inhibiting 1APs 27:88.89 The IAP proteins possess IAP-Binding Motifs (IBMs)
39, The antagonists mimic the minimal N-terminal tetrapeptide (NH2-AVPI) SMAC, which is
part of the IBM, and SMs can therefore bind to the BIR2 and BIR3 domains of clAP1/2. The
binding results in inhibition of the clAPs, which no longer can ubiquitinate RIPK1 resulting in
apoptosis or necroptosis 3% 47, Apoptosis is the primary mode when SMs induce cells to undergo
cell death, but cells possessing the necroptotic machinery can switch to this cell death by
inhibiting caspase-8, or if caspase-8 levels are low #4. Reduction in ubiquitination of RIPK1 by
SMs inhibiting clAP1 and clAP2 induce expression of survival genes, such as CFLAR encoding
the protein c-FLIP #’. Monovalent SMs have one AVPI-like binding motif, while bivalent SMs

present two such motifs %,
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Birinapant, a second-generation bivalent IAP antagonist, can induce clAP1 and clAP2
degradation. The SM seems to have a higher affinity for clAP1 than clAP2 36 3% 41 Activation
of NF-kB through TNF-a-signaling is inhibited by birinapant, resulting in cell death .

LCL-161, a monovalent SM, is another IAP antagonist. The antagonist stimulates the
degradation of clAP1 2°. LCL-161 inhibits IAPs in different cell types, and it seems to induce
IL-1B production in a slightly greater extent than birinapant in different models 4. In addition,
LCL-161 treatment down-regulate the expression of the anti-apoptotic protein c-FLIP in pro-

inflammatory macrophages .

IAP antagonists are the most common clinical approach to induce RIPK1-dependent cell death
by activating the DISC. As single agents, the SMs exhibit small effects but have increased
efficiency in combination with other therapies, such as immunotherapy, kinase inhibitors,
radiotherapy, and chemotherapy #4. Not all patients respond to a single IAP antagonist alone
but can have some effect combined with another SM. Due to the high specificity of the target,
the SMs are safe to use in humans 3°. However, IAP antagonists are responsible for causing
Bell’s palsy in some patients &°. Bivalent SMs, such as birinapant, seem to have a higher binding

affinity to the IAP than the monovalent IAP antagonists, including LCL-161 &°.

1.6.2 Pro-inflammatory human macrophages as a therapeutic target for SMs

Pro-inflammatory human macrophages are involved in chronic autoimmune and inflammatory
diseases, including RA, atherosclerosis and MS . These diseases cause inflammation in
affected parts of the body due to dysregulation of the immune system 7. In RA for instance,
macrophages play an essential role as they produce cytokines that increase the inflammation by
recruiting additional immune cells. In addition, the cytokines produced by the macrophages
contribute to destruction of bone and cartilage. Progression of this disease is also mediated by
macrophages as they produce reactive oxygen species (ROS), nitric oxide intermediates and
matrix-degrading enzymes °1. The symptoms of inflammatory diseases can be alleviated by
inducing cell death in overactive macrophages with the use of SMs 27. Monocytes and pro-
inflammatory macrophages are known to be highly susceptible to SM-induced cell death and
can therefore be a potential target to chronic autoimmune and inflammatory diseases .
However, due to the diverse function of IAPs in inflammation and cell death signaling it is

important to understand these pathways in order to prevent unwanted effects 2’
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1.7 Aim of study

Previous work in our laboratory found that LPS-pretreated pro-inflammatory macrophages
were more susceptible for birinapant-induced cell death, as compared to CSF-1 and anti-
inflammatory macrophages, and that this death was accompanied by IL-1 production.
Preliminary experiments suggested that the mode of death might be apoptosis. In this work we

aimed at further characterizing this process.

Mice have been the common model organism for studying IAP inhibitors, and studies testing
SMs in human macrophage systems are lacking. It is necessary to investigate the role of SMs
in human cells in order to safely introduce the inhibitors as therapeutic drugs. Therefore, we

used human macrophages in our experiments to investigate our aim.
The aim was divided into the following objectives:

e Investigate if time of LPS pretreatment affected birinapant response

e Investigate whether LPS pretreatment also sensitized macrophages to the SM LCL-161
e Test whether TNF-a pretreatment potentiated birinapant-induced cell death

e Investigate whether c-FLIP levels were influenced by LPS and TNF-a

e Evaluate the mode of cell death induced by assessing apoptotic-, necroptotic- and

pyroptotic-related proteins
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2 Materials and methods

2.1 Cells and culture conditions

All experiments in this thesis were performed on macrophages differentiated from primary
human monocytes. The monocytes were isolated from one-day-old buffy coats from the Blood
bank at St. Olav’s hospital. All donors were healthy individuals with either blood type A, Rh-
positive or blood type B, Rh-positive.

Monocytes were isolated from peripheral blood mononuclear cells (PBMCs). The blood was
mixed with Dulbecco Phosphate buffered saline (DPBS, Sigma-Aldrich, #D8537) and
distributed into 50 mL tubes. To obtain the PBMC layer, density centrifugation was performed
with Lymphoprep™ (Alere Technologies AS, #07851) at 645 x g, 20°C for 20 minutes.
Erythrocytes and granulocytes sedimented through the Lymphoprep™, while the PBMC layer

were retained in the interface between the plasma and the Lymphoprep™.

The PBMC layer was transferred to new 50 mL tubes. To remove serum and Lymphoprep, the
PBMC was centrifuged (796 x g, 10 min, 20 °C) in Hanks’ balanced salt solution (Sigma-
Aldrich, #H9269), and the supernatant was carefully removed. The pellet was resuspended in
preheated Hanks and centrifuged at 127 x g, 20 °C for 8 minutes. This step was repeated three
times. The number of cells was counted using Cell Counter (Beckman Coulter Inc.) in isotone.
ZAP-OGLOBIN Il Lytic Reagent (Beckman Coulter Inc., #7546138) was added to lyse the red

blood cells during counting.

Monocytes were isolated from the PBMCs using magnetic beads which bind to CD14*
monocytes (MACS Miltenyi Biotec, #130-118-906). An LS column (MACS Miltenyi Biotec,
#130-042-401) was placed on a magnetic field and rinsed with sterile filtered MACS wash-
buffer (auto MACS Rinsing Solution, #130-091-222) with 1:20 BSA Stock Solution (MACS
Miltenyi Biotec, #130-091-376). The PBMCs was centrifuged at 300 x g for 10 minutes at 20°C,
and the supernatant was aspirated completely. The pellet was resuspended in MACS wash-
buffer before CD14* magnetic beads were added and incubated for 15 minutes at 4°C. 108 cells
were used per column. The cells were resuspended in MACS wash-buffer and centrifuged at
300 x g for 10 minutes at 20°C. The supernatant was aspirated completely, and the pellet was
resuspended in MACS wash-buffer. The cell suspension was applied to the LS column. CD14*
cells were binding to the magnetic beads, which were retained in the column matrix due to a

magnetic field. The rest of the cell suspension passed through the column, and the column was
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washed three times with MACS wash-buffer. The column was removed from the magnetic
field, and the magnetically labeled CD14" cells were flushed into a new clean tube using wash-
buffer and the accompanying plunger. The Cell Counter was used to determine the number of

cells before they were seeded out.

To be differentiated into macrophages, the isolated monocytes were cultured in RPMI (RPMI-
1640 Medium, Sigma-Aldrich, #R8758) with 20% fetal calf serum (FCS) and CSF-1 (100
ng/mL). The cells were cultured at 37°C with 5% CO: for 7 days. Then, the macrophages were
treated with LPS (50 ng/mL) or TNF-a (1 ng/mL). The medium was changed to Opti-MEM
reduced serum medium (Gibco® - Life technologies, #11058021) before further treatment of
the cells. All stimuli and treatments used in the experimental setups in this thesis are included
in Table 1.

Table 1 Treatments and stimuli used in experimental setups.

Compound Property Concentration | Manufacturer (Cat.No)

Birinapant clAP1- and clAP2-inhibitor | 1-6 uM Selleckchem (#S7015)

CSF-1 Differentiates monocytes to | 100 ng/mL R&D Systems (#216-MC-010)
macrophages, cytokine

LCL-161 XIAP- and clAP1-inhibitor | 1 uM Selleckchem (#S7009)

LPS Gram-negative 50 ng/mL InvivoGen (#tlrl-3pelps)
lipopolysaccharide, TLR4
ligand

TNF-a Pro-inflammatory cytokine, | 1 ng/mL PeproTech Nordic (#300-01A)
TNFR1 ligand

zZVAD-fmk Pan-caspase-inhibitor 20 uM R&D Systems (#FMKO001)

2.2 Cell cytotoxicity and viability

2.2.1 LDH Cytotoxicity Detection kit

Lactate dehydrogenase (LDH) Cytotoxicity Detection kit (Takara Bio, #MK401) was used to
measure cell death. The cytosolic enzyme LDH is present in all cells and is released into the
supernatant during cell death. The kit is a colorimetric assay measuring LDH as an estimate of
cellular cytotoxicity. In a two-step enzymatic reaction, the extracellular LDH first catalyzes the

conversion of lactate to pyruvate by reducing NAD* to NADH/H*. In the second step,
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NADH/H* is then used by diaphorase to reduce a tetrazolium salt (INT) to red formazan
product. The amount of released LDH by dead cells is directly proportional to the amount of

formazan dye measured in the samples %,

After 18 hours of treatment, the supernatant from the cells was transferred to a 96-well plate
containing the reaction mixture. This mixture consisted of the dye solution (INT/Na-lactate)
and the catalyst (diaphorase/NAD*, 1:45). The plate was incubated for 15-20 minutes in the
dark at room temperature. Then, the absorbance was read at 490 nm using the iMark Microplate
Absorbance Reader (Bio-Rad, #11843) and the Microplate Manager® Software.

The positive control for all experiments were cells lysed by adding Triton X-100 (1%, Sigma-
Aldrich, #T8787) to the cell culture medium 20 minutes before collecting supernatant. The
samples treated with the inhibitor solvent, Dimethyl sulfoxide (DMSO, Sigma-Aldrich,
#D2650), were used as negative control for all experiments. When calculating the cell death,
the positive control was set as 100% cell death, while the negative control was set as 0% cell
death.

2.2.2 Cell Titer Proliferation Assay

Cell Titer 96® AQueous One Solution Cell Proliferation Assay (Promega, #G3580) was used to
measure cell viability in the experiments. It is a colorimetric assay containing a tetrazolium
compound (MTS) and the electron coupling reagent phenazine ethosulfate (PES). MTS uses
NADH/NADPH to convert to a colored formazan product, which is produced in metabolically
active cells by dehydrogenase enzymes. The amount of soluble formazan product in the cell
culture medium was measured and is directly proportional to the number of living cells. The

measurement of formazan product was performed at 490 nm absorbance.

After stimulation for 18 hours, the reagent was added to the wells containing cultured tissue
media and incubated in the dark (37°C, 5% COz, 2 hours). The measurement was performed at
490 nm absorbance with the iMark Microplate Absorbance Reader (Bio-Rad, #11843) and the
Microplate Manager® Software. For all experiments, the negative control was cells lysed by
1% of Triton-X 100 (treated 20 minutes prior to adding solution reagent) and was set as 0%

viability. The positive control was samples treated with DMSO, illustrating 100% viable cells.
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When calculating the percentage of viable cells, the negative control was set to 0% viability

and the positive control as 100%.

2.3 Sandwich ELISA

Enzyme-linked immunosorbent assay (ELISA) is a technique that utilizes antibodies for
detecting and quantifying specific soluble targets such as cytokines and proteins in a liquid
sample. In a sandwich ELISA, the multi-well plate surface is coated with capture antibodies
that capture the target antigen in the solution. Then, the detection antibody detects the target
before binding to horseradish peroxidase (HRP) conjugated with streptavidin. This forms a
“sandwich” containing antibody-antigen-antibody, giving a double-layer of specificity. By
using a spectrophotometer, the substrate oxidation can be detected by measuring the

absorbance.

To detect IL-1p in the supernatant of our samples DuoSet® ELISA Development system was
used (R&D systems, #DY201). The Capture Antibody was diluted to a 4 pg/mL working
concentration in PBS and used to coat a 96-well microplate in the first preparation step. The
plate was sealed and incubated overnight at room temperature. Then, Tween (0.05%) in PBS
was used to aspire and wash the microplate three times using the 96 PW-Tecan plate washer
(Tecan, Bergman Diagnostics, #16029011). The microplate was inverted and blotted against
paper towels to completely discard the remaining wash-buffer in the wells from the last wash.
The blocking step was performed by adding Reagent Diluent (1% BSA in PBS) to the
microplate before incubated at room temperature for 1 hour. Then, the washing-procedure was
repeated. The samples and standards were diluted in Reagent Diluent and added to the
microplate before it was sealed and incubated at room temperature for 2 hours. The washing-
procedure was repeated. The Detection Antibody was diluted in Reagent Diluent (150 ng/mL)
and added to the microplate before it was sealed and incubated at room temperature (2 hours).
The plate was again aspirated three times prior to the addition of Streptavidin-HRP diluted in
Reagent Diluent, and the microplate was sealed and incubated in the dark for 20 minutes at
room temperature. The washing-procedure was repeated as earlier before Substrate solution
was added (1:1 mixture of Color Reagent A (H202) and Color Reagent B
(Tetramethylbenzidine, TMB), Biolegend, #421101) and incubated in the dark at room
temperature (20 minutes). When peroxidase (H202) catalyzes TMB, a pale blue color is
produced. For the final step, stop solution (2N H2SOs, VWR Chemicals, #201044003) was
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added to stop the reaction. Stop solution consists of sulfuric acid that inhibit the blue oxidation
product of TMB to develop and converts it to a yellow derivative. The optical density was
determined immediately after addition of stop solution by using iMark Microplate Absorbances
Reader (Bio-Rad, #11843) at 450 nm and Microplate Manager® Software.

2.4 Cell lysis, Gel electrophoresis and Immunoblotting

To analyze proteins by gel electrophoresis and immunoblotting, the following procedure was
performed. The cell culture was put directly on ice. The medium was removed from the cell
culture, and ice-cold PBS was used to wash the samples. The PBS was removed, and the cells
were then lysed directly on the cell culture plate. Ice-cold lysis buffer containing Tris-HCI (50
nM), NaCl (150 nM), NP-40 (1%), Ethylenediaminetetraacetic acid (EDTA, 1 mM) and
glycerol (10%) was added to all samples. Right before use, the protease inhibitor (Complete
Mini EDTA-free, Roche Life Science, #11873580001) and the phosphatase inhibitors, sodium
fluoride (NaF, 20 mM) and sodium orthovanadate (NasVVO4, 0.7 mM), were added to the lysis
buffer. The samples were lysed for 15 minutes while stirring and shaking the dish with the cells
before the suspension were transferred to Eppendorf tubes. The tubes were centrifuged (15,000
x g for 15 minutes at 4°C) to remove DNA and other unwanted cell debris which formed a
pellet. The supernatant containing the proteins were transferred to new Eppendorf tubes.
Dithiothreitol (DTT, 1:10) and Sample Buffer (NuPage Invitrogen, #NP0007) were added to
the lysate. DTT was added to reduce the disulfide bonds of the proteins. The Sample Buffer
contains sodium dodecyl sulfate (SDS), which breaks and linearize the secondary and tertiary
structures of the proteins. To denaturize the proteins before analysis, the samples were put on a
heating block (70°C) for 15 minutes. The proteins form coils where the negative charge and

size are proportional to their mass. Then, the samples were stored at -80°C.

Gel electrophoresis pre-cast gels with 4-12% polyacrylamide (Bis-Tris NuPage, Invitrogen,
#NP0321BOX, #WG1402BX10) were used to separate the protein fragments by size. The pre-
cast gel was placed in an XCell SureLock™ Mini-Cell or XCell4 SureLock™ Midi-Cell
(NuPage, Life Technologies, #£10001, #WR0100) before adding 1x MES SDS running buffer
(20x, NuPage, Life Technologies, #NP0002). The samples were loaded to the gel with equal
amounts of protein. SeeBlue™ Plus2 (Thermo Fisher Scientific, #L.C5925) was loaded to the
gel as a ladder before a three-step program was used to run the gel (step 1: 80V — 30 minutes,
step 2: 150V — 30 minutes, step 3: 180V — 30 minutes).
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The iBlot™ 2 Dry Blotting System (Invitrogen, Thermo Fisher Scientific, #1B21001) was used
according to manufacturer’s instruction to blot the gel containing the separated proteins from
the gel electrophoresis. The blotting followed a three-step program (step 1: 20V — 1 minute,
step 2: 23V —4 minutes, step 3: 25V — 2 minutes). Then, the membrane was removed and rinsed
for 5 minutes with Tris-buffered saline (Oxoid, #BR00140) with 0.1% Tween-20 (TBS-T)
(Sigma-Aldrich, #P1379) on a roller plate. Bovine Serum Albumin (BSA, 5%) in TBS-T was
used for 1 hour to block the membrane to prevent unspecific binding of antibodies. Then, the
membrane was incubated with primary antibodies (Table 2) in 1% BSA at 4°C. Incubation time
varied between antibodies. TBS-T was used to wash the membrane three times (5 minutes each)
prior to the addition of secondary antibodies (Table 3) at room temperature (1 hour). Either
fluorescence-conjugated or HRP-conjugated antibodies were used. The membrane was rinsed

in TBS-T three times for 5 minutes before developing.

Odyssey® CLx Imaging System (Li-Cor) and Image Studio™ Software (Image studio, Ver 5.2,
Li-Cor) were used to develop the membranes with fluorescence-conjugated secondary
antibodies. Prior to detecting of the polyclonal Goat Anti-Rabbit or Anti-Mouse IgG/HRP
probed membranes, SuperSignal (Thermo Fisher Scientific, 1:1, 2 mL, #34096) was added to
the membranes (2 minutes). SuperSignal is an enhanced chemiluminescent (ECL) substrate that
is ultra-sensitive and binds to the enzyme horseradish peroxidase (HRP), which is conjugated
to the secondary antibodies used. Odyssey® Fc Imaging System (Li-Cor Biosciences) and the

Image Studio™ Software were used to analyze the membranes.

Table 2 Antigens and primary antibodies used for Western Blot staining.

Antigen, source species for Expected molecular | Manufacturer, Cat.No

antibody weight (kDa)

GAPDH, mouse IgG1 36 Abcam, ab8245

B-tubulin, rabbit 1IgG 55 Abcam, ab6046

Caspase-3, rabbit 1gG 17,19, 35 Cell Signaling Technology, 9662
Caspase-8, mouse 1gG 18, 43, 55 Enzo, ALX-804-242-C100
GSDMD, rabbit IgG 21, 30, 43, 53 Cell Signaling Technology, 97558
FLIP, rabbit IgG 25, 43,55 Cell Signaling Technology, 56343
phospho-RIPK1(Serl166), rabbit IgG 78 — 82 Cell Signaling Technology, 44590
phospho-RIPK3(Ser227), rabbit IgG 46 — 62 Cell Signaling Technology, 93654
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Table 3 Secondary antibodies used for Western Blot staining.

Antibody Manufacturer, cat.no
Polyclonal Goat anti-Mouse 1gG, 680 RD Li-Cor, 926-68070
Polyclonal Goat anti-Rabbit 1gG, 680 RD Li-Cor, 926-68071
Polyclonal Goat anti-Mouse IgG/HRP Dako Denmark A/S, P0447
Polyclonal Goat anti-Rabbit IgG/HRP Dako Denmark A/S, P0448

2.5 Statistics

All experiments were performed on multiple donors. For multiwell-experiments the
experiments were performed in technical triplicates for each donor and the average of technical
triplicates from each donor was used as input when comparing between donors. The number of
donors for each experiment is specified in the figure texts. Experiments are presented with all
donors (multiwell experiments) or with one representative donor (immunoblotting), and the
statistical analysis is performed on all donors. The statistical tests performed were One-way
ANOVA for comparison of multiple groups and Two-way ANOVA for an interaction-
comparison between multiple groups split by two independent variables. Both ANOVAs were
performed with a Bonferroni posttest. Prism software 5 (GraphPad Software Inc, La Jolla, CA,
US) was used for both comparisons. Statistical significance is denoted in the figures with an
asterisk, with p < 0.05 considered statistically significant. Data are given with error bars

presenting standard deviation to show the variation around the mean.
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3 Results

RIPK1 is a central regulator of cell death and inflammation in macrophages 3. SMAC-mimetics
(SMs) inhibit clAPs which lead to deubiquitylation of RIPK1 and a shift in signaling from cell
survival to death. The aim of this thesis was to test if the length of pretreatment by LPS or TNF-
a potentiated the cytotoxicity of birinapant-induced cell death in vitro and to evaluate the mode

of cell death induced.

3.1 The effect of LPS-pretreatment on SMAC-mimetic cytotoxicity

Earlier work in our group showed that LPS-pretreatment of macrophages for 18 hours sensitized
the cells for SM-induced cell death (Klaharn 2019, Unpublished). Therefore, we wanted to
study if this was the occurrence for shorter LPS-pretreatment. Human CD14* monocytes from
five independent donors were isolated and differentiated to macrophages as described in the
methods section. After 7 days the macrophages were pretreated with LPS in a time series before
medium containing LPS was removed, cells washed, and then stimulated with birinapant or
LCL-161 for 18 hours (Figure 3.1, A).

In the birinapant-experiments we also included a time-series of LPS alone to monitor whether
LPS had any effect of cell death or viability by itself. As we did not see any effect, this was

omitted for subsequent experiments.

To test the effect of cell death and viability after birinapant or LCL-161 treatment, two
independent methods were performed on the same samples. The cell death was analyzed with
LDH Cytotoxicity Detection Kit, and Cell Titer Proliferation Assay was used to determine cell
viability (Figure 3.1).

Birinapant treatment on LPS-pretreated macrophages showed a reduction in cell viability for
all time points compared to birinapant alone, although only pretreatment for 6 and 18 hours
were statistically significant (Figure 3.1, C). A similar effect on cell death was observed (Figure
3.1, B) but this was not statistically significant. Our results also showed that birinapant alone

has a significant effect on reducing cell viability of untreated macrophages (Figure 3.1, B).
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Figure 3.1 The effect of LPS-pretreatment on SM cytotoxicity. A, B, C, D, E. Timeline of
macrophage differentiation and pretreatment setup (A). Human macrophages were pretreated with 50
ng/mL LPS for the indicated time, before cells were washed and treated with 1 uM birinapant (B, C) or
1 uM LCL-161 (D, E) in opti-MEM o/n (15-20 hours). 1 pM DMSO was used as control (B-E). The

cell death was measured by the cytotoxicity of LDH-release and cell viability was measured by Cell

Titer Proliferatio

average and standard deviation are indicated. Single asterisk denotes statistical significance between
untreated and SM alone, while double asterisk denotes statistical significance between LPS+SM and the
SM alone (C), (p < 0.05, B - E: Two-way ANOVA and one-way ANOVA, with Bonferroni posttest).

n Assay. All experiments were performed on at least five donors, and individual donors,
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LCL-161 treatment induced a slight reduction in viability and a corresponding increase in cell
death. LPS-pretreatment increased this effect (Figure 3.1, D, E). However, none of the effects

were statistically significant.

The results indicated that there were donor variations in both experiments, but this was more
prominent for observation with LCL-161 treatment. Both SMs showed some enhanced effect
with LPS-pretreatment but due to the donor variation most of the results are not statistically

significant.

Together, these experiments showed that stimulation with birinapant on LPS-pretreated
macrophages reduced the cell viability in these cells for all time points, but a significant effect
was first observed after 6 hours of pretreatment. The results also indicated that LCL-161 did

not exhibit the same potency on cell death as birinapant on LPS-pretreated macrophages.
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3.2 TNF-a-pretreatment does not potentiate birinapant-induced cytotoxicity

in human macrophages

After having demonstrated that birinapant potentiated cytotoxicity in macrophages pretreated
with LPS at different time points, we wanted to investigate if TNF-a-pretreated macrophages
displayed the same reduction in cell viability when treated with this SM. The background for
this experiment was that LPS and TNF-a pretreated macrophages both activate NF-xB through
RIPK1 signaling %4,

Human macrophages were pretreated with TNF-a at different time points in a time series of 3
hours to test the effect of birinapant on five independent donors (Figure 3.2, A, B). The
experimental setup of the cell death and viability analysis was performed similar as the
experiments with LPS and LCL-161.
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Figure 3.2 TNF-a-pretreatment does not potentiate birinapant-induced cytotoxicity in human
macrophages. A, B. Human macrophages were pretreated with 1 ng/mL TNF-a for the indicated time,
before cells were washed and treated with 1 uM birinapant in opti-MEM o/n (15-20 hours). 1 uM DMSO
was used as control. The cell death was measured by the cytotoxicity of LDH-release (A) and cell
viability was measured by Cell Titer Proliferation Assay (B). All experiments were performed on five
donors, and individual donors, average and standard deviation are indicated. Asterisk denotes statistical
significance between untreated and birinapant alone (A) (p < 0.05, Two-way ANOVA and one-way
ANOVA with Bonferroni posttest).
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Birinapant stimulation of TNF-a-pretreated macrophages showed a slight increase in cell death
after 5 minutes of pretreatment compared to birinapant alone, although not significant (Figure
3.2, A). However, birinapant alone significantly increased cell death in untreated macrophages.
The reduction in cell viability was modest for TNF-a-pretreated macrophages stimulated with
birinapant and showed no significant effect (Figure 3.2, B). The cytotoxicity of birinapant
treatment was not enhanced when stimulated on TNF-a-pretreated macrophages. The data also

displayed great variance between donors.

Altogether, the cell death and viability experiments (Figure 3.1 and Figure 3.2) demonstrated
that LPS-pretreatment, and not TNF-o-pretreatment, potentiated cytotoxicity in human
macrophages treated with birinapant but the effect was first significant after 6 hours of

pretreatment.
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3.3 Birinapant induces IL-1p release in LPS-pretreated macrophages

Mature IL-18 is released from pyroptotic cells during lysis. Upon inflammasome activation
GSDMDs translocate to the plasma membrane forming pores which also release IL-1B 7.
Preliminary studies performed by other members of our group have revealed that birinapant
induced IL-1f production in macrophages after LPS-pretreatment for 18 hours (Klaharn 2019,
Unpublished). We wanted to study the effect of birinapant on macrophages pretreated with LPS
at different time points to test if also shorter pretreatment induced the same amount of IL-13
release. Supernatant obtained from the cell death/viability experiments were analyzed by

sandwich ELISA to test the presence of IL-1p (Figure 3.3).
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Figure 3.3 Birinapant induces IL-1p release in LPS-pretreated macrophages. Human macrophages
were pretreated with 50 ng/mL LPS for the indicated time, before cells were washed and treated with 1
MM birinapant in Opti-MEM o/n (15-20 hours). 1 uM DMSO was used as control. The supernatant was
analyzed for IL-1p by sandwich ELISA. All experiments were performed on three donors, and
individual donors, average and standard deviation are indicated. The results showed no statistical
significance between time points compared to the controls or comparisons between treatments within

the time points (p < 0.05, Two-way ANOVA and one-way ANOVA with Bonferroni posttest).
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Analysis by sandwich ELISA showed that some untreated macrophages release IL-13 (Figure
3.3). This was independent of birinapant because both groups not pretreated with LPS were
similar, and this is not consistent with what has been observed in the group previously. The
results also indicated that the LPS-pretreatment of macrophages reduced this IL-1p release.
However, birinapant treatment of LPS-pretreated macrophages induced IL-1p release. The
birinapant-induced IL-1p release was not statistically significant, but this might be due to the
low number of donors. As negative controls displayed high variation, we only included three

donors in this experiment.
Within the same time point, birinapant stimulation on LPS-pretreated macrophages showed

enhanced IL-1pB release compared to its LPS control. However, most likely due to donor

variation the results were not statistically significant.
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3.4 c-FLIP protein levels increase in LPS-treated human macrophages
c-FLIP is a caspase 8-homologue that binds to caspase-8 and interferes with enzyme activity.
It has been described as an anti-apoptotic protein blocking cell death 8. The background for
this experiment was based on earlier findings in our group which showed more c-FLIP in cells
more prone to apoptosis (Moen & Klaharn 2019, Unpublished). In this thesis, the focus was to
investigate in more detail how c-FLIP isoforms are influenced by LPS and TNF-a.
Macrophages were treated with LPS or TNF-a in a time series, lysed and immunoblotted
(Figure 3.4, A).

The immunoblotting and quantification showed a clear trend of increased levels of the c-FLIP
isoforms Long (L), Short (S) and Raji (R) peaking at 6 hours with LPS-treatment. The increased
levels of c-FLIP were significant at 6 hours for all three isoforms compared to untreated control
(Figure 3.4, B, E, F). The protein levels of the (S) isoform had also a significant increase at 3
hours with LPS-treatment (Figure 3.4, E).

c-FLIP(L) is cleaved by the c-FLIP(L)/procaspase-8 heterodimer to c-FLIP(L) p43 6.
Immunoblotting showed the presence of a double band at around 43 kDa (from now referred to
as p43 high and p43 low) (Figure 3.4, A). The results displayed an oscillating trend for these
proteins and a shift in levels between p43 high and p43 low during the time series.
Quantification analysis showed that only p43 high had a significant effect of increased protein
levels compared to the untreated macrophages (Figure 3.4, C). This significant effect was

identified after 6 hours of LPS-treatment which is similar to the three isoforms.

Treatment with TNF-o had no significant effect on the c-FLIP levels compared to untreated.
However, the results showed some increase of the p43 high protein levels from 3 hours to 18
hours (Figure 3.4, C). Altogether, the results showed a clear difference in c-FLIP levels after
LPS-treatment (Figure 3.4).
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Figure 3.4 LPS increases protein levels of c-FLIP isoforms and p43 high cleavage product. A, B,
C, D, E, F. Human macrophages were treated with 50 ng/mL LPS or 1 ng/mL TNF-a at indicated time

points. Cell lysates were analyzed for c-FLIP isoform proteins and cleaved products by immunoblotting.

One representative of five donors is shown. Immunoblots of all donors are found in Supplementary

Figure S1. Additional image of c-FLIP Long is from the same membrane but with lower signal (A).
Quantitative analysis of c-FLIP Long (B), c-FLIP p43 high (C), c-FLIP p43 low (D), c-FLIP Short (E)
and c-FLIP Raji (F) at different time points represented as fold change of protein levels compared to

untreated control. Results are shown as average of five donors for LPS and three donors for TNF-a.

Standard deviations are indicated. Asterisk denotes statistical significance as compared to the untreated

control (p < 0.05, One-way ANOVA with Bonferroni posttest).
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3.5 LPS-pretreatment increases birinapant-induced apoptosis in human

macrophages

RIPK1 coordinates pyroptosis, apoptosis and necroptosis (referred to as PANoptosis)
dependent and independent of its kinase activity 37 9. After having established that
pretreatment of LPS before stimulation with birinapant reduced the cell viability and increased
IL-1B release in macrophages, we wanted to investigate the mode of cell death induced.
Macrophages with or without LPS-pretreatment overnight were stimulated with birinapant for
6 hours, lysed and immunoblotted. zZVAD-fmk (zZVAD), a pan-caspase inhibitor, was included
as a positive control for necroptosis markers. zZVAD inhibits apoptosis through irreversible
binding of caspases, including caspase-3 and caspase-8, which results in necroptosis 7 %4, A
preliminary dose titration experiment showed that 4 uM of birinapant induced robust levels of

cell death markers, and this was therefore chosen as treatment dose.

Immunoblotting showed that birinapant induced cleavage of the apoptotic protein caspase-8 at
18 kDa in macrophages treated with only birinapant (Figure 3.5). The levels of cleaved caspase-
8 increased when the macrophages were pretreated with LPS and stimulated with birinapant.

The cleaved 17 kDa product of caspase-3 was observed in birinapant-treated macrophages
(Figure 3.5). When the macrophages were pretreated with LPS prior to birinapant stimulation,
the p17 levels of caspase-3 increased. Together, this indicates that birinapant induces apoptosis,
and that pretreatment with LPS strengthens the apoptotic response in birinapant stimulated

macrophages.

Kinase activation of RIPK1 and RIPK3 activates necroptosis %. Phosphorylation at Ser166 of
RIPK1 and Ser227 of RIPK3 are markers of necroptosis, and we used these to test whether
birinapant induced necroptosis with or without LPS-pretreatment. We included zVAD as a
positive control for necroptosis. Birinapant induced a band at the expected molecular weight
for phosphorylated RIPK1 at residue Serl66, but this was also somewhat present in the
untreated samples. The band increased when macrophages pretreated with LPS and stimulated
with birinapant were co-treated with zZVAD (Figure 3.5). Also, the levels of phosphorylated
RIPK3 at residue Ser227 increased when zVAD treatment was given to LPS-pretreated
macrophages stimulated with birinapant, although weaker (Figure 3.5). Birinapant stimulation
with or without LPS-pretreatment showed no phosphorylation of RIPK3. As a result, this

indicates that LPS-pretreated macrophages stimulated with birinapant can induce necroptosis,
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but not by itself. When caspases are blocked, these cells induce necroptosis-dependent cell
death.

Cleavage of GSDMD at its N-terminal by caspase-1 or caspase-8 results in activation of
GSDMD p30 and execution of pyroptosis. The inactive GSDMD p20 protein is also cleaved by
these caspases. Caspase-3 cleavage of GSDMD leads to the formation of the inactive GSDMD
p43 product and inhibition of pyroptosis 8 %. Both apoptosis and pyroptosis are dependent on
caspases ?’. Immunoblotting showed that LPS-pretreatment increased the levels of GSDMD
p43 in birinapant stimulated macrophages (Figure 3.5). This cleavage was caspase dependent
as zZVAD blocked cleavage. Neither the active GSDMD p30 protein nor GSDMD p20 were
observed. Observation of cleaved caspase-3 and GSDMD p43 demonstrated that the protein
levels followed the same trend. This suggest that caspase-3 is responsible for GSDMD

cleavage.
LPS induced a higher-molecular variant of GSDMD, suggesting that LPS induce a modification
of GSDMD (Figure 3.5, *). In addition, we observed high-molecular bands of GSDMD

showing another pattern of modification than at the expected molecular size (Figure 3.5, **)

We also tested whether we could detect caspase-1 and IL-1 processing in the lysates. We did

not follow up on these further as no bands were present in the samples.

Taken together, there were indications that apoptosis is the predominant mode for LPS-

pretreated human macrophages stimulated with birinapant.
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Figure 3.5 LPS-pretreatment
increases birinapant-induced
apoptosis in  macrophages.

Human macrophages were
pretreated with 50 ng/mL LPS
o/n (15-20 hours), before cells
were washed and stimulated
with either 4 uM birinapant, 20
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Discussion

4 Discussion

The aim of this thesis was to investigate if the length of the pretreatment affected the activity
of human macrophages by potentiating birinapant-induced cell death, and to test the mode of
cell death induced. This was performed by pretreating human macrophages in a time series with
either LPS or TNF-a before the cells were stimulated with birinapant. In addition to birinapant,
LCL-161 was included to test if the effect was specific for birinapant or a general effect for
SMs. Pretreatment of LPS and stimulation with birinapant reduced the viability of human
macrophages, and short pretreatment was sufficient. LCL-161 did not reduce the viability of
human macrophages after LPS-pretreatment, indicating that birinapant was more potent than
LCL-161 to reduce cell viability in LPS-pretreated cells. Further studies revealed that
pretreatment with TNF-o did not potentiate the cytotoxicity of birinapant. This suggests that
the effect of LPS is specific in macrophages and potentiates birinapant cytotoxicity.

LPS-pretreated human macrophages stimulated with birinapant showed some IL-1( production
as compared to LPS-treated. Further studies revealed the presence of caspase-8 cleavage
product p18 in these macrophages suggesting caspase-8-dependent IL-13 production. We also
observed caspase-3 and GDSMD p43 cleavage with this treatment indicating that these cells
may be involved in apoptosis, and not pyroptosis. Protein levels of c-FLIP Long, Short, Raji
and p43 high were found to be present with a significant amount in macrophages pretreated
with LPS for 6 hours, proposing that LPS has a specific effect on increasing c-FLIP levels.
Regarding mode of cell death, our findings suggest that LPS-pretreated macrophages stimulated

with birinapant mainly induced apoptotic cell death.

4.1 LPS-pretreatment potentiates the cytotoxicity of birinapant-induced cell

death in human macrophages

Preliminary studies performed by members of our group showed that the cytotoxicity of
birinapant-induced cell death increased with 18 hours of LPS-pretreatment in macrophages
(Klaharn 2019, Unpublished). Our results demonstrated that LPS potentiated the cytotoxicity
of birinapant as early as after 5 minutes of pretreatment, but 6 hours of LPS-pretreatment was
needed for a significant effect. Although not significant, there was a clear trend of reduction in
cell viability at all time points when human macrophages were pretreated with LPS and

stimulated with birinapant. This shows the importance of time series stimulation, as effect of
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pretreatment varies over time. Donor variation in the control might be the reason why we did
not get statistical significance for shorter pretreatment of LPS. However, this shows that

pretreatment of LPS can be reduced from 18 to 6 hours to potentiate birinapant cytotoxicity.

Birinapant stimulated human macrophages were also pretreated with TNF-a in this study but
showed not a potentiating effect on birinapant to induce cell death. This work therefore suggests
that the effect is not due to a general activation of NF-kB/MAPK, but that the LPS effect is
specific. It also proposes that this bacterial ligand performs as a switch-like activator to
potentiate birinapant-induced cell death. Covert et al. displayed a non-oscillatory dynamic of
active NF-kB in cells when stimulated with LPS, while TNF-o stimulated cells have been
observed to show a damped oscillation of NF-xB activity %. This difference in NF-xB
activation may also be an explanation for the different responses of LPS and TNF-a we

observed. Further studies of NF-xB activation need to be conducted to determine this.

Birinapant induces RIPK1-dependent cell death via TLR4 and TNFR1 %. Our results
demonstrated that only pretreatment with LPS, and not TNF-a, potentiated the effect of
birinapant to induce cell death in human macrophages. This may suggest that LPS is a stronger
inducer of apoptosis than TNF-a. A reason might be that TNF-a is a cytokine produced by the
cell itself, while LPS is a substance originating from another organism. A critical task for the
immune system is the ability to recognize between self and non-self. Since TNF-a is part of
this system it might be that the immune reaction is damped compared to LPS in order to not
induce a false alarm. TNF-o might have another main task than to induce cell death, such as
paracrine and endocrine signaling or promoting inflammation. Xaus et al. demonstrated that
stimulation with LPS induced autocrine secretion of TNF-a which resulted in early apoptotic
events (3-6 hours). However, they also showed that LPS stimulation resulted in nitric oxide
(NO) production which contributed to the late phase of apoptosis (12-24 hours) . It may be
that extracellular stimulation of TNF-o provides another reaction in the cell than autocrine
signaling. And that NO has a prolonged effect and therefore plays a more central role in LPS-
mediated apoptosis. Studies of NO and TNF-a production by performing ELISA could be

conducted to further investigate their role in cell death.

Stimulation of LPS on human macrophages activates TLR4 signaling resulting in NF-

kB/MAPK activation “. Depending on the length of stimulation, the activation results in
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transcription of different intracellular proteins, such as lxBa and TNF-a mRNA expression 1%,
This will also affect the macrophages to be in different states depending on how long they were
stimulated with LPS. Our results showed that LPS-pretreatment for 6 hours significantly
enhanced the cytotoxicity of birinapant. It would be interesting to further investigate which
proteins are up- or downregulated by NF-kB/MAPK signaling after 6 hours of stimulation. This
may give us indications of how LPS potentiates birinapant in human macrophages to induce
cell death.

In this thesis two different SMs were tested to increase cell death in LPS-pretreated human
macrophages. Birinapant showed more potency in reducing cell viability than LCL-161, and
this has also been seen on previous works in our group 1. This may be due to stronger binding
affinity of birinapant than LCL-161 to the clAP proteins. The reason may be that birinapant is
a bivalent SM binding to two AVPI-like binding motifs of the clAP protein, while LCL-161 is
monovalent only binding to one such motif. To test if the binding affinity of the SM is a
consequence of how great LPS-pretreatment potentiates SM-induced cell death, further studies
could be performed. The use of other monovalent and bivalent 1 AP-antagonists, such as GDC-
0917 and HGS1029 respectively, could be one way to test the effect of binding affinity of SM-

induced cell death in LPS-pretreated macrophages.

Working with primary cells can be a challenge due to donor variation. Macrophages display
heterogeneity in their response and occur when macrophages differentiate from their
progenitors. Genetic variation may partly be a reason for this variety and the genetic
background of the donor can therefore be a critical variable %2, The health status of the donor
can also be a considerable variable as disease increase the amount of white blood cells in the
donor’s blood and make the cells more sensitive to stimuli. Therefore, a large sample size is
needed when working with macrophages and other primary cells to obtain reproducible findings
which can be considered biologically robust. Birinapant treatment on macrophages showed
different donor-to-donor variation depending on the pretreatment. The donor variation observed
with LPS-pretreatment was low, while there was a great variation with TNF-a pretreatment.

This suggests that LPS has a specific effect on the macrophages independent of the donors.
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4.2 Increased c-FLIP levels may not be sufficient to inhibit SM-induced
apoptosis

Preliminary data obtained from members of our group displayed increased levels of c-FLIP in
cells more prone to apoptosis when LPS-pretreated for 18 hours (Klaharn 2019, Unpublished).
This was surprising as c-FLIP is an anti-apoptotic protein %°. We demonstrated that the protein
levels of c-FLIP significantly increased for c-FLIP Long (L), Short (S), Raji (R) and p43-high
in human macrophages treated with LPS for 6 hours. Either c-FLIP can act proapoptotic in
these cells. Alternatively, macrophages upregulate c-FLIP as a gatekeeper of apoptosis during
infection, but this gate is omitted by birinapant. Immunoblot analysis showed more prominent
levels of c-FLIP(L) compared to the other isoforms, indicating that it may overshadow the
ability of c-FLIP(S) to induce necroptotic cell death. It would be interesting to further study

what happens to c-FLIP when cell death occurs and what mode of cell death was induced.

To investigate the role of c-FLIP in apoptosis the protein can either be experimentally removed
or overexpressed. Either sSiRNA or CRISPR-Cas9 could be used to remove c-FLIP. By this we
could investigate if macrophages without c-FLIP are more or less sensitive to LPS + birinapant,
and whether this is apoptosis. However, primary cells are hard to manipulate with these
methods and removing c-FLIP would be challenging. Alternatively, overexpressing c-FLIP by
the use of MRNA transfection could determine the role of c-FLIP in macrophages when the
cells are not LPS-pretreated. With this method we could investigate if macrophages with

overexpressed c-FLIP are more prone to induce apoptosis.

Studies have shown that moderate protein levels of c-FLIP(L) has a pro-apoptotic effect in the
cell, but works in an anti-apoptotic manner when present at high levels %. Our data
demonstrated significant elevated levels of c-FLIP(L) in LPS-pretreated macrophages after 6
hours. Also 6 hours of pretreatment by LPS showed a significant reduction in cell viability
when we stimulated the human macrophages with birinapant. This might indicate that apoptotic
prone human macrophages have increased c-FLIP(L) levels, therefore suggesting pro-apoptotic
features even at high levels. However, not many studies of c-FLIP are performed in primary
cells and additional roles other than being involved in cell death are unknown. Additional
immunoblotting where LPS-pretreated macrophages also are stimulated with birinapant could

have been tested to further investigate the role of c-FLIP(L) if time was not restricted.
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We performed immunoblotting of known apoptotic markers. The presence of full-length
caspase-8 and its cleaved active product (p18) were observed in LPS-pretreated macrophages
stimulated with birinapant. This indicates that c-FLIP(L) was not able to inhibit caspase-8
activation. Our finding is supported by literature demonstrating that endogenous c-FLIP(L) is
unable to block IAP antagonist-induced caspase-8 activation 1, This may be why we observed
reduction in cell viability in LPS-pretreated macrophages stimulated with birinapant. LPS
seems to increase the levels of c-FLIP, while the SM blocks the ability of c-FLIP to inhibit the
caspase-8 activity which makes the macrophages proceed to apoptosis. Wang et al.
demonstrated that stimulation with SM did not change the levels of ¢c-FLIP 1%, Therefore, we
know that LPS stimulation and not SM-treatment increased the c-FLIP levels in our experiment.
As a result, it may seem that caspase-8 has the ability to execute apoptosis without restraint

when the cell death is induced by SMs.

4.3 Birinapant induces apoptosis in LPS-pretreated human macrophages

Immunoblotting of caspase-8 showed prominent protein levels of the full-length p55 isoform
in birinapant stimulated macrophages with and without LPS-pretreatment. We were able to
detect the cleaved active caspase-8 p1l8 when macrophages were pretreated with LPS and
stimulated with birinapant, although in modest levels. Detecting cleaved caspase-8 using the
same antibody stock has also been a challenge to other members of our group for other
experiments. However, we also observed full-length caspase-3 and cleaved active caspase-3
p17 when the birinapant stimulated macrophages were LPS-pretreated. Caspase-3 cleavage can
be induced by caspase-8. Due to the presence of cleaved caspase-3 we assume that caspase-8
was responsible for its activation, indicating presence of active caspase-8 in the cell.
Observation of the cleaved caspases in our macrophages stimulated with birinapant after LPS-
pretreatment indicated that the cells proceed to apoptosis. A quantitative proteomic mass
spectrometry (MS) study has earlier been performed by members of our group comparing
protein levels in macrophages treated with LPS+IFN-y (Moen 2018, Unpublished). They

observed a minor increase in caspase-8 levels compared to other apoptotic proteins.

In our immunoblot analysis we used zVAD, a pan-caspase inhibitor, as a positive control for
necroptosis. Phosphorylation of RIPK1 was not present in birinapant stimulated macrophages
with and without LPS-pretreatment. Addition of zZVAD increased the levels of p-RIPK1 in

macrophages stimulated with birinapant after pretreatment with LPS, indicating necroptotic cell

45



Discussion

death. This demonstrates the PANoptosis crosstalk between the cell death pathways. Apoptosis
seems to be the primary mode of cell death in these macrophages, but they can also proceed to
necroptosis. However, necroptosis was not induced spontaneously by birinapant in LPS-

pretreated macrophages but was obtained when apoptosis was blocked.

Earlier finding in our group showed that birinapant induced IL-1f production in macrophages
after LPS-pretreatment for 18 hours (Klaharn 2019, Unpublished). In our work, 5 minutes of
LPS-pretreatment induced IL-1B production in macrophages stimulated with birinapant.
However, statistical analysis showed no significance when comparing the combinational
treatment to untreated macrophages, nor birinapant alone. Comparisons between the treatments
within each time point showed no significance either. We observed variance in the data for
negative controls, where two donors displayed IL-1 secretion in untreated cells. There was
also variance between LPS-pretreated macrophages stimulated with birinapant. Due to time

constraints, we did not continue these experiments with more donors.

Madej et al. demonstrated that macrophages treated with LPS induce IL-1p production 1%, Our
data suggests the opposite effect because some of our untreated macrophages displayed I1L-13
production but when the cells were stimulated with LPS the production declined to about zero.
This observation is consistent with the work of Netea et al. displaying no production of IL-1
in LPS-treated macrophages '%. However, their findings also revealed that macrophages
stimulated with LPS induced significantly amounts of precursor IL-13 mRNA, an effect also
referred to as priming. This may be the reason why we observed IL-1 production when cell
death was induced by birinapant in LPS-pretreated macrophages. LPS does not induce cell
death by itself but prepares the macrophages to release IL-13 upon stimulation with birinapant.
The cell changes it signaling from survival to death activating caspase-1 or caspase-8 which
cleaves pro-IL-1p to mature IL-1p. Sagulenko et al. demonstrated that caspase-8 cleaves pro-
IL-1B but the production of active IL-1p is very low as compared to caspase-1 1%, This is
consistent with our observation of present caspase-8 and findings of low IL-1f3 production. As
a result, our study suggests that an additional stimulus, such as birinapant, is needed to produce

and secrete IL-1p in LPS-pretreated human macrophages.

Cleaved GSDMD p30 translocate to the plasma membrane forming pores, releasing IL-1 and

induces pyroptosis 7°. Our results demonstrated increased levels of cleaved GSDMD p43 in
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LPS-pretreated macrophages stimulated with birinapant. This cleavage product induced by
caspase-3 activity is known to inhibit pyroptosis. In compliance with modest IL-1[3 production
performed by ELISA this indicates that macrophages with this treatment do not induce
pyroptosis.

Caspase-1 has earlier been considered as the responsible caspase cleaving GSDMD to its active
p30 pore-forming fragment which induces pyroptosis 8. Studies performed by Orning et al.
also showed caspase-8-directed cleavage of GSDMD p30 1°7. Our results displayed cleaved
caspase-8 (p18) but no cleaved GSDMD p30. As we additionally find apoptosis activation but
no signs of caspase-1 nor caspase-1 mediated GSDMD cleavage products, we suggest that
caspase-8 induces apoptotic cell death in LPS-pretreated macrophages stimulated with
birinapant. Macrophages with this cotreatment could be treated with Ac-YVAD-cmk, a
caspase-1 inhibitor, to further investigate whether this would affect IL-1 release and GSDMD

cleavage.
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Conclusion and future perspectives

5 Conclusion and future perspectives

In this thesis we showed that pretreatment affect pharmaceutical targeting of clAPs by SMs to
increase birinapant-induced cell death in human macrophages in vitro. Our studies
demonstrated that the cytotoxicity of birinapant was potentiated with LPS-pretreatment for 5
minutes in human macrophages, but 6 hours of pretreatment was needed for a significant effect.
This was not observed for macrophages pretreated with the pro-inflammatory cytokine TNF-a.,
that also signals through RIPK1 and clAP1/2. Also, c-FLIP protein levels increased in LPS-
treated macrophages. The presence of cleaved caspase-3 and caspase-8 indicated that the
primary mode of cell death induced by birinapant in LPS-pretreated macrophages was
apoptosis. However, when this mode was blocked by zZVAD necroptosis proceeded but not
spontaneously. We excluded birinapant-induced pyroptosis in LPS-pretreated macrophages due

to the presence of cleaved caspase-3 and GSDMD p43.

SMs have a potential to be used in inflammatory diseases, but studies in human macrophages
are scarce. Jensen et al. outline the importance of testing SMs in human model systems as a
crucial step for using SMs in the clinic to treat inflammatory diseases ?’. In our study we showed
that short pretreatment with LPS potentiated the cytotoxicity of SMs to induce an effect on
macrophage viability. Our studies demonstrated that birinapant reduced cell viability in LPS-
pretreated human macrophages after 5 minutes, and the effect was significant after 6 hours of
pretreatment. This is promising for treatment of diseases where overactive macrophages are
central for disease development. Further studies testing other bivalent SMs, such as HGS1029,
on LPS-pretreated human macrophages should be conducted to evaluate whether their
cytotoxicity significantly increase with pretreatment, or if the effect was specific for birinapant.
We also found increased levels of c-FLIP after 6 hours of LPS-pretreatment. It would be
interesting to observe if overexpressed c-FLIP in human macrophages not treated with LPS are
more prone to induce apoptosis. Our results displayed that caspase-8 was activated in our
macrophages but no signs of caspase-1 were observed. Additional treatment with the caspase-
1 inhibitor Ac-YVAD-cmk on LPS-pretreated human macrophages stimulated with birinapant
should be conducted. It would be interesting to evaluate if caspase-1 inhibition would affect IL-
1P release and GSDMD cleavage, and ELISA analysis and immunoblotting could be performed
to test this. Additionally, the use of human macrophages in future studies of SMs are essential

for the progress of SMs as therapeutic drugs to treat inflammatory diseases.
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Figure S1 Donors and full immunaoblots of c-FLIP for LPS and TNF-a-treatment of human

macrophages. Human macrophages were treated with 50 ng/mL LPS or 1 ng/mL TNF-a at indicated

time points. Cell lysates were analyzed for c-FLIP isoform proteins and cleaved products by

immunoblotting. B-tubulin is used as loading control. Donor 5 is the same as in Figure 3.4.
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Figure S2 Donors and full immunoblots for human macrophages pretreated with LPS and
stimulated with birinapant and zVAD. Human macrophages were pretreated with 50 ng/mL LPS o/n
(15-20 hours), before cells were washed and stimulated with either birinapant, 20 uM zVVAD or both for
6 hours. Donor 1-4 were treated with 4 puM birinapant, while donor 5 was treated with indicated
concentrations of birinapant. Cell lysates were analyzed for p-RIPK1 (Ser166), Caspase-8, p-RIPK3
(Ser227), Caspase-3 and GSDMD by immunoblotting. Three membranes for each donor were used for
immunoblotting. Immunoblots are designated with donor number and membrane number. GAPDH is
used as loading control for donor 1-5, except membrane 2.2 and 3.2. Donor 2 is the same as in Figure

3.5. Qualitatively analysis was performed.
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