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Farmasøytisk behandling rettet mot RIPK1-signalisering:  

Karakterisering av celledød i humane makrofager og terapeutisk potensiale i myelomatose 

 

Receptor-interacting protein kinase 1(RIPK1)-signalveien er viktig for respons og aktivering 

av makrofagtyper og regulerer både inflammasjon og celledød. RIPK1-avhengig celledød 

som en respons på patogeninfeksjon har blitt godt studert i immunceller i mus, men mer 

kunnskap om hvordan celledød kan bli farmasøytisk indusert i humane celler er nødvendig. 

Farmasøytisk behandling rettet mot RIPK1-signalisering inkluderer smac-mimetics (SM) og 

TGF-β activated kinase 1 (TAK1)-inhibitorer. Disse inhibitorene har blitt studert som 

terapeutiske alternativer i behandling av kreft og kroniske sykdommer, men studier av 

effekten på humane immunceller slik som osteoklaster og makrofager har vært begrenset. SM 

er under klinisk utprøving i ulike kreftformer inkludert myelomatose. Overaktivering av 

osteoklaster bidrar til beinsykdom hos myelomatosepasienter og effekten av SM på disse 

cellene bør derfor også undersøkes. I tillegg har TAK1 blitt funnet til å være en driver av 

myelomatose og nødvendig for differensiering av osteoklaster. Behandling med TAK1-

inhibitorer kan derfor være et nytt terapeutisk alternativ ved å både fungere som en anti-

tumor agent og også redusere osteoklastaktivitet i myelompasienter.  

Målet med prosjektet har vært å bidra til en bedre forståelse av farmasøytisk indusering av 

RIPK1-avhengig celledød i humane osteoklaster og andre makrofagtyper. Håpet er dette kan 

bidra til økt forståelse av i hvilke patologiske settinger behandlinger med SM og TAK1-

inhibitorer kan ha en mulig effekt. Prosjektet har brukt humane osteoklaster, pro- og anti-

inflammatoriske makrofager og myelomceller og studert effekten av behandling med SM og 

TAK1-inhibitorer på blant annet viabilitet, deres evne til å indusere celledød og 

celledødsmekanisme.  

I første del av arbeidet ønsket vi å studere effekten av SM-behandling på humane osteoklaster 

og dets potensiale i å redusere beinsykdom i myelomatose. Vi fant at behandlingen med SM 

induserte celledød i humane osteoklaster. SM blokkerte også dannelsen av nye osteoklaster, 

dette også i en setting ved patologisk økning av osteoklaster. Behandling med SM kan derfor 

mulig gi en ekstra fordel ved å redusere beinsykdom i myelompasienter. I andre del av 

arbeidet ønsket vi å undersøke om pro- og anti-inflammatorisk stimuli hadde noen effekt på 

SM-indusert celledød i humane makrofager. Vi fant at makrofager behandlet med pro- og 

anti-inflammatorisk stimuli hadde ulik sensitivitet til SM og induserte ulike former for 

celledød. Pro-inflammatoriske makrofager var spesielt sensitive til behandling med SM som 

kan ha et terapeutisk potensialt i sykdommer hvor denne makrofagtypen er oppregulert. I den 

siste delen av arbeidet fokuserte vi på å studere effekten av behandling med TAK1-

inhibitorer på myelomceller og osteoklaster. Vi fant at behandling med TAK1-inhibitorer var 

cytotoksisk for myelomceller og blokkerte dannelsen av nye osteoklaster. TAK1-inhibitorer 

kan derfor være en ny interessant kandidat for behandling av myelomatose.  
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Abstract 

The receptor-interacting protein kinase 1 (RIPK1)-pathway is a key regulator of inflammation 

and cell death. RIPK1-dependent cell death has been well studied in murine macrophages but 

as it is context dependent and differently regulated in humans, more knowledge on 

pharmaceutically induced cell death in human macrophages are needed. Our aim for this thesis 

was thus to contribute to a better understanding of pharmaceutical induction of RIPK1-

dependent cell death in a context of human osteoclasts (OC) and other macrophage subtypes. 

Pharmaceutical targeting of RIPK1-signaling by drugs like Smac-mimetics (SM) and TGF-β-

activated kinase 1 (TAK1)-inhibitors has been extensively studied as therapeutic options in 

both cancer and other chronic diseases like psoriasis and inflammatory bowel disease, but 

studies on primary human immune cells have been warranted. Currently, SM are in clinical 

trials in cancers such as multiple myeloma (MM) and as OC contribute to the disease 

pathology, the effect of SM on these cells should be investigated. In addition, TAK1 has been 

found to be a driver of MM and necessary for osteoclastogenesis in mice. TAK1-inhibitors 

could thus be a novel therapeutic option as an antitumorigenic agent and in reducing bone 

disease in MM-patients.  

In paper I we sought to investigate the effect of SM-treatment on human OC and the possible 

beneficial role in MM therapy. We demonstrated that the SM birinapant and LCL-161 

restrained osteoclastogenesis and induced TNF-dependent cytotoxicity in primary human OC. 

Birinapant induced apoptosis, and also necroptosis in some donors. In addition, we discovered 

that both SM blocked osteoclastogenesis induced by myeloma patient bone-marrow aspirates, 

proposing an additional benefit by reducing bone degradation in patients.  

The objective of paper II was to investigate the effect of pro- and anti-inflammatory 

pretreatment on SM-induced cell death in human macrophages. We found that pro- and anti-

inflammatory treatment dictated the sensitivity and cell death mechanism induced by the SM 

birinapant and LCL-161. LPS pretreated macrophages were considerably more susceptible to 

cell death compared to the other tested subtypes, which was caused by a potentiation of 

apoptosis. In contrast, the other tested subtypes depended on the necroptotic machinery for full 

birinapant cytotoxicity, an intriguing observation as necroptosis could be induced in a setting 

were caspase activity was functional. Birinapant-induced apoptosis in LPS pretreated 

macrophages was accompanied by IL-1β release independent of caspase 1. Taken together, our 

findings suggest a therapeutic potential of SM in a disease setting where inflammatory up-

regulation of macrophages is involved.  

Paper III focuses on the effect of TAK1-inhibitor treatment on MM cells and the possible 

beneficial effect on human OC. We demonstrated that the TAK1-inhibitors NG25 and 5Z-7-

oxozeaenol (5Z-7) were cytotoxic to MM cell lines and patient cells both alone and in 

combination with the DNA-damaging drug melphalan. In addition, NG25 and 5Z-7 reduced 

differentiation and viability of human OC, suggesting a double beneficial effect for patients by 

reducing bone disease.  

Altogether, this work contributes to the understanding of pharmaceutical targeting of RIPK1-

signaling in human macrophage systems and points out potential therapy candidates for 

treatment of inflammatory conditions and cancers such as MM.  
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1 Introduction 

1.1. The monocytic lineage  

1.1.1. Monocytes 

Monocytes are a group of leukocytes that are essential players in the innate immune system. 

They continuously enter the blood circulation and constitute around 10 % of the total amount 

of leukocytes in humans (1, 2). They are part of the myeloid lineage as they originate from 

hematopoietic stem cells in the bone marrow (BM) and develop to monocytes through a series 

of sequential differentiation steps (3-5). Human peripheral monocytes are a heterogenous 

population and are divided into three subsets based on the composition of surface expression 

markers Cluster of Differentiation (CD) 14 and 16. CD14 is a lipopolysaccharide (LPS)-

binding protein that functions as an endotoxin receptor (6). CD16, also known as Fc-gamma 

receptor III (FcγRIII), binds immunoglobulins and induce cellular cytotoxicity against 

antibody-coated cells such as transformed or virus-infected cells (7). Classical monocytes are 

the major population that express CD14 and not CD16 (1, 8). Monocytes are part of the innate 

immune system as they play a role in immune surveillance and mediate host defense against 

pathogens by differentiating into macrophages (M) and dendritic cells (DCs) upon exposure 

to microbial molecules or stimulation by cytokines (9). Their function is less defined during 

homeostasis, but they are believed to be part of the neutralization of toxic molecules, 

phagocytosis of dead cells and to replenish resident macrophages and DCs in different organs 

(10). 

1.1.2 Macrophages 

Macrophages originate from monocytes and are a heterogenous group of mononuclear 

phagocytes of the myeloid lineage (Figure 1.1). They are located in most tissues in the body 

and involved in tissue development and repair, immune surveillance and clearing of apoptotic 

cells (11, 12). Macrophages are an important part of the innate immune system as they express 

pattern recognition receptors (PRRs) and are thus able to recognize different danger-associated 

molecular patterns (DAMPs) and pathogen-associated molecular patterns (PAMPs). As a 

response, they produce a variety of pro- and anti-inflammatory cytokines. In addition, 

macrophages are important cells bridging the innate and adaptive immune system as they 

express major histocompatibility complex class II (MHC-II) molecules under inflammatory 

settings and are thus able to present antigens to T-cells (13).  
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Based on their origin, macrophages can both be tissue-resident and recruited. Tissue-resident 

macrophages originate from fetal liver, the yolk sac, and hematopoietic stem cells in the BM 

during embryonic development. For instance, the tissue-resident macrophage microglia in the 

brain and spinal cord are involved in the development of the central nervous system by 

producing neurotrophic factors. Recruited macrophages are on the other hand differentiated 

from monocytes in the circulation. They are short-lived effector cells that are recruited to 

different tissues and differentiate to perform different tasks (14-16). 

The key factor in influencing homeostatic control of monocyte and macrophage development 

is colony-stimulating factor 1 (CSF-1, previously known as M-CSF) (Figure 1.1) (17). CSF-1 

is a hematopoietic growth factor that promotes proliferation, differentiation, and survival of 

cells from the monocytic lineage. CSF-1 is produced by stromal cells and binds to CSF-1 

receptor (CSF-1R), a transmembrane tyrosine kinase receptor expressed on most mononuclear 

phagocytic cells. CSF-1 knockout mice display a wide range of developmental defects 

including skeletal, growth and neurological abnormalities underpinning its importance for 

proper macrophage development (18, 19).  
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Figure 1.1: Macrophages and osteoclasts differentiate from monocytes. Monocytes require stimuli from CSF-

1 to differentiate into macrophages (M) while stimuli with CSF-1, RANKL and TGF-β give rise to osteoclasts. 

M differentiate into pro-inflammatory macrophages when treated with stimulants like LPS and IFN-γ. 

Polarization towards anti-inflammatory macrophages are promoted by cytokines like IL-4 and IL-10. CSF-1, 

colony-stimulating factor-1; RANKL, receptor activator of NF-κB ligand; TGF-β, transforming growth factor-β; 

IL, interleukin; LPS, lipopolysaccharide; IFN, interferon. Modified from (20). The figure is created with 

biorender.com.  

 

The phenotype of macrophages is determined by the polarization in response to different 

stimuli (12). CSF-1 stimulation is necessary for monocytes to differentiate into M (Figure 

1.1). In addition, other stimuli from the surrounding environment influence macrophage 

function and expression of specific surface markers (10, 12). This process is known as 

polarization. Previously, the categorization of macrophages followed the M1-M2 

nomenclature, where M1 includes pro-inflammatory macrophages and M2 anti-inflammatory. 
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Critique of this categorization is based on the fact that macrophage polarization is highly 

dynamic, and their gene expression and response is adaptable depending on the environmental 

stimuli (21, 22). The M1/M2 nomenclature does therefore not represent the actual situation in 

vivo as macrophages are not stable and clearly defined subtypes. In this thesis, the 

nomenclature of macrophages is rather based on which cytokines or other modulators they are 

subjected to such as M(LPS+IFN-γ) and M(IL-4) (Figure 1.1) (21).  

1.1.3 Macrophage polarization 

Pro-inflammatory macrophages are implicated in host defense upon infection. They are 

activated by toll-like receptor (TLR) ligands like LPS and polyinosinic:polycytidylic acid (poly 

I:C), and inflammatory cytokines like tumor necrosis factor (TNF) or interferon gamma (IFN-

γ) (Figure 1.1) (21, 23). Pro-inflammatory macrophages support inflammation, pathogen 

response, and resistance against tumor cells through the secretion of pro-inflammatory 

cytokines like TNF, interleukin (IL)-6, IL-12, and IL-23 activated through nuclear factor 

kappa-light-chain-enhancer of activated B cells (NF-κB) and signal transducers and activators 

of transcription 1 (STAT1) signaling (1, 24). Additional characteristics include increased 

antigen presentation, phagocytosis of pathogens and production of reactive oxygen and 

nitrogen species (25). Prolonged or chronic activation of pro-inflammatory macrophages can 

result in host-tissue damage and inflammatory or autoimmune diseases (10, 12). 

To counteract the inflammatory response, pro-inflammatory macrophages either die or polarize 

to the anti-inflammatory phenotype (26). The resolution of inflammation involves 

macrophage-mediated efferocytosis of apoptotic cells which reduces the expression of 

inflammatory cytokines in the microenvironment (27). Efferocytosis and other factors like the 

secretion of anti-inflammatory cytokines from regulatory T-cells directs polarization towards 

anti-inflammatory macrophages (28). Anti-inflammatory macrophages are activated by 

cytokines such as IL-4, IL-10, and IL-13 and secrete immunosuppressive cytokines to support 

tissue-repair processes (Figure 1.1) (29). These cytokines activate signaling through STAT3/6 

resulting in the release of transforming growth factor (TGF)-β and IL-10 which additionally 

institute a positive feedback loop enhancing polarization of anti-inflammatory macrophages 

(10, 24, 30).  

Besides promoting tissue healing and growth, anti-inflammatory macrophages are also 

involved in inducing tumor growth, facilitating angiogenesis, and accumulate in the tumor 
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microenvironment (10, 31, 32). At the early stages of cancer, pro-inflammatory macrophages 

are activated as a response to tissue damage and participate in tumor destruction (33). As a 

response, regulatory T-cells and tumor cells themselves secrete factors skewing the 

polarization towards anti-inflammatory macrophages. These factors include IL-4, IL-10, and 

C-C motif chemokine ligand (CCL2) that stimulate and recruit tumor-associated macrophages 

(TAMs) that share several characteristics with anti-inflammatory macrophages (34). TAMs 

secrete growth factors and cytokines that promote tumor-cell migration and invasion and 

increase angiogenesis that facilitate the escape of tumor cells into vascular and lymphatic tissue 

to metastasize (35, 36). They also dampen anti-tumor responses through the secretion of 

immunosuppressive agents. TAMs also promote immune evasion  of the tumor through the 

production of chemokines that downregulate cytotoxic T-cell activity (37). 

Macrophage polarization is a dynamic process as it depends on factors present in the given 

environment. Therefore, it is not surprising that crosstalk exists between pro- and anti-

inflammatory macrophages which is mediated by STAT1 and STAT3/6 activation (24). In 

sepsis for instance, the first line of inflammatory response is NF-κB mediated activation of pro-

inflammatory macrophages. To resolve this inflammatory response, pro-inflammatory 

macrophages subsequently polarize to the anti-inflammatory phenotype through NF-κB 

inhibition to exhibit immunosuppressive features. In different disease settings, macrophages 

can also have mixed phenotypes depending on the stimulants present. The switch controlling 

this balance in polarization and the signaling networks involved are not fully understood but is 

a key interest in research (24). For instance, research has been focused on the reprogramming 

of TAMs to pro-inflammatory macrophages for anti-tumor immunity (38-40). 

1.1.4 Osteoclasts  

Osteoclasts (OC) are multinucleated specialized forms of macrophages that degrade bone (41, 

42). They originate from hematopoietic stem cells and differentiate from monocytes into 

precursor osteoclasts (pre-OC) upon stimuli with osteoclastogenic cytokines (Figure 1.1). In 

the late stage of differentiation, pre-OC fuse together, giving rise to multinucleated mature OC 

(43). Pre-OC fusion is mediated by Rho GTPases that reorganize the cytoskeleton to reduce 

the distance to neighboring precursors. Additionally, cytoskeleton reorganization increase the 

fusion-probability by mediating the formation of membrane protrusions (43). OC are highly 

migratory cells and display phenotypic characteristics like pleomorphic vacuoles, lysosomes 

and mitochondria (41, 44). 
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Function, differentiation and survival of OC are regulated by several cytokines and hormones 

(45, 46). The master cytokine driving osteoclastogenesis is receptor activator of NF-B ligand 

(RANKL). RANKL is secreted by osteocytes, osteoblasts (OB), and stromal cells and stimulate 

the differentiation from pre-OC to mature OC (42, 47). In mature OC, RANKL additionally 

mediates activation and survival (48). RANKL is a member of the TNF superfamily and binds 

to its receptor RANK expressed on pre-OC (41). Another key regulator of osteoclastogenesis 

is osteoprotegerin (OPG) produced by OB, stromal cells, and fibroblasts. OPG is a soluble 

competitive binding partner for RANKL inhibiting osteoclastogenesis though blocking the 

RANK-RANKL interaction (42, 49). 

Binding of RANKL to RANK leads to the engagement of TNF receptor-associated factors 

(TRAFs) which ultimately results in the activation of several kinase cascades. These cascades 

include NF-κB and the mitogen-activated protein kinases (MAPKs) p38, extracellular signal-

regulated kinase (ERK) 1/2 and c-Jun N-terminal kinase (JNK) (50). This leads to the activation 

of transcription factors like NF-κB, activator protein-1 (AP-1) and nuclear factor of activated 

T cells cytoplasmic 1 (NFATc1) (51). Activated RANK also induce the phosphorylation of 

immunoglobulin-like receptor associated adaptor proteins like immunoreceptor tyrosine-based 

activation motif (ITAM) and FcγR subunit (52). In the nucleus, NFATc1 in combination with 

other transcription factors like AP-1, PU.1, microphthalmia-associated transcription factor 

(MITF), and cyclic AMP responsive-element binding protein (CREB) bind cis regulatory DNA 

elements, leading to the induction of OC-specific genes. These include genes coding for OC 

specific markers like calcitonin receptor, dendritic cell-specific transmembrane protein (DC-

STAMP), cathepsin K and tartrate resistant acid phosphatase (TRAP), resulting in 

differentiation and proliferation of OC (46, 52). Calcitonin receptors are involved in the 

maintenance of calcium homeostasis while DC-STAMP is crucial for the fusion of pre-OC 

(42).  

 

Other osteoclastogenic cytokines include CSF-1 and TGF-β. In addition to stimulating 

macrophage differentiation, CSF-1 promotes OC proliferation and inhibits apoptosis, resulting 

in increased osteoclastogenesis (42). CSF-1 additionally influence the expression of genes that 

are important for the RANKL- and IL-signaling responses (45). TGF-β is a multifunctional 

growth factor that is produced by many cells in the bone and is abundant in the bone matrix. 

TGF-β regulate OC formation and bone resorption induced by RANKL (53, 54). The 
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inflammatory cytokines IL-1β, IL-6 and TNF are key components of acute and chronic 

inflammation. They are in addition regarded as osteoclastic cytokines that are strong inducers 

of bone resorption through lowering the threshold for RANKL-induced osteoclastogenesis, as 

well as inducing of stromal cells to increase RANKL-production (52, 55). Besides cytokine 

stimuli, osteoclastogenesis is dependent on cellular contact between pre-OC, OB, and stromal 

cells. Given their monocytic origin and their dependency on inflammatory cytokines for 

differentiation, osteoclastogenesis and aberrant bone degradation can be viewed as 

inflammatory processes. 

The definition of mature OC are TRAP positive cells with three or more nuclei that are capable 

to resorb bone (56). The first step in the bone-resorption process is the attachment of OC to the 

bone matrix through specialized αvβ3 integrins, making up the sealing zone (Figure 1.2) (42). 

A crucial step in the degradation of bone matrix is the acidification of the bone-resorption area 

mediated by transport of protons (H+) and chloride (Cl-). H+ are generated by the enzyme 

carbonic anhydrase II (CAII) and HCO3
-/Cl- exchangers increase the intracellular concentration 

of Cl- (43). Proton pumps and chloride channels subsequently transports H+ and Cl- across the 

ruffled border, a special membrane structure in contact with the bone matrix at the site of bone-

resorption. The acidified environment in the resorption area results in solubilization of the 

mineral phase of the bone and activation of secreted enzymes (57). This includes lysosomal 

enzymes like the protease cathepsin K and the phosphatase TRAP which cleave and degrade 

organic bone matrix (41, 43). Bone-degradation products are then removed through 

endocytosis, trafficked through the OC by transcytosis, and released into the extracellular space 

(42). The sealing zone subsequently disassembles, a new adhesion sites are formed next to the 

former resorption area, and the OC repolarizes. This oscillation between resorption and 

polarization phases results in trails of resorption pits along the bone surface (43). 
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Figure 1.2 Osteoclast-mediated resorption of bone matrix. The sealing zone makes up the area where 

osteoclasts attach to the bone, mediated by αvβ3 integrins. Generation of H+ is generated by CAII while the 

concentration of Cl- increases by the exchange of HCO3
-/Cl-. Within the sealing zone, chloride channels and proton 

pumps exports H+ and Cl- acidifying the surface that is in contact with the ruffled border. This results in the 

dissolution of the mineral matrix of the bone in the resorption pit mediated by phosphatases and proteolytic 

enzymes like TRAP and cathepsin K. Degradation products are endocytosed (En), transported by transcytosis (T) 

and released by exocytosis (Ex). CAII, Carbonic anhydrase II; CT, Calcitonin; CTR, calcitonin receptor; RANK, 

receptor activator of NF-B; RANKL, RANK ligand; TRAP, Tartrate resistant acid phosphatase. Modified from 

(43). The figure is created with biorender.com.  

 

1.2 NF-B and MAPK-signaling promotes inflammation and survival 

1.2.1 NF-B-signaling 

NF-B is a family of transcription factors that regulates a wide array of cellular functions, 

including immune cell homeostasis and inflammation. Activation of NF-B occurs in most 

cells upon stimulation with a wide range of stimuli including TNF, LPS, RANKL, viral and 

bacterial antigens, free radicals and genotoxic stress (55). The main function of NF-B is  to 

initiate and maintain inflammatory activation through its involvement in adaptive and innate 

immunity responses against pathogens and autoimmune stimuli (58). The transcription factor 
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promotes the expression of numerous genes, including cytokines like IL-6 and TNF. Other 

examples include regulators of apoptosis as cellular inhibitor of apoptosis (cIAP) and cellular 

FLICE-like inhibitory protein (cFLIP, also named CFLAR) and growth factors like CSF-1 (59).  

The family of NF-B consists of five members named RelA (p65), RelB, c-Rel, NF-B1 p52 

and NF-B2 p50, which form complexes as either homodimers or heterodimers (60). NF-B 

is a target in anti-inflammatory drugs as dysregulation of NF-B signaling is involved in 

several inflammatory diseases including multiple sclerosis and rheumatoid arthritis (61).   

The most commonly found heterodimer in NF-B1 signaling is RelA/p50 (Figure 1.3 A) (62, 

63). Several receptors activate NF-κB1 signaling, including TNF receptor (TNFR) and TLR4 

(63, 64). Activation engage TRAFs to the receptors which initiates complex formation with 

TGF-β activated kinase 1 (TAK1) and TAK1-binding protein 2 (TAB2) (Figure 1.3 A). 

Complex formation activates TAK1 which phosphorylate the inhibitor of κB (IκB) kinase 

(IKK). IKK is composed of two catalytic subunits IKKα and IKKβ, and a regulatory subunit 

NF-κB essential modulator (NEMO) (58). When IKK is inactive, NF-B inhibitor-α (IκBα) is 

bound to NF-B, preventing its activation. Once activated by TAK1, IKK phosphorylates IκBα 

which targets the inhibitor for ubiquitylation and proteasomal degradation, releasing its hold 

on RelA/p50.  RelA/p50 subsequently translocate to the nucleus to induce transcription of 

target genes like TNF, IL6 and IL1A (60, 65).  

In OC, the NF-κB2 pathway is also activated upon RANKL-stimuli (Figure 1.3 B). Alternative 

activators include other members of the TNF family like CD40 ligand and lymphotoxin and B 

cell activator of the TNF family (BAFF) (64). While the NF-B1 pathway can be activated 

within minutes, NF-κB2 signaling display a slower time dynamic requiring several hours for 

its activation (58). RelB/p52 is the most common dimer in NF-κB2 signaling. RANK-induced 

signaling targets the activation of NF-B-inducing kinase (NIK), which in turn activate IKKα 

through phosphorylation (58). In unstimulated cells, NIK is targeted for ubiquitin-dependent 

degradation by TRAF3 in complex with TRAF2 and cIAP1/2 (66). During stimulation by 

RANKL, cIAP1/2 ubiquitinate TRAF3 resulting in its degradation and ultimately release of 

NIK from the complex (Figure 1.3 B). NIK is then free to phosphorylate IKKα, inducing the 

processing of p100 to p52. RelB/p52 then translocate to the nucleus to promote target gene 

expression like TNF, CXCL12 and CCL19. In contrast to NF-B1-signaling, the NF-B2 

pathway does not rely on the degradation of IκBα. It is instead dependent on the proteolytic 
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cleavage of RelB from p100 to the active p52 form (60). A consequence of low cIAP activity, 

either through low protein levels or by chemical inhibition, is the stabilization of NIK. This 

leads to increased NF-B2-signaling (66, 67).  

 

 

Figure 1.3 NF-κB1 and NF-κB2 signaling. A. The NF-κB1 pathway is induced by different types of cytokine 

stimuli including LPS and TNF. Signaling involves the activation of the IKK-complex by TAK1 and the 

phosphorylation and subsequent degradation of IκBα mediated by IKK. This results in a rapid translocation of 

RelA/p50 into the nucleus. B. The NF-κB2 pathway is activated by stimuli from different TNF superfamily 

members, including RANKL. NF-κB2-signaling activates NIK and IKKα mediating the processing of p100 to 

p52. This results the activation of the RelB/p52 dimer and its subsequent translocation to the nucleus. NIK, NF-

B inducing kinase.  Modified from (58, 60). The figure is created with biorender.com.  
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1.2.2 MAPK signaling 

MAPKs are a family of serine/threonine kinases involved in proliferation, differentiation, 

survival, and cell death. Activation of a MAPK pathway involves at least three core kinases, 

MAP3K, MAP2K and MAPK (68).  The signal is transduced through kinase cascades resulting 

in transcriptional activation or direct activation of regulatory proteins. The MAPK family 

include p38, ERKs and JNK.  

Upon stimulation by TNF or LPS, TRAF mediates the recruitment of TAB-TAK1 as described 

for NF-B1. TAK1 phosphorylates and activates a downstream MAP2K which in turn activates 

p38, ERK and JNK (69, 70). In this context the MAPKs are often activated together with NF-

B1 downstream of TNFR1, TLR4 and TAK1 and exert some of the same responses. ERK, 

JNK and p38 are all involved in cell proliferation through regulation of the cell cycle. The ERK 

pathway is central for the control of proliferation by for instance activation of the transcription 

factor Elk-1 that leads to the subsequent activation of AP-1. AP-1 is necessary for cyclin D 

expression that is involved in the G1/S transition and cell cycle progression (71, 72). Similar to 

ERK, JNK is also involved in AP-1 and cyclin D expression but here mainly through the 

activation of the target protein c-Jun (71). The p38 module is important in inflammatory 

responses by the induction of proinflammatory cytokines. p38 is additionally involved in cell 

cycle regulation for instance by activating MYC proto-oncogene protein. MYC regulates 

survival as well as cell cycle control through E2F, a family of transcription factors that are 

critical for G1/S transition and entry into the S-phase (73).   

1.2.3. TAK1 is a key activator of NF-κB1 and MAPKs 

TAK1 (also known as MAP3K7) is a serine/threonine kinase that is a key regulator of 

proinflammatory signaling. It is a member of the MAP3K family and promote survival and 

inflammation by activation of the NF-κB1 and MAPK signaling pathways, as previously 

described. As the name implies, TAK1 was first discovered to be activated by TGF-β (74). 

TAK1 was subsequently identified as a mediator of inflammatory responses as it is also 

activated by TNF and LPS. A variety of other factors including RANKL and genotoxic stress 

have later been discovered to induce TAK1 activation (75).  

TNF-TNFR1 and LPS-TLR4 signaling recruit the E3 ubiquitin ligases TRAF2 and TRAF6 

respectively to the receptors. Through their ubiquitin ligase activities, TRAF2 and TRAF6 

generate a lysine-linked polyubiquitin chain that recruit the adaptor proteins TAB1 and TAB2.  
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TAB1/2 is constitutively bound to TAK1 and initiate complex formation by linking TRAF2/6 

to TAK1 (48, 60). This triggers a conformational change in TAK1 leading to its 

autophosphorylation and subsequent phosphorylation of downstream targets.     

Genotoxic stress such as DNA-damaging agents and ionizing radiation induce DNA lesions 

(76-78). This triggers the recruitment and subsequent activation of the kinase ataxia-

telangiectasia mutated (ATM) (79). ATM recruits and phosphorylates NEMO which results in 

their translocation from the nucleus into the cytosol. This leads to the formation of a cytosolic 

complex containing ATM, NEMO, TAK1 and either receptor-interacting protein kinase 1 

(RIPK1) or ELKS (80, 81). Complex formation results in the activation of TAK1 and 

subsequent downstream activation of MAPKs and NF-κB1. NF-κB and MAPK signaling 

promote tumor progression and increase the resistance of tumor cells to anticancer therapy. For 

instance, these pathways support tumor survival through cell cycle regulation, producing 

factors inhibiting apoptosis and senescence (75, 82).  

Knockout of TAK1 is embryonically lethal in mice demonstrating that TAK1 is necessary for 

proper embryonic development (75). Inducible knockout of TAK1 leads to development of liver 

injury, psoriasis and inflammatory bowel disease (70). TAK1 is necessary for OC activity and 

osteoclastogenesis in mice. TAK1-deficient mice display reduced osteoclastogenesis and 

osteopetrosis (50, 83). The consequence of TAK1 inhibition on osteoclastogenesis in humans 

is however less described. 

 

1.3. RIPK1 is a regulator of inflammation and cell death  

RIPK1 is a serine/threonine kinase that is recruited to a wide range of receptor-ligand 

complexes, including TNF, LPS, IL-1β, IL-6, IFN-α/β and IFN-γ. RIPK1 is a key regulator of 

distinct cellular processes functioning both as a scaffold promoting cell survival, and as an 

inducer of cell death either dependent or independent of its enzymatic activity (84, 85). By 

being placed at crossroad of contrasting signaling outputs, RIPK1 requires tight regulation to 

be able to control normal tissue homeostasis as mutations or inadequate regulation of RIPK1 

or other factors in the pathway lead to overexpression of inflammatory cytokines or cell death 

(86, 87). Overproduction of inflammatory cytokines can result in hyperinflammation, and 

autoinflammatory diseases like polyarthritis, rheumatoid arthritis and multiple sclerosis (88-

90).   
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The scaffolding role of RIPK1 contributes to the activation of NF-κB and MAPK signaling, 

resulting in the expression of inflammatory and pro-survival molecules. In addition, this 

scaffolding function of RIPK1 protects the cell from regulated cell death, termed apoptosis and 

necroptosis. In contrast, the enzymatic kinase activity of RIPK1 contributes to the context-

dependent induction of either apoptosis, necroptosis or pyroptosis (84, 85, 91). The scaffolding 

role of RIPK1, and not it’s enzymatic activity, has been demonstrated to be indispensable for 

the viability and homeostasis in mice.  RIPK1 knockout cause systemic inflammation and cell 

death in several tissues and death short time after birth while mice expressing catalytically 

inactive RIPK1 are viable and protected from cell death(92-97). A rare homozygous RIPK1 

loss-of-function mutation in humans results in immunodeficiency with lymphopenia and 

recurrent infections, gut inflammation, progressive polyarthritis, and death during adolescence 

(88, 90). This suggests that RIPK1 is an essential gene in humans as well as in mice and that 

the scaffolding function of RIPK1 is evolutionary conserved. 

1.3.1. RIPK1-recruitment to the TNF-TNFR1 complex  

RIPK1 is necessary for TNF-TNFR1 activation of NF-κB and MAPKs. TNF is an 

inflammatory cytokine involved in systemic inflammation that binds two receptors, TNFR1 

and TNFR2 (98). TNFR1 has an intracellular death domain (DD) which enables the recruitment 

of TNFR1-associated death domain protein (TRADD) (99). TNFR2 lacks this death domain 

and signals instead through TRAF1 and TRAF2 (99). Signaling through both receptors promote 

activation of the canonical NF-B-pathway, but only signaling through TNFR1-TRADD 

induce cell death (100).   

Upon TNF stimulation, poly-ubiquitin chains coordinate the assembly of the membrane bound 

TNFR1 complex (also known as complex I or TNFR1-signaling complex (TNFR1-SC)) and 

subsequent NF-κB and MAPK activation. Ubiquitin (Ub) is an 8 kDa protein that is covalently 

linked to lysine (K) or methionine (M) residues on target proteins, forming poly-ubiquitinylated 

conjugates (101). This process is named ubiquitylation and is a three-step process involving 

Ub-activating (E1), Ub-conjugating (E2) and Ub-ligating (E3) enzymes. The ubiquitin system 

is best known for its role in labelling proteins and cellular constituents for degradation by the 

proteasome or autophagy system. Covalent ligation of ubiquitin targets the protein for 

degradation, usually performed by the 26S proteasome complex (102). Ub-mediated 

degradation of regulatory proteins serves important roles in processes such as transcriptional 

regulation and receptor down-regulation.  In addition, Ub conjugates are important in other 



Introduction 

 
 

14 

 

cellular processes independent of proteolytic degradation. In many inflammatory pathways, Ub 

is crucial for gathering and structuring signal complexes (103). Poly-Ub chains can be formed 

by elongation at different residues. For example, if Ub-units are linked through lysine at 

position 48 it is designated K48-polyubiquitination. Proteins attached to K48-linked poly-Ub 

chains are targeted for degradation, while K63- and M1-linkages reinforce protein scaffolding 

(100).  

TNF-signaling recruits TRADD and RIPK1 to TNFR1 via homotypic DD interactions. 

TRADD subsequently engage TRAF2 which bind and recruit cIAP1/2, making up the 

membrane bound TNFR1-signaling complex (Figure 1.4) (104). RIPK1 is polyubiquitylated 

upon receptor binding. Ubiquitylation is mediated by the E3 ligases cIAP1/2 and TRAF2 and 

the linear ubiquitin chain assembly complex (LUBAC) which add poly-Ub chains to RIPK1 

through K63- and M1-linkages, respectively (Figure 1.4) (86). The poly-Ub chains on RIPK1 

serve as docking sites for TAK1-TAB2/3 and NEMO, recruiting them to the TNFR1 signaling 

core. The binding of NEMO to these poly-Ub chains subsequently recruits IKKα/β to the 

membrane bound complex. Both TAB2/3 and NEMO link to the ubiquitin chains via their 

ubiquitin-binding domains where TAB2/3 binds K63-linkages and NEMO to M1-linked chains 

(105-109). The K63-linkages are proposed to serve as substrates for the M1 poly-Ub chains, 

where the K63/M1-chains facilitates proximity between TAB2/3-TAK1 and NEMO-IKK α/β 

(109, 110). This leads to the subsequent TAK1-mediated activation of NF-κB, p38 and JNK 

promoting cell survival. As previously mentioned, NF-B and MAPK activation is independent 

of the kinase activity of RIPK1, and RIPK1 functions instead as an ubiquitylated and 

enzymatically inactive scaffold in this context.  
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Figure 1.4 The TNFR1 membrane bound complex activates NF-κB and MAPK signaling to promote 

proinflammatory signaling. Upon binding of TNF to TNR1, the receptor binds TRADD which leads to 

recruitment of RIPK1, TRAF2/5 and cIAP1/2 forming the membrane bound signaling complex. 

Polyubiquitylation of RIPK1 mediated by cIAP1/2 and LUBAC recruits TAB2, TAB3 and TAK1. This leads to 

the activation of NF-κB and the MAPKs p38, JNK promoting cell survival. Modified from (100). The figure is 

created with biorender.com.  

 

1.3.2. Inhibitor of apoptosis proteins 

IAPs (also named Baculoviral IAP repeat containing protein (BIRC)) are a group of ubiquitin 

E3 ligases that function in restricting both intrinsic and extrinsic cell death (111). There are at 

least eight human IAP proteins, including neuronal apoptosis inhibitory protein 

(NAIP/BIRC1), cIAP1 (BIRC2), cIAP2 (BIRC3),), X-linked inhibitor of apoptosis protein 

(XIAP/BIRC4), survivin (BIRC5), and Baculoviral IAP repeat (BIR) repeat-containing 

ubiquitin-conjugating enzyme (BRUCE/BIRC6), melanoma-IAP (ML-IAP/BIRC7) and IAP-

like protein 2  (ILP2/BIRC8) (112, 113). The cIAP proteins are characterized by the presence 

of one or several BIR domains which are required for the restriction of apoptosis for some of 

the IAP-members (114-117). cIAP1, cIAP2 and XIAP contains three BIR domains, and the 
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structure is also comprised of a Really Interesting New Gene (RING)-finger domain that has 

E3 ligase activity, and a Ub-associated (UBA) domain that enables interaction with 

ubiquitylated proteins (118, 119). In addition, cIAP1 and cIAP2 have a caspase recruitment 

domain (CARD) that can inhibit their E3 ligase activity (120, 121). 

cIAP1 and cIAP2 are paralogue proteins that function in a partly redundant manner (122). They 

are present both at the mitochondria where they restrain intrinsic cell death, and at 

inflammatory receptors where they are involved in inflammatory responses and extrinsic cell 

death regulation. This includes recruitment to the TNF-TNFR1 complex and the regulation of 

NF-B2 signaling by triggering the proteasomal degradation of NIK and restricting extrinsic 

cell death through the ubiquitylation of RIPK1. Of note, XIAP is most likely the only IAP-

family member that directly inhibit caspase-3, -7, and -9 as cIAP1/2 does not share the crucial 

residues in their BIR domains necessary for direct inhibition (123, 124). cIAP1/2 are instead 

believed to indirectly interfere with caspase-3 and -7 through K48-ubiquitylation, promoting 

their proteasomal degradation (125).  

The anti-apoptotic activity of IAPs can be neutralized by the mitochondrial protein second 

mitochondrial activator of caspases (Smac, also known as direct IAP binding proteins with low 

pI (Diablo)). Smac is released from the mitochondria into the cytoplasm in response to pro-

apoptotic stimuli (114). Once cytosolic, Smac binds the BIR domains of cIAPs via their IAP-

binding motif (IBM). Interaction with Smac antagonizes the XIAP-mediated inhibition of 

caspases and promote the auto-ubiquitination and degradation of cIAP1 and cIAP2 (126-129).  

 

1.3.3. RIPK1-recruitment to the LPS-TLR4 complex 

LPS  is an integral component of the outer membrane in gram-negative bacteria (130). LPS is 

known to protect the bacteria from various forms of stress. Upon infection however, it is 

recognized as a PAMP by the innate immune system which triggers inflammatory responses 

(131). LPS is recognized by TLR4, a PRR belonging to the TLR family expressed on 

immune cells including monocytes and macrophages.  

Detection of LPS by TLR4 is not a straightforward process as it requires the conversion of 

LPS aggregates from bacteria into monomers that needs to be in close proximity to TLR4 at 

the cell surface (130).  This involves three other proteins: LPS binding protein (LBP), CD14 

and myeloid differentiation factor-2 (MD-2) (Figure 1.5). LBP is an acute phase response 



Introduction 

 
 

17 

 

protein that is upregulated upon an innate immune response and extracts LPS aggregates 

from the lipid bilayer of gram-negative bacteria (132). CD14 then functions as a lipid 

transferase that accepts extracted LPS monomers from LBP. CD14 is expressed on 

macrophages and other immune cells and can either be surface GPI-linked (mCD14) or 

soluble (sCD14) (133). LPS can either be bound directly to mCD14 or be transferred from 

sCD14 to mCD14. CD14 has no internal signaling domain and thus cannot signal by itself. 

The final step of LPS recognition involves the small, soluble extracellular protein MD-2. 

MD-2 non-covalently associates with TLR4 and is essential for LPS signaling (130, 133).  

Binding of LPS to TLR4 triggers signaling via two different adaptors: myeloid differentiation 

factor 88 (MyD88) and Toll/IL-1 receptor (TIR) domain-containing adaptor inducing IFN-γ 

(TRIF) (Figure 1.5).  When TLR4 is located at the plasma membrane, TIR domain-containing 

adapter protein (TIRAP) recruits MyD88 (134). This in turn recruits TRAF6 which triggers a 

signaling cascade involving TAK1 that results in activation of NF-κB and MAPK (130). 

TLR4-MyD88 signaling also results in signaling through type I PI3 kinase which activates 

Akt (135). The collective outcome of the TLR4-MyD88 signaling pathway results in the 

expression of genes encoding pro-inflammatory mediators like IL-6, TNF, and type III IFNs.  

LPS signaling additionally induce the internalization of TLR4. TIRAP and MyD88 then 

dissociate from the membrane and TLR4 binds the endosome with a second adaptor pair: 

TRIF and TRIF-related adaptor molecule (TRAM). TRAM bridges TRIF to TLR4 which 

leads to the activation of TRAF3. Signaling through TRAF3 ultimately results in the 

activation of interferon regulatory factor 3 (IRF3) and 7, which induces the expression of 

type I IFNs (136). TRIF-dependent signaling can also lead to the recruitment of other 

signaling complexes. Active TRIF can recruit TRADD, TRAF6, cIAP1/2 and RIPK1 (137, 

138) (Figure 1.5). cIAP1/2 then polyubiquitinates RIPK1 which in turn recruits TAK1 and 

the activation of NF-κB and MAPK signaling cascades. The deubiquitylation of RIPK1 will 

in turn shift the signaling towards cell death.  
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Figure 1.5 LPS-TLR4 activates RIPK1-dependent cell death via TRIF-TRAM. LPS bound to LBP is 

transferred to CD14 before being recognized by TLR4-MD-2. Binding of LPS to TLR4 triggers two distinct 

signaling pathways: MyD88- and TRIF-dependent signaling. MyD88 bind the intracellular domain of TLR4 

through the adaptor protein TIRAP. This subsequently recruits TRAF6 and cumulates in the activation of NF-

κB and MAPK signaling pathways. When TLR4 is internalized in the endosome, TRIF binds the receptor 

through its adaptor protein TRAM. TRADD, TRAF6, cIAP1/2 and RIPK1 can be recruited to this complex. 

Polyubiquitylated RIPK1 leads to NF-B and MAPK activation. Deubiquitylation of RIPK1 results in its 

dissociation from the TLR4-bound complex and the induction of cell death. Modified from (130, 137). The 

figure is created with biorender.com.  
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1.4. RIPK1 regulates the activation of apoptosis, necroptosis and pyroptosis 

1.4.1.  Redirection of RIPK1-signaling to cell death: the early and late cell death 

checkpoints 

 

Signaling through TNF-TNFR1-RIPK1 predominantly promotes inflammatory signaling 

through NF-B and MAPK. However, this pathway is also able to induce cell death under 

circumstances where protective cell death checkpoints are turned off (110, 139). One 

checkpoint is the NF-B dependent transcription of pro-survival factors and have thus been 

termed the late NF-B dependent cell death checkpoint (110, 140, 141) (Figure 1.6). These 

pro-survival molecules include cFLIP, a caspase-8 homolog that will be further described in 

chapter 1.4.2 (142, 143). Other NF-B-induced gene products include members of the BCL2 

family which block intrinsic apoptosis and members of the TNFR1 complex like cIAP1/2, 

TRAF2 and A20 (144-147).       

To ensure a transient and controlled response, NF-κB-signaling requires active repression. 

Deubiquitylating enzymes are partly responsible for this negative regulation of NF-B by 

releasing the tight ubiquitin network associated with the membrane bound complex.  A20 is a 

ubiquitin-editing enzyme that acts on RIPK1 and is an inducible NF-B target-gene expressed 

upon TNF, LPS and IL-1β stimuli. The ubiquitylation on RIPK1 by A20 is regulated by A20-

bining proteins. These include the E3 ligases ITCH and RING finger 11 (RNF11), and the Ub-

binding protein TAX1-binding protein 1 (TAX1BP1) (86). A20 is a dual ubiquitin-editing 

enzyme being proposed to both remove K63-linked polyubiquitin chains on RIPK1 and 

subsequently add K48-linkages promoting its proteasomal degradation(148). This proposed 

function of A20 have however been debated by recent literature (149-152). Another regulator 

of RIPK1 is the constitutively active deubiquitylating enzyme cylindromatosis (CYLD) (153). 

CYLD interacts with the membrane bound complex via TRAF2 and removes K63- and M1-

linked polyubiquitin chains from RIPK1 thereby dismantling the polyubiquitin scaffold for 

TAB2/3-TAK1 and NEMO-IKKα/β necessary for their recruitment and subsequent activation  

(149, 154-157).  

In addition to the late NF-κB dependent checkpoint, a second NF-κB independent checkpoint 

regulating TNFR1 signaling exists (158). The two cell death checkpoints function sequentially 

in the TNFR1 pathway, and the second checkpoint has thus been termed the early NF-κB 
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independent cell death checkpoint (110, 159, 160) (Figure 1.6). The off- switch of this early 

checkpoint are dependent on the non-degradative ubiquitylation of RIPK1, as demonstrated by 

depletion of cIAP1/2, mutating the ubiquitin acceptor site K377 of RIPK1 or the deletion of 

NEMO (158, 161, 162).  

Recent evidence have however demonstrated that there are additional modifications of RIPK1 

repressing its enzymatic activity and enhancing the early checkpoint (163). This was 

demonstrated by the fact that inactivation of both cIAP1/2 and TAK1 triggered apoptosis, but 

that inhibition of TAK1 induced cell death without altering the ubiquitylation of RIPK1(164, 

165). IKKα/β have subsequently been identified to phosphorylate the serine 25 residue of 

ubiquitylated RIPK1 to further suppress its cytotoxic capacity (166, 167). In other words, the 

early checkpoint inactivates RIPK1 via a two-step mechanism that depends firstly on the 

ubiquitylation and secondly on the phosphorylation of RIPK1(163). This checkpoint are 

additionally strengthened in a positive feedback loop by the expression pro-survival factors of 

the late NF-κB-dependent checkpoint such as cIAP1/2 (168).   
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Figure 1.6 The early and late cell death checkpoints in the TNFR1 pathway. The early NF-κB independent 

cell death checkpoint is initiated by the ubiquitylation of RIPK1 by the E3 ligases including cIAP1/2. 

Ubiquitylated RIPK1 in turn recruits TAB2/3-TAK1 and NEMO-IKKα/β and the subsequent activation of 

IKKα/β. IKKα/β subsequently phosphorylates RIPK1 which restricts RIPK1 to form death-inducing complexes. 

Active IKKα/β additionally results in activation of NF-κB and pro-survival molecules which serves as the late 

cell death checkpoint. Inhibition of NF-κB signaling turns off this late checkpoint and results in the induction of 

RIPK1-kinase independent apoptosis. Blocking the early checkpoint by for instance cIAP1/2 depletion in turn 

induces RIPK1-kinase dependent apoptosis or necroptosis. Modified from (100, 110). The figure is created with 

biorender.com.  
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1.4.2. Caspase 8-dependent apoptosis 

Apoptosis is a non-inflammatory form of programmed cell death. It is a natural process in the 

body during development and aging, and a mechanism to control homeostasis of cell 

populations in different tissues (169). Apoptosis is also important in the resolution of acute 

inflammatory responses through clearance of immune cells, and it is the immunoregulatory 

function of apoptosis that is the focus of this thesis (170).  An apoptotic cell exhibit plasma 

membrane blebbing, cytoplasmic shrinkage, nuclear fragmentation and chromatin 

condensation (171, 172). This leads to the formation of small vesicles named apoptotic bodies 

that are phagocytosed and degraded by macrophages and neighboring cells (169).  

Apoptosis can be extrinsically and intrinsically triggered. While intrinsic apoptosis is induced 

by intracellular stressors like DNA damage, nutrient deprivation and free radicals, the extrinsic 

apoptosis cascade is activated by cell-surface receptors. Both pathways are dependent on 

activation of caspases. Caspases are a family of cysteine proteases that cleave proteins at 

aspartic acid residues and regulate apoptosis and inflammatory processes (169). Mammalian 

caspases are categorized into apoptotic initiators (caspase-2, -8, -9, -10), apoptotic executioners 

(caspase-3, -6, -7) and inflammatory caspases (caspase-1, -4, -5, -11, -12) (173). Of note, 

caspase-4 and caspase-5 are only present in humans, and caspase-11 is the murine ortholog of 

caspase-4 (174, 175).   

Upon apoptotic activation, monomers of initiator caspases are activated when their death-

effector domains (DEDs) interacts with DEDs or CARDs on adaptor proteins of both the 

intrinsic and extrinsic pathway (114). This interaction results in the dimerization of the initiator 

pro-caspases that facilitates autocatalytic cleavage into one large and small subunit, resulting 

in its activation (175). Active initiator caspases subsequently activate executioner caspases by 

mediating their cleavage and conformational rearrangement, and the induction of apoptosis.  

Extrinsic apoptosis is initiated by several receptor-ligand complexes, and the pathway was first 

defined by studying the first apoptosis signal (FAS) receptor (CD95) and its ligand FASL. 

Other complexes include TNF-related apoptosis-inducing ligand (TRAIL)-TRAIL receptor 

(TRAILR), TNF-TNFR1 as well as LPS-TLR4 (176, 177). While disruption of both the late 

and early cell death checkpoint sensitizes the cells to TNF-induced cell death, the mode of cell 

death induced are different in the two scenarios (Figure 1.6). Extrinsic apoptosis through TNF-

TNFR1 can be initiated when the induced expression of pro-survival molecules by NF-B, the 
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late cell death checkpoint, is inhibited and RIPK1 subsequently dissociates from the membrane 

bound complex. RIPK1 is released into the cytosol in a deubiquitylated state, mediated by 

CYLD and A20 (Figure 1.7). Deubiquitylated RIPK1 subsequently interacts with TRADD, 

FAS-associated death domain protein (FADD) and pro-caspase 8, making up a cytosolic death 

complex (177). Complex formation is in this scenario independent of the kinase activity of 

RIPK1 and have also been termed complex IIa (177, 178). Importantly, RIPK1-dependent 

apoptosis can also be RIPK1-kinase dependent. This can occur when the early NF-κB 

independent cell death checkpoint is disrupted such as depletion of cIAP1/2, either by genetical 

deletion or chemical inhibition. Non-ubiquitylated RIPK1 forms a complex with FADD, 

RIPK3, and pro-caspase 8 which has been named complex IIb, and complex formation is here 

RIPK1-kinase dependent (161, 164, 179) (Figure 1.7).  

Caspase 8 is the key enzyme controlling extrinsic apoptosis. Its catalytic activity is additionally 

critical for embryonic development in mice as both CASP8 null and CASP8 catalytically dead 

mutations are embryonically lethal (180-182). Caspase 8 interacts with FADD through its DED 

which prompts the recruitment of additional caspase 8 molecules resulting in filament 

formation (183). This caspase 8 filament enables the proteolytic domains of the pro-caspase 8 

molecules to homodimerize (184). The homodimerization of pro-caspase 8 results in the 

autoproteolytic cleavage between the large and small catalytic subunit (p10), generating  p10, 

p41 and p43 fragments (185). The p41/p43 fragments are subsequently cleaved leading to the 

release of the large catalytic p18 subunit. Catalytically active caspase 8 consists of two p18 and 

two p10 subunits. Active caspase 8 subsequently cleaves the executioner caspase 3 and -7, 

providing the link between complex formation and the initiation of apoptosis (185, 186). In 

addition to its major role in apoptosis, caspase 8 also functions as a molecular switch in 

necroptosis and pyroptosis. Although RIPK1 initiates the assembly of the apoptotic complex, 

it must be inactivated to prevent the induction of caspase-independent cell death. This is 

mediated by caspase 8 which cleaves and inactivates RIPK1 and RIPK3, thereby inhibiting 

necroptosis (100). The role of caspase 8 in pyroptosis will be described in chapter 1.4.4.  

As previously mentioned, a key regulator of caspase 8 activity is cFLIP. cFLIP is encoded by 

the NF-B regulated gene CFLAR which is alternatively spliced into several isoforms, 

including cFLIP long (cFLIPL), cFLIP short (cFLIPS), and cFLIP Raji (cFLIPR) (187-189). The 

best described isoform is cFLIPL, primarily known as an anti-apoptotic regulator. As for 

caspase 8, the cFLIP structure contains DEDs and this structural similarity makes it able to 
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inhibit apoptosis, either through competitive binding to FADD or by forming heterodimers 

with caspase 8 thereby mitigating enzymatic activity (190-192) (Figure 1.7). In addition to 

preventing apoptosis, cFLIPL is also a regulator of necroptosis. The caspase 8-cFLIPL 

heterodimers retain their enzymatic activity and are thus able to cleave RIPK1 and RIPK3 

thereby blocking necroptosis (193, 194). In contrast, the caspase 8-cFLIPS heterodimers lack 

this enzymatic activity and increased expression of cFLIPS over cFLIPL promotes necroptosis 

as the kinase activity of RIPK1 and RIPK3 are preserved (193).  

 

 

Figure 1.7 RIPK1-dependent apoptosis. Deubiquitylation of RIPK1 is mediated either by deubiquitylating 

enzymes like A20 or CYLD, or by inhibiting ubiquitin ligases like cIAP1/2 and TRAF2. This leads to the 
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dissociation of RIPK1 from the membrane bound receptor complex. In the cytosol, RIPK1 interacts with FADD 

and pro-caspase 8. Active caspase 8 is generated by the pro-caspase 8 homodimer. Pro-caspase 8 additionally 

forms heterodimers with FLIPL which promote cell survival by blocking caspase 8 activity. To prevent caspase-

independent cell death, RIPK1 must be cleaved and thus inactivated either by fully activated caspase 8 or the 

pro-caspase 8 - FLIPL heterodimer. Modified from (100). The figure is created with biorender.com 

1.4.3. RIPK1-dependent necroptosis 

Necroptosis is a programmed form of necrotic cell death. In contrast to apoptosis, necroptosis 

is pro-inflammatory, lytic and independent of caspase activity (195, 196). It is characterized by 

swelling of cell organelles and loss of membrane integrity resulting in cell rupture (172). This 

causes spilling of cellular content like DAMPs such as ATP and high mobility group box 1 

(HMGB1) and inflammatory cytokines into the extracellular space inducing inflammatory 

responses and cell death (171, 197, 198).   

Necroptosis can be initiated through several receptors including CD95, TNFR1, TLR4 and Z-

DNA binding protein 1 (ZBP1, also known as DAI) (89, 171, 199). TNF-TNFR1 signaling 

induces necroptosis in a context where RIPK1 is de- or non-ubiquitylated and caspase 8 is 

chemically or genetically inactivated (194, 196). Initiation of necroptosis relies on the kinase 

activities of RIPK1 and RIPK3 which is sustained as the caspase 8 mediated cleavage is 

inhibited (89, 200). RIPK3 is indispensable for necroptosis and RIPK1 recruits and activates 

numerous RIPK3 molecules through a mechanism involving interactions between their RHIM 

domains and the kinase activity of RIPK1(200-202). This is followed by a series of trans-

phosphorylation or auto-phosphorylation events on serine residues on RIPK1 and RIPK3, 

resulting in the formation of an amyloid complex named the necrosome (Figure 1.7) (171, 200).  

Assembly of the necrosome and phosphorylation of RIPK3 leads to the subsequent recruitment 

and phosphorylation of mixed lineage kinase domain like pseudokinase (MLKL) (Figure 1.8) 

(100, 203). MLKL is an indispensable substrate for RIPK3 for induction of necroptosis. Even 

though the pseudokinase domain of MLKL binds to ATP, it is catalytically inactive, and it is 

the RIPK3-mediated phosphorylation of MLKL that is essential for downstream signaling 

(204). Phosphorylated MLKL form oligomers that translocate to the plasma membrane through 

binding to membrane lipids (205-207). Oligomerized MLKL punctures the membrane by 

forming pores, leading to influx of ions and water resulting in permeabilization, release of 

DAMPs and inflammatory cytokines and necroptosis (Figure 1.8) (171). 
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Figure 1.8 RIPK1-dependent necroptosis. The necrosome is formed upon the deubiquitylation and release of 

RIPK1 from the membrane bound complex when caspase 8 activity is reduced or blocked. RIPK1 recruit 

numerous RIPK3 where both is activated upon trans- and auto-phosphorylation. Subsequent activation of 

MLKL through phosphorylation induces pore formation, membrane permeabilization and necroptosis.  Modified 

from (100). The figure is created by biorender.com.  

 

1.4.4. The inflammasome and pyroptosis 

Pyroptosis is a highly inflammatory mode of lytic cell death that is triggered upon microbial 

infections or stress. A pyroptotic cell is characterized by DNA fragmentation, swelling and 

leakage of cellular content (208). In contrast to necroptosis, pyroptosis is caspase-dependent 

and activated through the inflammasome. The inflammasome is a multimeric protein complex 

comprised of a sensor, adaptor, and effector protein. The sensor initiates the assembly of the 

inflammasome complex upon sensing of DAMPs or PAMPs and based on their structural 
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features are grouped into nucleotide-binding domain-line receptors (NLRs), absent in 

melanoma 2-like receptors (ALRs) and pyrins (209). Most inflammasomes require an adaptor 

known as apoptosis-associated speck-like protein containing CARD (ASC). As the name 

implies, the CARD domain of ASC recruits the effector, the inflammatory caspase-1,-11, -4 or 

-5 (210). 

The best characterized NLR is NLR pyrin 3 (NLRP3) and inflammasome activation requires 

two steps, priming and activation (211). Priming is initiated when PAMPs or DAMPs activate 

PRRs such as LPS binding to TLR4, and result in transcriptional expression of pro-

inflammatory mediators like pro-IL-1β and NLRP3. Necroptosis-induced membrane 

permeabilization can also function as an activation signal for the NLRP3 inflammasome (209, 

212). Activation is the inflammasome-forming step initiated by DAMPs and PAMPS and result 

in the autoproteolytic cleavage and activation of caspase 1. Active caspase 1 then goes on to 

cleave pro-IL-1β into its mature form. Caspase 1 additionally cleaves gasdermin D (GSDMD) 

and the N-terminal p30 subunit of GSDMD translocate to the membrane and induce pore 

formation by binding to phospholipids. The GSDMD pore permeabilize the plasma membrane 

leading to release of IL-1β and efflux of ions, inducing pyroptosis (Figure 1.9) (213, 214). 

Caspase 8 is primarily described as an apoptotic initiator caspase, but recent studies have 

demonstrated that it can also function as an inflammatory caspase in pyroptosis (Figure 1.9). 

Caspase 8 has been shown to trigger the NLRP3 inflammasome and might also function as an 

alternative mechanism when caspase 1 is inhibited (215-217). Activated caspase 8 have 

additionally been demonstrated to cleave pro-IL-1β and GSDMD which leads to the maturation 

of IL-1β and the induction of both pyroptosis and apoptosis (91, 218). Caspase 8 can 

additionally cleave and activate pro-caspase 1 and -3 (219, 220). Active caspase 3 is also able 

to cleave GSDMD, but to a p43 form that inhibits the N-terminal GSDMD thereby restraining 

pyroptosis (220).  
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Figure 1.9 Caspase 8 mediated pyroptosis. Catalytically active caspase 8 cleaves and activates caspase 3 and in 

certain cases caspase 1. GSDMD and pro-IL-1β can be cleaved by caspase 8 either directly or indirectly via 

caspase 1. Cleavage of GSDMD results in the translocation of the p30 form to the plasma membrane and 

subsequent pore formation and permeabilization of the membrane. This induces pyroptosis and release of mature 

IL-1β through the GSDMD p30 pores. Active caspase 3 results in cleavage of GSDMD p43 and inhibits the 

cleavage to the p30 form thereby restraining pyroptosis. Modified from (208, 220). The figure is created with 

biorender.com.  
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1.5. Pharmaceutical targeting of the RIPK1 pathway  

1.5.1. Inhibiting RIPK1-dependent cell death 

As RIPK1 function as a switch between inflammation and cell death it has emerged as an 

attractive therapeutic target (221). Several RIPK1 kinase inhibitors have been developed and 

include the small molecule drug necrostatin-1s (Nec-1s) that has been extensively used to 

investigate the role of RIPK1 both in animal models for human diseases and mechanistic 

studies (89, 222, 223). RIPK1 inhibitors were primarily considered as an alternative to anti-

TNF therapies in autoimmune diseases. However, they offer several advantages such as being 

safe in the nervous system and targeting a broader array of inflammatory activities since RIPK1 

is not only restricted to TNF-signaling (223, 224). Other inhibitors targeting excessive RIPK1-

dependent cell death have also been thoroughly studied and include drugs inhibiting MLKL 

and RIPK3 (195, 203, 225, 226). This includes necrosulfonamide (NSA) that blocks MLKL 

polymer formation and GSK872 that inhibits RIPK3 kinase activity (203, 227, 228). 

Pharmaceutical targeting of RIPK1, RIPK3 and MLKL and in vivo studies, such as knock-in 

mice that express catalytically inactive RIPK1, have established the importance of RIPK1-

dependent cell death in a wide array of diseases. This includes as ischemia-reperfusion injury 

and several neurodegenerative, autoimmune and inflammatory pathologies (88, 89, 222, 223, 

229-231).  

1.5.2. Smac-mimetics 

cIAPs regulate inflammation and cell death though their ubiquitin E3 ligase activity of RIPK1 

(232). They are overexpressed in many cancers, suppress apoptosis and increase drug-

resistance of tumor cells, and they are associated with poor prognosis (233-235). In addition, 

patients expressing high levels of Smac, the natural antagonist of cIAPs, has higher remission 

rates and longer overall survival (236) The development of IAP-inhibitors (also termed smac-

mimetics, SM) have therefore gained attention as novel treatment strategies in cancer and 

chronic inflammatory diseases (100, 161, 237). Several SM are currently undergoing phase II 

clinical trials for solid and hematological cancers (235, 238). Smac binds the BIR domains of 

IAPs via its IBM motif (115). The IBM motif is formed by the four N-terminus amino acid 

residues known as the AVPI segment. As the name implies, SM mimic this AVPI segment of 

Smac, and are thus able to bind to the BIR domains of cIAP1/2 and XIAP (115). As previously 

described, loss of IAP activity induces cell death through a dual mechanism. SM-treatment 
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results in stabilization of NIK, NF-κB2 activation and production of TNF (232). Blocking of 

cIAP-activity by SM will additionally result in non-ubiquitinated RIPK1, thus turning off the 

early NF-κB independent cell death checkpoint. Autocrine TNF stimulation of the 

deubiquitylated RIPK1 complex ultimately results in the induction of programmed cell death 

(58, 100). However, SM-treatment have been demonstrated to induce cytokine release 

syndrome, a systemic inflammatory response caused by a rapid and vast release of 

inflammatory cytokines characterized by fever, headaches, and nausea (239).  

1.5.3. TAK1-inhibitors  

TAK1 is an important part of the pro-inflammatory node of the RIPK1-pathway through its 

activation of NF-κB and MAPKs (75). NF-κB and MAPK signaling are implicated in the 

pathogenesis of several inflammatory processes. By being a key mediator of these pathways, 

TAK1 has been proposed as a potential therapeutic target in treatment of inflammatory diseases 

like rheumatoid arthritis and inflammatory bowel disease (240-242).  In addition, dysregulation 

NF- κB and MAPKs are implicated in several cancers. Due to this and its role in developing 

chemo resistance, TAK1-inhibitors are also a potential anti-tumor therapy (243). Treatment 

with TAK1-inhibitors shuts of the RIPK1-dependent pro-survival NF-κB and MAPK pathways 

and induce cell death in several types of cancer (244, 245). In some cases, TAK1-inhibitors 

must be simultaneously combined with other stimulants to induce tumor cell death. This 

includes combination with cytokines such as TNF and TGF-β or in the presence of 

chemotherapy which activates TAK1 due to genotoxic stress (246).  

 

1.6. Multiple myeloma 

Multiple myeloma (MM) is the second most common hematological malignancy worldwide. 

It is an incurable cancer characterized by malignant transformation of clonal plasma cells 

within the BM often accompanied by secretion of monoclonal immunoglobulins (247). Many 

myeloma patients suffer from hypercalcemia, renal failure, anemia and bone disease, 

commonly referred to as CRAB (247-249). There are about 500 (506 in 2019) new cases 

reported in Norway each year, with a higher prevalence in men (incidence rate 10.8 per 100 000 

per year) than women (incidence rate 7.0) (250). Minimal residual disease (MRD) is an 

important reason as to why MM remain an incurable malignancy. MRD is a term used to 

describe the small number of tumor cells that remain in the BM after treatment and are the 
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major cause of relapse (251). MRD is caused by intrinsic cancer cell drug resistance, and 

microenvironmental factors such as nutrients from bone degradation, and an inflammatory 

environment. The degree of MRD varies with the amount of remaining cells and increasing 

cell numbers decrease time of progression-free survival. An intense treatment regime is used 

to minimize MRD in order to prolong time to relapse, but this put serious strain on patients, a 

problem that has increased as patients live longer with the disease (252).     

In most cases, MM is preceded by a pre-malignant state of plasma cell proliferation (253). This 

pre-malignant state is characterized as either monoclonal gammopathy of undetermined 

significance (MGUS) or smoldering multiple myeloma (SMM) depending on the degree of 

plasma cell infiltration in the BM and concentration of tumor-secreted monoclonal 

immunoglobulins (254). In addition, changes in the BM microenvironment and genetic and 

epigenetic alterations of normal plasma cells are important factors in the development and 

progression of MM (255, 256). The criteria for diagnosis of MM revised by the International 

Myeloma Working Group are the presence of ≥ 10% of clonal plasma cell in the BM and the 

presence of minimum one myeloma defining event (257). A myeloma defining event is either 

meeting the CRAB criteria or one or more biomarkers of malignancy.    

Many myeloma cells have constitutive activation of NF-κB and MAPK signaling pathways, 

and over 80% of MM patients have elevated NF-κB target gene expression (258). NF-κB and 

MAPK makes the tumor cells more tolerant to cytotoxic stress such as genomic instability, 

reactive oxygen species and accumulation of misfolded proteins such as immunoglobulins 

(259). They induce transcription of intracellular survival factors, and secreted inflammatory 

cytokines such as IL-6, and IL-8, that create a low-grade inflammation that further contributes 

to cell survival. In addition, constitutive activation of NF-κB promotes OC differentiation 

promoting the clinical manifestation of myeloma bone disease (MBD) (260, 261).  

1.6.1. Myeloma bone disease 

MBD is a severe complication of MM affecting about 80% of patients (47). MBD is defined 

as the major cause of pain, reducing the quality of life of patients due to bone fractures and 

hypercalcemia. In normal bone remodeling, there is a tightly regulated balance between OB 

deposition and OC resorption of the bone. OC and OB reciprocally regulate each other’s 

differentiation, recruitment, and activity through cytokine-mediated signaling and cell-cell 

contact. In MBD however, there is a pathological increase in OC and reduction in OB activity 
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compromising bone homeostasis as osteolytic bone-destruction is not followed by reactive 

formation of new bone (47). The shift in OB-OC homeostasis makes MBD distinctively 

different than other cancers that metastasize to bone like breast and prostate cancer, were OC-

mediated bone-destruction is followed by OB-mediated bone-formation (262).  

There is a multitude of factors that promote osteoclastogenesis or suppress OB activity and 

formation. They are secreted by MM cells or other cells in the BM microenvironment (Figure 

1.10). MM cells secrete OC activating factors (OAFs) like RANKL and TNF and induce 

stromal cells to secrete osteoclastogenic factors like CSF-1 and IL-6 (263). OC also reversely 

stimulate MM cells by secreting tumor-promoting factors (264). MM cells also influence OB 

and stromal cells to decrease the production of OC inhibitory factors like OPG  (265). OB 

activation is reduced by MM cell-induced production of OB inhibitory factors (OBIFs) either 

directly or via other cells in the BM microenvironment. This complex interplay between MM 

cells and other cells in the BM creates a vicious cycle of uncontrolled bone-degradation 

resulting in the release of growth factors and nutrients promoting tumor growth, survival and 

drug resistance (266, 267). 



Introduction 

 
 

33 

 

 

Figure 1.10 Mechanism of multiple myeloma induced bone lesions. MM cells induce a shift in bone 

homeostasis by the secretion OAFs and OBIFs either directly or via cells in the BM microenvironment like stromal 

cells. This results in increased osteoclastogenesis, reduced osteoblast activity and tumor-promotion. OAFs, OC 

activating factors; OBIFs, OB inhibiting factors. Modified from (263). The figure is created with biorender.com.  

1.6.2. Current treatment strategies of MM 

Although the overall survival has increased in the recent years, MM is still an incurable disease. 

The first line of therapy for patients are autologous stem cell transplantation (ASCT) (268). 

ASCT involves collecting the patient’s own stem cells and reinserting them after high dose 

chemotherapy with or without radiation therapy with the goal to restore the body’s own ability 

to produce normal blood cells. Patients are treated with combinations of different drugs like 

steroids, immunomodulatory agents, monoclonal antibodies, proteasome inhibitors and 

alkylators (248). In addition, bisphosphonates and the monoclonal antibody denosumab that 

mimics OPG are used in treatment for MBD (49, 269, 270). Of note, the previously described 

SM are currently undergoing clinical trials in treatment of MM (238). 
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Alkylators are DNA-damaging agents used in treatment of several cancers, including MM. 

They were the first effective group of drugs used in MM treatment, and therapy with the 

alkylator melphalan and the steroid prednisone was the standard for newly diagnosed patients 

for over 40 years (271, 272). Today, one of the options for first line of therapy in MM are high 

dose melphalan therapy in combination with ASCT (273, 274). Several other alkylators are 

also used in MM treatment including cyclophosphamide that have a similar mechanism of 

action as melphalan (274). Alkylators induce DNA damage by adding alkyl groups to DNA 

bases inducing mutagenic and cytotoxic lesions. Bifunctional alkylators like melphalan contain 

two reactive groups that bind different DNA bases forming interstrand crosslinks (275). 

Alkylator-induced DNA-damage activate several signaling pathways, including TAK1 as 

described previously.  
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2 Aims of study 

The main aim of this thesis was to contribute to a better understanding of pharmaceutical 

induction of RIPK1-dependent cell death in human macrophage systems. Much of the 

mechanistic insights on regulated cell death originate from pathogen experiments on murine 

immune cells such as macrophages. As cell death is context dependent and differently regulated 

in humans and mice, more insight into how RIPK1-dependent cell death can be drug-induced 

in human macrophages are needed. To ensure efficacy and avoid detrimental side effects, 

knowledge on context-specific drug responses are necessary. Based on this, we chose to study 

a broad repertoire of human macrophage subtypes including osteoclasts and pro- and anti-

inflammatory macrophages.  

SM and TAK1-inhibitors are extensively studied inducers of RIPK1-dependent cell death, but 

studies on primary human osteoclasts and other macrophage subtypes have been limited. SM 

are currently in phase II clinical trials in MM, and as osteoclasts are a major contributor to the 

disease pathology we sought to investigate if SM holds therapeutic potential in reducing bone 

disease as well. Preliminary studies in our group found that TAK1-inhibitors were cytotoxic to 

osteoclasts and MM cells. As the literature states that TAK1 is necessary for osteoclastogenesis 

and can be a driver of MM, this focus was included in this thesis.  

In order to contribute to a better insight on how pharmaceutically induced RIPK1-dependent is 

regulated in human macrophage systems, our specific aims were as follow: 

1.  Investigate the effect of SM-treatment on human osteoclasts and the possible beneficial role 

in multiple myeloma therapy. This was the topic of paper I.  

2. Study the effect of pro- and anti-inflammatory pretreatment on SM-induced cell death in 

human macrophages. This was the focus of paper II. 

3. Investigate the effect of TAK1-inhibitor treatment on MM cells both alone and in 

combination treatment with DNA-damaging agents, and the possible double beneficial role on 

human osteoclasts. This was the topic of paper III.  
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3 Summary of papers  

Paper I: Smac-mimetics reduce numbers and viability of human osteoclasts 

The bone is continuously degraded and rebuilt, and the process involves the activity of bone-

degrading osteoclasts (OC) and bone-forming osteoblasts. A pathological increase in OC 

activity contributes to bone-resorption in diseases such as myeloma bone disease (MBD), a 

hallmark of multiple myeloma (MM). Several proinflammatory cytokines promote 

osteoclastogenesis, including TNF. Receptor-interacting protein kinase 1 (RIPK1) is a key 

regulator of inflammation and cell death and is recruited to the TNFR1-complex where it is 

ubiquitinated and activates NF-κB and MAPK signaling. RIPK1-dependent signaling can be 

targeted by treatment with Smac-mimetics (SM) that block ubiquitination of RIPK1 and shifts 

signaling towards cell death. SM has gained attention as novel treatment strategies for both 

cancer and chronic inflammatory pathologies, but limited information exists on the effect on 

human OC. 

In this paper, our aim was to investigate the effect of SM-treatment on human OC and the 

possible beneficial role in MM therapy. As LCL-161 is in phase 2 clinical studies for MM, we 

proposed that SM might possess additional benefits in reducing bone degradation in myeloma 

patients. We found that the SM birinapant and LCL-161 reduced the number and viability of 

primary human OC and induced TNF-dependent cell death in osteoclast precursors. We 

demonstrated that birinapant was more cytotoxic than LCL-161 and induced apoptosis and 

necroptosis, the latter independent of blocking caspase activity. Both inhibitors blocked 

osteoclastogenesis induced by myeloma patient bone-marrow aspirates. Taken together, we 

here show that SM restrain human osteoclastogenesis, and that these compounds may represent 

promising drug candidates for reducing pathological bone degradation. 
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Paper II: Pro- and anti-inflammatory treatment dictates Smac-mimetic cytotoxicity in 

human macrophages 

Macrophages are a heterogenous group of multifunctional immune cells of the monocytic 

lineage. They are key players in the innate immune response against pathogen infection as well 

as in tissue homeostasis, clearing of apoptotic cells and wound healing. The expression of anti-

apoptotic proteins like cellular inhibitor of apoptosis proteins (cIAPs) maintain macrophage 

survival. IAPs are ubiquitin ligases and key regulators of receptor-interacting protein kinase 1 

(RIPK1)-dependent signaling induced by TNFR1- and TLR4-signaling. Smac-mimetics (SM) 

are a group of drugs targeting cIAPs, shifting macrophages from inflammation to RIPK1-

dependent apoptosis or necroptosis. SM are novel therapeutic options in both cancer like 

multiple myeloma and chronic diseases such as psoriasis and inflammatory bowel disease, but 

the effect on different human macrophage subtypes is limited.  

Our aim in this paper was to study the effect of pro- and anti-inflammatory pretreatment on 

SM-induced cell death in human macrophage types. We found that pro- and anti-inflammatory 

pretreatment dictated the SM-induced death mechanism and sensitivity of human 

macrophages. Macrophages pretreated with LPS were more susceptible to cell death induced 

by the SM birinapant and LCL-161, compared to other tested macrophage types and 

monocytes. This was caused by a specific increase in apoptosis while the other tested 

macrophage types depended on the necroptotic machinery for full birinapant cytotoxicity. This 

was demonstrated to be a SM-specific effect as we did not observe an up-regulation of the 

apoptotic machinery in pro-inflammatory macrophages. Apoptosis induced by birinapant in 

LPS pretreated macrophages was followed by the secretion of IL-1β independent of caspase 1, 

whereas IL-1β release was not observed in the subtypes displaying necroptosis. Our findings 

suggest that treatment with SM is a therapeutic potential in disease settings where upregulation 

of pro-inflammatory macrophages is involved.  
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Paper III: TAK1-inhibitors are cytotoxic for multiple myeloma cells alone and in 

combination with melphalan  

Multiple myeloma (MM) is the second most common hematological malignancy worldwide. 

It is an incurable cancer characterized by malignant transformation of clonal plasma cells 

within the bone marrow often accompanied by secretion of monoclonal immunoglobulins. 

TGF-β-activated kinase 1 (TAK1) is an important regulator of NF-κB and MAPK signaling. 

In MM, NF-κB and MAPK are often constitutively activated and control the expression of 

several genes vital for driving the drug resistance in MM. In cells where TAK1 is activated, it 

is an attractive drug target as inhibition switches pro-inflammatory signaling towards cell 

death.  

In this paper, our aim was to investigate the effect of TAK1-inhibitor treatment on MM cells 

both alone and in combination treatment with DNA-damaging agents, and the possible double 

beneficial role on human osteoclasts. We found that patients with high TAK1 expression 

displayed shorter overall and progression free survival. The TAK1-inhibitors NG25 and 5Z-7-

oxozeaenol (5Z-7) were demonstrated to be cytotoxic to both MM cell lines and patient cells. 

NG25 reduced the expression of MYC and E2F controlled genes which are involved in tumor 

growth, cell cycle progression and drug resistance. Genotoxic stress is known to activate 

TAK1. We found that the alkylator melphalan, used in high-dose therapy in MM, activated 

TAK1 in MM cells. NG25 and 5Z-7 induced both synergistic and additive cytotoxicity in 

combination with melphalan.  

Myeloma bone disease is a hallmark of MM and is connected to poor prognosis and pain in 

patients. NG25 and 5Z-7 reduced number and viability of human bone degrading osteoclasts 

independent on their antitumor effect. This suggests that TAK1-inhibition can have a double 

beneficial effect in treatment of MM. In sum, we here presented in vitro data showing that 

TAK1 is a promising drug target for MM treatment.  
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4 Discussion 

The RIPK1-pathway is a key regulator of inflammation and cell death and a central player in 

the immune system (86, 222). Regulated cell death has been extensively studied in murine 

immune cells like macrophages. However, as cell death is context dependent and differently 

regulated in humans and mice, more insight on drug-induced cell death in human macrophage 

systems are needed. As macrophages adopt to a variety of environmental stimuli it is necessary 

to investigate context specific drug responses to understand how cell death is regulated and 

how these cells can be targeted in human pathologies. Consequently, our aim in this thesis was 

to contribute to a better understanding of pharmaceutical induction of RIPK1-dependent cell 

death in human macrophage systems.   

SM and TAK1-inhibitors are well studied inducers of RIPK1-dependent cell, but studies 

featuring SM on primary human OC and other macrophage types have been warranted (100, 

237). SM are being investigated as novel treatment options in MM and as OC are a driver of 

myeloma-induced bone disease, we proposed a potential therapeutic benefit. Preliminary 

studies in our group found that TAK1-inhibitors were cytotoxic to OC and MM cells and as 

literature states that TAK1 is necessary for osteoclastogenesis and can be a driver of MM, this 

focus was included. 

In this thesis we had three specific aims, and the first objective in paper I was to investigate 

the effect of SM-treatment on human OC. Secondly, we wanted to study the effect of SM on 

pro- and anti-inflammatory pretreated human macrophages. This was the focus of paper II. 

Lastly in paper III, we sought to investigate the effect of TAK1-inhibitor treatment on MM 

cells both alone and in combination with DNA-damaging agents, and the possible double 

beneficial role on human osteoclasts.  

4.1. Differential response to SM on macrophage subtypes and implications in 

inflammatory disease settings 

SM are small molecule drugs targeting cIAPs. They are overexpressed in several tumors and 

are currently undergoing clinical trials in solid and hematological cancers (114, 235, 238). As 

the expression and abundance of cIAPs are also increased in several chronic inflammatory 

conditions like psoriasis and inflammatory bowel disease, SM might be a therapeutic option in 

such settings as well (276, 277). In this thesis, we exploited the effect of pharmaceutical 

targeting of cIAPs by SM in human OC (paper I) and pro- and anti-inflammatory macrophage 

(paper II) systems. Treatment with the SM birinapant and LCL-161 induced cell death across 
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all subtypes independent of additional cytokine stimuli. Birinapant was more potent than LCL-

161, an effect that was conserved across all subtypes. This difference might be explained by 

the nature of mono- and bivalent SM. LCL-161 is a monovalent SM that contain one AVPI 

segment, while bivalent SM like birinapant has two such motifs. Bivalent SM thus have higher 

binding affinities to cIAPs and result in higher potency and possibly increased efficiency in 

preclinical models (235, 237). One must however consider that bivalent SM might cause on-

target toxicities. On the other hand, birinapant has been well tolerated in phase I clinical studies 

(233).  Previous studies have established that SM induce cell death through autocrine TNF-

signaling (179, 278).  Consistent with this, we demonstrated in paper I that inhibiting TNF 

blocked SM-induced cell death in human pre-OC. We did not observe induction of TNF 

transcription after SM-treatment but rather detected constitutive low levels of TNF in the 

medium. This indicates that SM exploits human OC own production of TNF to induce its 

pharmaceutical effect, and that low TNF-levels might be sufficient. This could be beneficial in 

TNF-driven hyperinflammatory disease settings like rheumatoid arthritis, where OC 

dysregulation is part of the pathogenesis (279). However, we found that TNF was only partly 

involved in SM-induced inhibition of osteoclastogenesis. This warrants caution in combining 

SM with TNF-blocking antibodies as a treatment strategy for inflammatory diseases.  

Recruited pro-inflammatory macrophages are involved in several chronic autoimmune and 

inflammatory diseases such as rheumatoid arthritis and atherosclerosis (14, 280). In paper II, 

we identified that pro-inflammatory macrophages were considerably more susceptible to SM-

induced cell death compared to the other tested macrophage types. SM might thus be a 

treatment rationale in disease settings with inflammatory upregulation of pro-inflammatory 

macrophages. One must however consider that downregulation of inflammation can cause 

severe side effects as susceptibility to infections as shown for anti-TNF therapy, as a “just 

right” inflammatory response is necessary for proper immune function (281). We additionally 

demonstrated in paper II that LPS pretreated macrophages (M(LPS)) were substantially more 

inclined to SM-induced cell death than those pretreated with TNF and blocking TNF did not 

restrain cell death in M(LPS). Thus, the rationale of targeting these cells in chronic 

inflammatory settings like rheumatoid arthritis could be limited. However, this might be more 

beneficial in pathogen-induced inflammatory sepsis and cytokine storm.  

4.2. SM and TAK1-inhibitors reduce human OC activity 

MBD is a severe complication of MM associated with poor prognosis and pain in patients (47). 

Bisphosphonates are an established treatment option in MBD but display side effects as severe 
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musculoskeletal pain and upper gastrointestinal symptoms (282). This underlines the need for 

safer and more effective therapies targeting OC activity in MBD-patients. LCL-161 is currently 

undergoing phase II clinical trials as treatment of MM (235, 238, 239). Our hypothesis in paper 

I was that SM might have a beneficial role in reducing pathological bone degradation in 

addition to its antitumorigenic property in MM. We found that SM restrained 

osteoclastogenesis and shifted human OC to cell death. In addition, SM efficiently blocked 

myeloma BM aspirate-driven osteoclastogenesis. Treatment with SM could therefore have a 

beneficial effect in MM by reducing MBD in patients. Studies done by Zhou et al. further 

underlines that the SM birinapant could be a potential MM drug (283). They found a synergistic 

effect of co-treatment of birinapant with the proteasome inhibitor bortezomib through 

inactivation of NF-κB signaling and induction of caspase 8-dependent apoptosis. As they 

demonstrate that caspase 8-dependent cell death can be triggered in MM this is also consistent 

with our findings in paper III.  

In paper III we demonstrated that the TAK1-inhibitors NG25 and 5Z-7-oxozeaneol (5Z-7) 

blocked osteoclastogenesis, suggesting a beneficial treatment rationale in MM patients by 

potentially limiting MBD. By comparing the effect of SM (paper I) and TAK1-inhibitors 

(paper III) on pre-OC it is evident that targeting different components of the RIPK1-pathway 

might possess distinctive implications in MM-treatment. While SM did not affect MM cell 

viability, TAK1-inhibitors were cytotoxic to both myeloma cells and OC. Previous studies 

found that biallelic inactivation of cIAP1 and cIAP2 affects around 15% of MM patients 

included in the COMMpass data set (284). In contrast, Chesi et al. showed that LCL-161 

induced anti-myeloma activity in relapsed refractory MM patients (238). Interestingly, the anti-

myeloma effect was accomplished through an inflammatory type I IFN response activating 

macrophages and DCs to phagocytose tumor cells, and not a direct effect on the tumor cells. 

As we in paper II suggested that anti-inflammatory macrophages, such as TAMs, might be 

less sensitive to SM this could be another positive effect in treatment of MM. In sum, both SM 

and TAK1-inhibitors show promising results as agents blocking OC activity, underlining the 

importance of RIPK1-mediated pro-inflammatory signaling in OC survival and differentiation.  

4.3. SM-treatment display RIPK1-dependent cell death plasticity  

Previous studies have demonstrated that SM primarily sensitize cells to apoptosis and that 

necroptosis is only obtained upon caspase inhibition or depletion (233, 239, 285). In paper I 

we found that birinapant induced apoptosis in pre-OC but also necroptosis in some donors. We 

detected cleaved forms of caspase 8 and -3 as well as phosphorylated RIPK1 and RIPK3 
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suggesting that both the apoptotic and necroptotic machinery were functional, and that 

necroptosis could be activated without caspase 8 inhibition. In addition, pre-OC were only 

rescued from SM-induced cell death when subjected to both caspase and MLKL or RIPK1 

kinase inhibition. This is an exciting finding as we here show that SM can induce necroptosis 

in a setting where apoptosis also can be activated. It is unclear how this happens 

mechanistically, but physiological examples of necroptosis exist in several contexts. 

Necroptosis has been described as a back-up death mechanism when apoptosis is defective. It 

is an important anti-viral response in combatting the virus-mediated inhibition of apoptosis and 

promoting an innate immune response through the release of inflammatory mediators (202, 

286-288). Knockout of CASP3 and CASP8 are respectively perinatal and embryonical lethal in 

mice (289). Interestingly, necroptosis-resistant mice carrying RIPK1 kinase dead knock-in, or 

RIPK3 or MLKL knockout mutations are viable and display no developmental defects (95, 290-

293). In addition, necroptosis is identified as a contributor to pathology in several human 

diseases such as neurodegenerative disorders like multiple sclerosis and Alzheimer’s disease, 

hyperinflammatory settings like sepsis, and ischemia-reperfusion injury (222, 294-296).  In 

sum, the literature presents that necroptosis might be predominantly activated in pathological 

conditions, but our studies in paper I demonstrate that inhibitor-treatment is able to 

spontaneously activate necroptosis. This underlines its importance besides being an alternative 

cell death pathway upon apoptotic inhibition.  

In paper II we showed that SM-induced sensitivity and death mechanism were dictated by 

pro- and anti-inflammatory pretreatment in human macrophages. M(LPS) were considerably 

more susceptible to SM-induced cell death compared to the other tested macrophage types and 

monocytes. This was caused by a potentiation of apoptosis in M(LPS). We detected cleaved 

caspase 8 and -3 while MLKL and RIPK1 kinase inhibition did not rescue birinapant-induced 

cell death. In contrast, the other tested macrophage types depended on the necroptotic 

machinery for full birinapant cytotoxicity as cell death was restrained when subjected to MLKL 

or RIPK1 kinase inhibition. Other studies have showed that anti-inflammatory macrophages 

are prone to necroptosis upon TAK1-inhibitor and SM treatment, but here following 

combination with the pan-caspase inhibitor zVAD (198, 297). Combination with zVAD did 

not affect birinapant cytotoxicity in M(LPS) but rather displayed an increase in phosphorylated 

RIPK1 as well as blocking caspase cleavage. This demonstrates that the necroptotic machinery 

is functional in M(LPS) and that they can be re-directed to necroptosis upon caspase inhibition. 
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Interestingly, a newly published paper by Huang et al. showed that caspase inhibition prolongs 

inflammation in response to LPS by promoting a signaling complex with RIPK1 where 

activated RIPK1 promotes its own scaffold function to regulate NF-κB-mediated 

proinflammatory signaling (298). SM-treated M(LPS) also induced IL-1β release but as this 

was found to be independent of caspase 1 and as the pore-forming GSDMD p30 form were not 

detected, this indicates no involvement of pyroptosis. Sagulenko et al. and Ørning et al. have 

demonstrated that caspase 8 is able to cleave IL-1β and this might be the case in our system as 

well (91, 218). We did however not determine if IL-1β existed in the pro- or cleaved form. LPS 

treatment of macrophages has been demonstrated to transcriptionally upregulate IL-1β 

production (299). One hypothesis could be that LPS-induced IL-1β is only released by 

membrane rupture mediated by secondary necrosis occurring after initial apoptosis (300, 301).  

How macrophage subtypes are wired towards different cell death modes upon SM-treatment is 

an interesting further perspective. In the project related to paper I we performed a mass 

spectrometry study but no general re-wiring of the proteome regarding up-regulation of 

necroptotic factors in OC were found (data not shown). Other factors that could contribute to 

necroptosis in OC are increased levels of calcium and reactive oxygen species during 

osteoclastogenesis that has been found to trigger the phosphorylation of RIPK1 through the 

JNK pathway (302-304). In addition, recent studies by Yang et al. proposed that caspase 8 

mediated blockade of necroptosis is eliminated in vivo by p90 ribosomal S6 kinase (RSK) 

which phosphorylates pro-caspase 8 thereby bypassing necroptotic inhibition (305). In paper 

II, our MS study did not reveal a general up- or down-regulation of apoptotic or necroptotic 

proteins between M and M(LPS+IFN-γ) that could explain the potentiation of apoptosis in 

pro-inflammatory macrophages. In addition, we showed that other cell death inducers did not 

yield the same cell death pattern, suggesting SM-specific effects rather than a general re-wiring 

of the cell death machinery. Lastly, the gain-of-apoptosis in M(LPS) was correlated with 

increased cFLIPL and cFLIPS protein levels, contrary to the literature that states that cFLIPL-

caspase 8 block apoptosis and cFLIPS promote necroptosis (100). Taken together our findings 

in paper II are surprising given a model where caspase 8 activity dictates cell death outcomes. 

This suggest that caspase 8 can be specifically restrained in human macrophages, and that 

proinflammatory stimuli in combination with SM releases caspase 8 activity, resulting in a 

more potent cell death response. 
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Importantly, our results demonstrating that treatment with SM induce cell death in human OC 

and macrophages are in line with existing literature describing that treatment with SM disrupt 

the early NF-κB independent cell death checkpoint in the TNFR1 signaling pathway (161, 179, 

306). However, recent evidence demonstrates that the ubiquitylation of RIPK1 by cIAP1/2 only 

repress RIPK1 indirectly. The inhibition of RIPK1 kinase-dependent cell death requires a two-

step mechanism where the ubiquitylation of RIPK1 is a prerequisite for the IKKα/β-mediated 

phosphorylation of RIPK1 (166). How this phosphorylation restricts cell death is unclear and 

theories include the prevention of RIPK1 to dissociate from the membrane bound complex, 

alteration of its enzymatic activity or influencing binding of RIPK1 to the cytosolic death 

inducing complexes (110). In the case of cIAP1/2 depletion, the NF-κB2 kinase NIK has been 

demonstrated to phosphorylate RIPK1 which in contrast to IKKα/β-mediated phosphorylation 

of RIPK1 mediates the assembly of complex IIb (307). In paper I and paper II, we observed 

apoptosis in the situation of SM-treatment this indicates induction of RIPK1-kinase dependent 

apoptosis (complex IIb). Of note, as cIAP1/2 is a NF-κB inducible pro-survival molecule 

cIAP1/2 depletion can result in RIPK1 kinase-independent apoptosis (complex IIa) as well. In 

sum, further investigation on the SM-induced modifications on RIPK1 are necessary to further 

understand how cell death is induced in this context in human OC and macrophages.  

Our observation that SM can induce both apoptosis and necroptosis in human macrophage 

systems is an exciting finding as it demonstrates that these cells can shift between different cell 

death modes when required. This is consistent with a proposed concept of cell death plasticity 

by Malireddi et al. named PANoptosis (pyro-apo-necroptosis) (308, 309). They established 

that there is extensive crosstalk between the death pathways and proposed that a complex of 

apoptotic, necroptotic and pyroptotic components regulate cell death in a different manner than 

previously believed (310).  In an autoinflammatory setting in mice it has been demonstrated 

that combined deletion of RIPK3, CASP1 and CASP8 rescued the mice from osteomyelitis 

while inhibition of a single cell death arm was not sufficient (311, 312). Interestingly, recent 

research has demonstrated that PANoptosis can be induced in SARS-CoV-2 infection upon 

inflammatory stimuli (313). As they found that PANoptosis mediated by inflammatory 

cytokines are a key driver of pathology, SM might not be a potential treatment option for 

COVID-19 patients. However, it might be more complicated as our MS data in paper II 

suggests that SM-treatment targets macrophages involved in COVID-19. Another paper by 

Malireddi et al. found that LPS priming of TAK1-deficient macrophages induced a RIPK1 

kinase independent complex inducing caspase 8-dependent apoptosis and NRLP3-driven 
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pyroptosis (308). They additionally found fully functional RIPK1 kinase activity that induced 

necroptosis independent of this apoptotic-pyroptotic complex. This underlines the complexity 

that exists in our research interest of RIPK1-dependent cell death and a more comprehensive 

understanding of this regulation in our systems is a desired aim in further investigation.  

4.4. Targeting the RIPK1-pathway in human versus mice systems 

The consequence of treatment with SM on mice systems have been extensively studied, but the 

effect on human OC and other macrophage systems are less described. In paper I we found 

species-specific differences in the response to SM treatment in human and mouse OC. While 

SM efficiently reduced human OCt numbers and viability, low doses increased this in murine 

OC. In addition, a considerably higher SM-concentration was needed to restrain 

osteoclastogenesis murine OC compared to humans. The fact that SM are able to increase OC 

numbers have been confirmed by others, supporting our findings (314, 315).  

For further studies it would be interesting to investigate if there are species-specific differences 

in response to SM treatment in other macrophage types as well. Recent studies by Ali et al. 

showed a similar effect between mice and human macrophages when treated with LCL-161. In 

contrast, Lawlor et al. demonstrated that birinapant treatment in LPS pretreated murine 

macrophages does not induce a high degree of cell death, no IL-1β production, and that a 

change in sensitivity is only obtained when knocking out XIAP (210, 316). Their experimental 

setup is comparable to ours in paper II, but as it contradicts our findings it might indicate that 

the SM-response is different in mouse and human macrophage systems. 

Lamothe et al. have demonstrated that TAK1 is a key factor in regulating OC activity and 

osteoclastogenesis in mice (50, 83). Consistent with this, we demonstrated in paper III that 

the TAK1-inhibitors NG25 and 5Z-7 blocked osteoclastogenesis and were cytotoxic to human 

pre-OC at higher doses. Collectively, the results in this thesis demonstrate that there are 

species-specific differences in response to SM between mouse and human OC, but that the 

response to TAK1-inhibitors might be more comparable. In other words, targeting different 

components in the RIPK1-pathway might possess differences in how translational the effect is 

from mice to human systems. As our results is only from in vitro human OC systems, the 

response to SM in human in vivo systems might display significant differences. This warrants 

caution in future clinical trials of SM-based therapy with respect to effect on OC activity.  
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4.5. Pharmacological inhibitors versus genetic approach in inhibiting TAK1 

In paper III, we used a pharmacological approach with the TAK1-inhibitors NG25 and 5Z-7. 

The use of inhibitors versus genetic approaches such as CRISPR-Cas9 and knockout mice is 

an interesting discussion where both approaches have their advantages and limitations. On one 

side, genetic approaches potentially remove all transcripts of the gene of interest giving a 

permanent and stable knockdown. Inhibitors on the other hand bind and inhibit the protein 

directly but the protein remains present. This can have important implications as the protein 

may lack certain activity but might still interact with some binding partners or assemble into 

macromolecular complexes.  

An important factor when deciding between a genetic approach or pharmacological inhibition 

is the purpose of the research project in question. If the goal is to decipher the biological 

function of a gene such as TAK1, CRISPR-Cas9 or knockout models would be appropriate. In 

paper III, we wanted to study the effect of TAK1-inhibition on MM cells both alone and in 

combination with alkylating agents which are well-established myeloma drugs. As we here 

focused on the potential of TAK1-inhibitors for clinical use i.e. its drugability and thus the 

effect of the inhibitors rather than the effect of the enzyme, a pharmacological approach was 

chosen.  

Well-known challenges with pharmacological inhibitors are the possibilities of off-targets 

effects, unspecific dose-effects, or resistance. 5Z-7 has been demonstrated to exhibit inhibitory 

activity against other kinases than TAK1 i.e. causing off-target effects, but importantly shows 

specific inhibition of the TAK1-pathway in hematological cancer cells (317). Of note, even 

though genetic approaches such as CRISPR-Cas9 have been proven to be much more specific 

and thus safer than inhibitors, off-target modifications can still be a possible challenge (318).  

However, it is very unlikely that different approaches for inhibiting the function of a protein 

exhibits similar off-target effects. Thus, the strongest argument for describing the cellular or 

physiological role of a protein such as TAK1 is to demonstrate similar effects across different 

approaches, such as pharmacological inhibition and genetic knockout.  

  

4.6. TAK1-inhibitors and SM as possible treatment options in MM  

NF-κB and MAPK signaling regulate immune- and oncological survival and induce the 

expression of genes involved in MRD and drug resistance in MM (319). TAK1 is a key 

activator of NF-κB and MAPK and our analysis of data from the MMRF CoMMpass study in 
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paper III revealed that MM patients with high expression of TAK1 had decreased overall and 

progression free survival. Based on this, we hypothesized that targeting TAK1 could be a 

promising therapeutic option in MM. We found that the TAK1-inhibitors NG25 and 5Z-7 were 

cytotoxic to both myeloma cell lines and patient samples. We additionally demonstrated that 

TAK1-inhibitors had an additional antitumorigenic effect through blocking osteoclastogenesis 

and could thus limit MBD in patients. These findings are supported by previous work and has 

highlighted the novelty of TAK1-inhibitors as possible MM drugs as they could potentially be 

used in combination with existing treatment options and target the interaction between MM 

cells and the surrounding microenvironment (320, 321).  

The inhibition of TAK1 has been demonstrated to shut off the early NF-κB independent cell 

death checkpoint and consequently induce RIPK1 kinase-dependent apoptosis without 

influencing the ubiquitylation of RIPK1 (164). This has been shown to be due to an IKKα/β-

induced inhibiting phosphorylation of RIPK1 on serine 25 (166, 167). However, the role of 

TAK1 in repressing RIPK1 cytotoxicity has been proven to be even more complex. TAK1 are 

also involved in the activation of the p38 MAPK pathway and recent publications has 

demonstrated that the p38-substrate MK2 additionally phosphorylate RIPK1 to restrict cell 

death (322-324). In the case of TAK1-inhibition, further studies on the cytotoxicity on the 

myeloma cells and OC should be performed to provide a broader understanding of the mode 

of cell death induced including the NF-κB independent regulation of RIPK1 cytotoxicity by 

TAK1. 

The alkylators melphalan and cyclophosphamide are used in high-dose therapy of MM patients, 

but are associated with side effects and development of drug resistance (325). As genotoxic 

stress induces TAK1-signaling we proposed that TAK1-inhibitors would render MM cells 

more sensitive to melphalan. In paper III we demonstrated that combination with TAK1-

inhibitors decreased the IC50 of melphalan in MM cells. Thus, this combination might be a 

beneficial treatment option by lowering the doses of DNA-damaging drugs possibly reducing 

side effects, drug resistance and MRD. However, this assumes that TAK1-inhibitor treatment 

displays minimal side effects and needs further investigation. An interesting future objective 

of the use of alkylators in anti-cancer treatment was proposed by Sriram et al. which found that 

DNA-damaged tumor cells can work as an adjuvant in anti-tumor immunity as an alternative 

to immune checkpoint therapy (326). They showed that cells injured by DNA-damaging agents 

induced strong DC-dependent T-cell priming and expansion. In paper III we also 

demonstrated that TAK1-inhibition induced caspase-dependent apoptosis. Further 
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investigation on the involvement of other cell death pathways are however needed. A newly 

published paper by Han et al. showed that radiation therapy activates the inflammasome and 

that IL-1β production is necessary for the anti-tumor activity of immune cells (327). An 

interesting future aspect is thus if therapy-induced DNA-damage promote a similar beneficial 

inflammatory effect.   

In sum, the studies in this thesis demonstrates that pharmaceutical targeting of the RIPK1-

pathway by SM induce apoptosis and necroptosis in human macrophage subtypes. As SM and 

TAK1-inhibitors restrained osteoclastogenesis and shifted OC to cell death, treatment could 

potentially limit MBD in MM-patients. In paper I we showed that SM blocks 

osteoclastogenesis and induce TNF-dependent cytotoxicity through both apoptosis and 

necroptosis in human OC. SM-treatment additionally dampened MM-driven 

osteoclastogenesis, indicating a possible beneficial role in reducing MBD in patients. In, paper 

II we found that SM-treatment affect macrophages differently depending on pro- or anti-

inflammatory pretreatment. Pro-inflammatory treatment potentiated SM-induced apoptosis in 

human macrophages which could be useful in pathologies where inflammatory over-activation 

of macrophages is a challenge. In paper III we demonstrated that TAK1-inhibitors induce 

cytotoxicity in MM cells and OC. TAK1-inhibitors also potentiated the cytotoxicity of the 

DNA-damaging drug melphalan, suggesting a beneficial combination in MM treatment. We 

additionally demonstrated that TAK1-inhibitors blocked osteoclastogenesis, and treatment 

could thus have a beneficial antitumorigenic effect by reducing MBD in MM patients. 
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5 Future perspectives 

In the studies presented in this thesis we have focused on how pharmaceutical targeting of the 

RIPK1-pahthway induce cell death in human macrophage systems and a possible therapeutic 

option in MM. In paper I we found that treatment with SM blocked osteoclastogenesis and 

induced cytotoxicity in human OC and that treatment with SM might possess an additional 

benefit in MM by reducing bone degradation. Paper II focused on that pro- and anti-

inflammatory pretreatment dictated SM-induced cell death in human macrophages. In paper 

III we demonstrated that TAK1-inhibitors were cytotoxic to MM and patient cells and reduced 

differentiation and viability of human OC.  

The immediate perspectives in the continuation of these studies is understand how macrophage 

subtypes are wired towards different cell death modes upon SM-treatment. For future studies 

it could be interesting to perform RNA-seq and MS analysis to determine which inflammatory 

genes are expressed in the different subtypes and up-regulated during cell-death stimuli. 

Immunoprecipitation and confocal microscopy studies could be used to identify which 

components are involved in initiation and execution of cell death in the different subtypes. In 

addition, it would be interesting to determine the inflammatory profile of necroptosis upon SM-

treatment by analyzing the secretome by MS for DAMPs, and multiplex analysis for 

inflammatory cytokines.  

In this thesis we studied pharmaceutical targeting of IAPs through treatment with SM. For 

future studies it would be interesting to study other bivalent SM to deduce if the observed cell 

death potency is a birinapant- or bivalent SM-specific effect. Another future perspective would 

be to perform Crispr-Cas9 or siRNA studies of cIAP1 and cIAP2 in human primary 

macrophages to determine whether they have specific functions in determining cell death 

outcomes.  

As we demonstrated that treatment with SM and TAK1-inhibitors blocked osteoclastogenesis 

and induced cytotoxicity in human OC, we proposed a possible beneficial role in treatment of 

MM. Further studies on the effect on bone resorption activity should be performed to conclude 

with this. It would also be interesting to co-culture MM cells and OC to get a better 

understanding of the interplay between these cells upon SM- and TAK1-inhibitor-treatment. 
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6 Conclusions 

RIPK1-dependent cell death regulates inflammation and homeostasis in macrophage systems. 

Several drugs including Smac-mimetics and TAK1-inhibitors have been extensively studied in 

chronic diseases and cancers, but the effect on human primary OC and other macrophage 

subtypes have been limited. Further studies are necessary to investigate context-specific drug 

responses to ensure effectiveness and avoid adverse side effects.  

The three studies presented in this thesis are focused on pharmaceutical targeting of RIPK1-

signaling by SM and TAK1-inhibitors in human macrophage systems and their therapeutic 

potential in MM. In this thesis we demonstrated that treatment with SM and TAK1-inhibitors 

blocks osteoclastogenesis and induce cytotoxicity in human OC. SM-treatment induced both 

RIPK1 kinase dependent and caspase dependent cell death through necroptosis and apoptosis, 

consistent with the concept of cell death plasticity. SM-treatment also dampened MM-driven 

osteoclastogenesis which might possess an additional benefit by reducing MBD in patients. 

We also demonstrated that SM-treatment affects macrophages differently depending on pro- 

or anti-inflammatory pretreatment. Pro-inflammatory treatment potentiated SM-induced 

apoptosis in human macrophages accompanied by IL-1β release. Taken together, our findings 

suggest that SM holds therapeutic potential in disease setting were upregulation of pro-

inflammatory macrophages is involved. Lastly, we demonstrated that TAK1-inhibitors induce 

cytotoxicity in MM cells and OC. TAK1-inhibitors also potentiated the cytotoxicity of the 

DNA-damaging drug melphalan, suggesting a beneficial combination in MM treatment. 

TAK1-inhibitors were also shown to block osteoclastogenesis, which could have a beneficial 

antitumorigenic effect by reducing bone disease in patients.  

Altogether, this work contributes to the understanding of pharmaceutical targeting of RIPK1-

signaling in human macrophage systems and as potential therapy candidates for treatment of 

inflammatory conditions and cancers such as multiple myeloma.  
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Smac-mimetics reduce numbers and viability of
human osteoclasts
Ingrid Nyhus Moen1,2, Marita Westhrin1, Erling Håland1, Markus Haug1, Unni Nonstad1, Merisa Klaharn1,
Therese Standal1 and Kristian K. Starheim 1,2

Abstract
Elevated activity of bone-degrading osteoclasts (OC) contributes to pathological bone degradation in diseases such as
multiple myeloma. Several proinflammatory cytokines, including TNF, contribute to osteoclastogenesis. The receptor-
interacting protein kinase 1 (RIPK1) regulates inflammation and cell death. It is recruited to the TNF-receptor complex,
where it is ubiquitinated, and activates transcription factor NF-κB and mitogen-activated protein kinases (MAPK). Smac-
mimetics (SM) is a group of drugs that block RIPK1 ubiquitination and shifts RIPK1 to activation of apoptosis or
necroptosis. In this manuscript, we show that the two SM birinapant and LCL-161 reduced the number and viability of
primary human OC, and induced TNF-dependent cell death in OC precursors (pre-OC). Birinapant was more cytotoxic
than LCL-161 and induced predominantly apoptosis and to some degree necroptosis. Both inhibitors restrained
osteoclastogenesis induced by myeloma patient bone-marrow aspirates. SM has gained attention as novel treatment
strategies both for cancer and chronic inflammatory pathologies, but limited information has been available on
interactions with primary human immune cells. As LCL-161 is in phase 2 clinical studies for multiple myeloma, we
propose that SM might possess additional benefits in reducing bone degradation in myeloma patients. Taken
together, we show that SM reduces human osteoclastogenesis, and that these compounds may represent promising
drug candidates for pathological bone degradation.

Introduction
Bone is a dynamic tissue that is constantly degraded and

re-built. Excessive bone loss is caused by estrogen deple-
tion, genetic susceptibility factors, drug treatments, and
chronic inflammation. It is the cause of osteoporosis, and a
contributing factor in the pathology of inflammatory dis-
eases such as osteoarthritis and rheumatoid arthritis. In
addition, several cancers, such as multiple myeloma,
induce bone degradation to increase nutrient availability
or carve out metastatic niches, resulting in poorer prog-
nosis and painful complications for the patient1,2.
Bone homeostasis is a tightly regulated balance between

bone-degrading osteoclasts (OC) and bone-forming
osteoblasts (OB). Excessive bone degradation results

when this balance is compromised, for example by an
increase in cytokines necessary for osteoclastogenesis. The
OC are multinucleated cells that are specialized to degrade
mineralized bone matrix through secretion of lysosomal
enzymes in bone-degrading pits between the OC and the
bone. OC are of monocytic origin and can be considered a
specialized macrophage subtype. In normal bone home-
ostasis, OB and OC reciprocally regulate each other
through cytokine-mediated signaling and cell-cell contact.
The most prominent osteoclastogenic factor, receptor
activator of nuclear factor κB ligand (RANKL), is expres-
sed on the surface of OB3. Additionally, OB and stromal
cells secrete cytokines such as colony-stimulating factor 1
(CSF-1), as well as transforming growth factor beta (TGF-
β), tumor necrosis factor (TNF), and interleukins 6 and 1β
(IL-6, IL-1β) to stimulate osteoclastogenesis3,4. In addition,
TGF-β promotes osteoclastogenesis in multiple myeloma
bone disease5. TNF, IL-6, and IL-1β does not induce
osteoclastogenesis alone but synergize with RANKL to
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induce osteoclastogenesis even at very low RANKL-
levels4,6. The result is increased production and activity,
and decreased turnover of OC1,6. Antibodies blocking
TNF and IL-6 have proven highly efficient in a subset of
rheumatoid arthritis patients, but they are costly and have
adverse side effects7. Also, responses vary between
patients, with 30-40 % having no or insufficient responses8.
The baculoviral IAP repeat-containing protein 2 and 3

(BIRC2/3, also named cellular inhibitor of apoptosis 1 and
2, cIAP1/2), and x-linked inhibitor of apoptosis (XIAP)
proteins are ubiquitin ligases that restrict several forms of
regulated cell death, such as apoptosis and necroptosis9.
cIAP1/2 are partly redundant and regulate inflammation
through binding and ubiquitination of the receptor-
interacting protein kinase 1 (RIPK1). RIPK1 and IAP sig-
naling are central in the regulation of the hematopoietic
compartment and macrophage differentiation10,11. RIPK1
is recruited to the cytoplasmic domain of several ligand-
bound cytokine- and pattern-recognition receptors,
including tumor necrosis factor receptor 1 (TNFR1). Upon
receptor binding, RIPK1 is ubiquitinated by the ubiquitin
ligases TNF-receptor associated factors 2, 5, and 6 (TRAF2,
5, 6), cIAP1/2, and others. Ubiquitinated RIPK1 recruits
the kinases inhibitor of nuclear factor κ-B kinase α/β
(IKKα/β) and TGF-β activated kinase 1 (TAK1), that fur-
ther activates proinflammatory signaling, cytokine pro-
duction, and differentiation through nuclear factor (NF)-κB
and mitogen-activated protein kinases (MAPK)12. TAK1
can also be activated by RANK, and is necessary for
osteoclastogenesis in mice13. Prolonged NF-κB activation
or blockade of NF-κB activation leads to de-ubiquitination
of RIPK1. The non-ubiquitinated RIPK1 binds to caspase 8
and RIPK3 to activate two forms of regulated cell death:
apoptosis and lytic necroptosis, and under some circum-
stances pyroptosis12,14. Necroptosis is dependent on RIPK1
kinase activity, while apoptosis can be both dependent and
independent on RIPK1 kinase activity12. Whereas cIAP1/2
restrain cell death by acting on the RIPK1-receptor com-
plex, XIAP inhibits apoptotic executioner caspases 3 and 7,
and can also block necroptosis15–17.
IAP-inhibitors (also named Smac-mimetics, SM) have

gained attention as novel treatment strategies both for
cancer and chronic inflammatory diseases, but studies on
primary human immune cells have been warranted12,18.
Loss of IAP-activity triggers cell death through a dual
mechanism. IAP-inhibitors lead to stabilization of the
kinase mitogen-activated protein kinase kinase kinase 14
(Map3K14/NIK), with subsequent cleavage and activation
of the transcription factor RelB and TNF-production19.
SM will in parallel keep RIPK1 in an un-ubiquitinated
form. Autocrine TNF stimulation of the deubiquitinated
RIPK1 complex will then lead to cell death12,20.
We hypothesized that SM could shift osteoclasts to cell

death. The SM birinapant and LCL-161 are under phase 2

clinical trials for several cancer forms, including multiple
myeloma (LCL-161). We found that they reduced osteo-
clastogenesis and induced cell death in primary human
OC. On the basis of this, we propose that IAP-inhibitors
can specifically act to reduce osteoclast number and
excessive bone degradation.

Results
LCL-161 and birinapant reduce numbers and viability of
differentiating osteoclasts
To test whether SM affected OC differentiation and

viability, human CD14+ monocytes were grown in OC
differentiation medium supplemented with the SM bir-
inapant and LCL-161 throughout differentiation. Bir-
inapant has undergone phase 2 clinical trials for solid
tumors (clinical trials ID NCT0118849921). LCL-161 is
under phase 2 clinical trials for multiple myeloma (clinical
Trials ID NCT0195543422).
LCL-161 and birinapant reduced the amount of mature

OC compared to controls (Fig. 1A–D, total OC numbers
are given in Supplementary Fig. S1C, E). This was
accompanied by reduced viability, but reduced viability
could not completely account for the reduction in OC
numbers (Fig. 1E, Supplementary Fig. S1C, E). Birinapant
potently blocked OC formation at the tested doses. SM
cytotoxicity is described to be TNF-dependent23. A bio-
similar of the TNF-blocking antibody infliximab reduced
the number of OC and the combination of LCL-161 and
infliximab further lowered the number of osteoclasts, but
in an additive manner (Fig. 1B)24. Infliximab increased the
viability of birinapant-treated cells (Fig. 1E).
To investigate whether differentiating OCs were espe-

cially sensitive to SM as compared to macrophages, we
did a side-by-side comparison with differentiating mac-
rophages (Mϕ). SM was cytotoxic both to differentiating
OC and Mϕ, but differentiating OC displayed higher
sensitivity than differentiating Mϕ (Fig. 1F, G). This was
visible already at day 3 of differentiation (Supplementary
Fig. S1F, G). RANKL and TGF-β both contributed to this
increased sensitivity, but the contribution of each varied
between donors (Supplementary Fig. S1H, I).

Birinapant and LCL-161 induce TNF-dependent cell death
in pre-OC
To determine the mechanism of SM-induced cyto-

toxicity we established a standardized setup for SM-
treatment of primary human pre-OC. CD14+ monocytes
were differentiated for 7 days in the OC differentiation
medium. This time point was chosen as binuclear cells
would appear after about one week, although with some
donor variations. Pre-OC were treated with SM for the
indicated time points. Birinapant and LCL-161 induced
degradation of cIAP1, but not XIAP (Fig. 2A). The effect
on cIAP2 levels varied between donors (data not shown).
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Both inhibitors induced cell death, and birinapant was
more potent than LCL-161. Co-treatment with TNF and
SM gave a slight increase in cell death in some donors, but

this was not consistent (Fig. 2B, C, Supplementary Fig.
S2A, B). However, the TNF-binding antibody infliximab
blocked SM-induced cell death (Fig. 2D, E). The same

Fig. 1 (See legend on next page.)
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effect was observed after treatment with the TNF-binding
antibody 6H11 (Supplementary fig. S2C, D)25.
We further wanted to investigate whether birinapant or

LCL-161 induced TNF-production. We did not see SM-
induced increase in the expression of TNF. Neither did we
see changes in expression of the NF-κB controlled genes IL6
or CXCL8 by qPCR (Supplementary Fig. S2H, I, J). We did
however detect TNF in the medium by ELISA (Supple-
mentary Fig. S2F, G). This was in the picomolar range and

did not change after SM treatment. This suggests that SM
does not induce TNF-production in pre-OC, but rather that
there is a low level of TNF in the culture that is sufficient to
trigger cell death in concert with SM. The addition of
RANKL, TGF-β or combination of the two did not affect
SM sensitivity of pre-OC (Supplementary Fig. S2K, L).
As osteoclast cultures differentiated from primary

monocytes contain cells of various differentiation status,
we tested the effect of SM on purified human osteoclast

(see figure on previous page)
Fig. 1 LCL-161 and birinapant reduce viability and number of differentiating OC. Human CD14+-monocytes were treated with LCL-161 or
birinapant at indicated concentrations throughout OC differentiation, typically 10-15 days (A–E). Representative phase-contrast images of TRAP-
stained human OC, with arrowheads indicating multinuclear TRAP+ cells. Frame in first column indicates cutout for detailed view. Bar is 150 μM (A).
Fold change of TRAP+ multinuclear cells after birinapant and LCL-161 treatment with or without infliximab (0.1 µg/ml) (B). Mean and standard
deviations (SD) from 5 donors are shown. Single asterisk denotes statistical significance as compared to the untreated control or between indicated
groups, double asterisk denotes statistical significance as compared to control treated with infliximab (p < 0.05, One-way ANOVA). Representative
fluorescent microscope images of CD51/61-stained human OC, with arrowheads indicating multinuclear CD51/61+ cells (C). Frame in first column
indicates cutout for detailed view. Bar is 150 µM. Fold change of multinuclear CD51/61+ cells after birinapant and LCL-161 treatment (D). 5 donors,
mean and SD is shown. Asterisk denotes statistical significance as compared to the untreated control (p < 0.05, One-way ANOVA). Viability at the time
of TRAP+ quantification (E) shown as average and SD of 5 donors. Asterisk denotes statistical significance as compared to the untreated control (p <
0.05, One-way ANOVA). The viability of OC and Mϕ on day 10 of differentiation (F, G) measured with the Cell Titer Proliferation assay. 8 donors, mean,
and SD are shown. Asterisk denotes statistical significance between groups, double asterisk denotes statistical significance between indicated
controls (F, G) (p < 0.05, One-way ANOVA).

Fig. 2 Birinapant and LCL-161 trigger TNF-dependent cell death in pre-OC. Pre-OC were treated with 1 μM birinapant or LCL-161 at the
indicated time points, and cell lysates were analyzed for cIAP1 and XIAP protein levels by immunoblotting. GAPDH is loading control, shown for
corresponding membranes. One representative of three donors is shown (A). Pre-OC were treated with birinapant (B) or LCL-161 (C) alone or in
combination with 25 ng/ml TNF for 18 h and analyzed for cell death. 5 donors, mean, and SD are shown. Pre-OCs were treated with 1 μM of birinapant
(D) or LCL-161 (E) in combination with the TNF-blocking antibody infliximab (0.1 μg/ml) and analyzed for cell death. Cell death was measured by LDH-
release (B–E), 6 donors, mean and are shown (D–E). Viability of hOCP after treatment with indicated concentrations of LCL-161 (F) and birinapant (G)
alone or in combination with 25 ng/ml TNF for 18 h. Results are technical triplicates from one experiment. Cell viability was measured with the Cell Titer
Glo assay. Asterisks indicate groups significantly different from control (B, C, F, G) or between indicated groups (D, E, F, G) (p < 0.05, One-way ANOVA).
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precursor cells (hOPC, Lonza). SM treatment of hOPC for
18 h gave a reduction in viability with birinapant being
more potent than LCL-161. The addition of TNF weakly
potentiated this effect (Fig. 2F, G). This was consistent
with the effect observed in primary pre-OC. Co-treatment
with infliximab reduced the loss of viability, demonstrat-
ing that at least part of the TNF is produced by the pre-
OC themselves.

Birinapant induce apoptosis and necroptosis in pre-OC
TNF-driven SM cytotoxicity is mediated through RIPK1-

dependent apoptosis or necroptosis. While apoptosis can be
both dependent and independent of the RIPK1 kinase
activity, necroptosis is RIPK1 kinase dependent12. To
decipher the mode of cell death induced by SM we inves-
tigated whether the apoptotic and necroptotic inhibitors
zVAD, necrosulfonamide (NSA) or necrostatin-1s (Nec-1s)
were able to rescue pre-OC from SM-induced cell death.
zVAD is a pan-caspase inhibitor that blocks apoptotic
caspases, NSA inhibits the necroptotic effector MLKL while
Nec-1s blocks RIPK1 kinase activity.
Nec-1s did not block birinapant cytotoxicity. Co-

treatment with birinapant and zVAD potentiated bir-
inapant. This can be explained by the function of caspase 8
in balancing cell death induction: inhibition can lead to

excessive necroptosis26. The combination of zVAD and
Nec-1s to a large extent neutralized birinapant + zVAD
cytotoxicity (Fig. 3A). NSA alone did not significantly
reduce birinapant-induced cytotoxicity, but it almost com-
pletely reversed birinapant + zVAD cytotoxicity (Fig. 3A).
LCL-161 treatment-induced low levels of cell death, and

this was potentiated by zVAD. Combining LCL-161 +
zVAD with Nec-1s or NSA blocked this cytotoxicity
(Fig. 3B).
The RIPK3 inhibitor GSK872 did not affect birinapant-

induced cell death (Supplementary Fig. S3A). However,
the role of RIPK3 enzymatic activity in necroptosis is
enigmatic, and it seems that RIPK3 kinase activity has
several other roles besides phosphorylating and activating
MLKL27.
Birinapant-induced cleavage and activation of the

apoptotic caspases 8 and 3, but kinetics differed between
donors (Fig. 3C, Supplementary Fig. S7)28. RIPK1 and
RIPK3 phosphorylation at serine 166 and 227, respectively
was observed in a subset of donors, indicative of activation
of the necroptotic kinase-cascade29. This supports a
model where cell death can be mediated through both
RIPK1 kinase dependent and independent death,
necroptosis, and apoptosis, but with caspase 8/3 mediated
apoptosis as the main pathway.

Fig. 3 Birinapant induces necroptosis and apoptosis in human pre-osteoclasts. Pre-OC were treated with birinapant (A) or LCL-161 (B) in
combination with 20 μM zVAD, 1 μM NSA or 10 μM Nec-1s for 18 h before measuring the cytotoxicity by LDH-release, shown for 13 (A) and 15 (B)
donors. Single asterisk denotes statistical significance as compared to the untreated control or between indicated groups, double asterisk denotes
statistical significance as compared to SM treatment alone (p < 0.05, One-way ANOVA). Individual donors, average, and SD are shown. Pre-OC were
treated with 1 µM birinapant for 4 h and cell lysates analyzed for caspase 8 cleavage, caspase 3 cleavage, RIPK1 serine 166 phosphorylation and
RIPK3 serine 227 phosphorylation by immunoblotting (C). β-Tubulin is loading control. One representative of 7 donors is shown.
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RIPK1-dependent apoptosis and necroptosis can trigger
inflammasome activation and IL-1β release through cas-
pase 8, RIPK3 as well as MLKL-induced membrane per-
meabilization14,30,31. We found no increased IL-1β levels
in the medium of pre-OC IAP-treatment (Supplementary
Fig. S3B, C).

Mouse osteoclasts display different dose-responses to SM
than human OC
Loss of IAP-activity can increase osteoclastogenesis and

bone degradation in mice32,33. This contrasts with our
observed effects of SM on human OC. To test whether
our findings were due to species differences or inhibitor-
specific effects, we isolated monocytes from the bone
marrow of C57BL/6 mice, differentiated them to OC and
co-treated them with LCL-161 or birinapant throughout
differentiation. Low doses of birinapant and LCL-161 and
birinapant increased viability of differentiating OC,
whereas higher doses recapitulated the effect observed in
human differentiating OC (Fig. 4A–E, Supplementary Fig.
S4A, B). Birinapant only reduced the number of TRAP+

mouse OC numbers at 100-fold higher concentrations
than what was observed for human OC (Fig. 4A, C,
Supplementary Fig. S4B).
Both SM gave a dose-dependent reduction in viability in

mouse pre-OCs (Supplementary Fig. S4C, D). Low doses
of TNF were sufficient to potentiate SM cytotoxicity.
In sum, low doses of SM during differentiation increase

the viability of mouse OCs while higher concentrations
block osteoclastogenesis and reduce viability, with LCL-
161 being more potent than birinapant.

LCL-161 and birinapant counter osteoclastogenesis driven
by myeloma patient bone-marrow aspirate
To test whether LCL-161 and birinapant also had an

effect on pathologically elevated osteoclastogenesis, we
took advantage of our access to biobanked bone-marrow
aspirate from multiple myeloma patients. Bone-marrow
aspirate from myeloma patients is known to induce
osteoclastogenesis and increase bone resorption. We dif-
ferentiated osteoclasts in the presence of bone-marrow
aspirate from myeloma patients or healthy controls. The
effect of aspirate on SM sensitivity was calculated as fold
change of TRAP+ cells as compared to no aspirate. Buffy
coat donors added some variation in absolute OC num-
bers (Supplementary Fig. S5A). 5% myeloma patient bone-
marrow aspirate in OC differentiation medium was suf-
ficient to increase osteoclastogenesis, while bone-marrow
aspirate from healthy donors did not (Fig. 5A).
SM reduced OC numbers both for healthy controls and

myeloma patients (Fig. 5A, Supplementary Fig. S5A). Thus,
SM was efficient in blocking osteoclast formation also
when osteoclastogenesis was pathologically elevated.
Birinapant-induced cytotoxicity on the differentiating OC

in the presence of bone-marrow aspirate, but this could not
account for the full reduction in OC numbers (Fig. 5B).
Neither LCL-161 nor birinapant reduced viability of
human myeloma cell lines (Supplementary Fig. S5B–G), as
has also been shown in other studies22.

Discussion
In this work, we showed that the SM birinapant and

LCL-161 reduced osteoclastogenesis and induced cell
death in human differentiating OC and pre-OCs. They
were also cytotoxic for differentiating human Mϕ, but
with lower sensitivity. Birinapant was most potent, which
is in accordance with earlier observations that bivalent
SM is more potent than monovalent SM18. SM also
dampened myeloma bone-marrow aspirate-driven osteo-
clastogenesis, giving a proof-of-concept that SM can
neutralize pathologically induced osteoclastogenesis.
SM cytotoxicity in pre-OC was blocked by a biosimilar

of the clinically approved TNF-blocking antibody inflix-
imab. This is consistent with other studies showing that
SM triggers cell death through an autocrine TNF-
loop34,35. The observation that infliximab partly inhibit
osteoclastogenesis, but reduce SM-induced death, warrant
caution in combining SM with TNF-blocking antibodies
as a treatment strategy for inflammatory diseases, and
show that SM reduces viability of osteoclasts both in a
TNF-dependent and independent manner: whereas low
concentrations during differentiation reduced viability of
OC independent of TNF, higher concentrations induced
TNF-dependent cell death.
We did not observe an induction of TNF transcription

after SM treatment. Rather, we observed a constitutive
low level of TNF in the medium. This demonstrates that
low levels of TNF might be sufficient to induce SM
toxicity in pre-OCs.
Birinapant and LCL-161 cell death could go through

both RIPK1 kinase dependent and caspase dependent.
Birinapant-induced apoptosis in pre-OC, and also
necroptosis in some donors. When caspases were inhib-
ited by zVAD, this potentiated cell death through RIPK1
kinase and MLKL. On the other hand, necroptotic inhi-
bitors did not affect cytotoxicity, and we speculate that
cells then shift to apoptosis. These observations are con-
sistent with a recently proposed concept of cell death
plasticity, where cells can shift between different cell
death mechanisms when required36.
Both apoptosis and necroptosis can give inflammasome

activation and IL-1β release, that is also involved in
cytokine release syndrome15,22. Cytokine release syn-
drome is a dose limiting toxicity of SM37,38. Here, SM did
not induce additional TNF, IL6 or CXCL8 expression,
TNF, or IL-1β production, suggesting that SM trigger cell
death without activating additional and possibly detri-
mental inflammation.
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Studies in mice have shown that SM can increase
osteoclast numbers32,33. Consistent with this, we found
that lower concentrations of SM increased viability and
osteoclastogenesis in murine OCs, but that higher con-
centrations of SM reduced viability and numbers of
mouse OC. We speculate that the increased osteoclast
numbers in mice can be due to low concentrations of SM

in the bone microenvironment. Birinapant reduced OC
numbers at 100-fold higher concentrations than in human
OC and was remarkably less cytotoxic, although showing
similar effects in pre-OC. This confirms that there are
species-specific differences in SM-response between
mouse and humans, and warrants caution in extrapolating
results from mouse models to humans. SM has been most

Fig. 4 SM induces dose-dependent effects on mouse osteoclasts. C57BL/6 mouse BMDMs were differentiated to OC and treated with LCL-161
and birinapant at indicated concentrations throughout OC differentiation (A–E). Representative phase-contrast images of TRAP-stained mouse OCs,
with arrowheads indicating multinuclear TRAP+ cells counted as OC. Frame in second column indicates cutout for detailed view. Bar is 150 μM (A).
Fold change of TRAP+ OCs after birinapant and LCL-161 treatment (B, C), shown for 8 donors. The viability of OC after differentiation SM was
measured by the Cell Titer Proliferation Assay (D, E). Individual mice, mean, and SD are shown. Asterisk denotes statistical significance as compared to
the untreated control (p < 0.05, One-way ANOVA).
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extensively tested in neoplastic cell systems and mouse
inflammatory models of cancer and inflammation, while
studies in non-neoplastic human primary cells have been
warranted18.
In conclusion, we here present data in primary human

osteoclasts that birinapant and LCL-161 blocks osteo-
clastogenesis and induce cytotoxicity in human OC. Both
LCL-161 and birinapant are under clinical trials as cancer
agents; LCL-161 is in phase 2 for multiple myeloma, and
LCL-161 might therefore give an additional beneficial
effect on reducing bone degradation in multiple myeloma
patients. Based on our findings, birinapant and LCL-161
can also be relevant for treating pathological bone degra-
dation, including those with chronic TNF-driven inflam-
mation and osteoclastogenesis.

Materials and methods
Cell culture
To generate primary human osteoclasts and macro-

phages, peripheral blood mononuclear cells were isolated
from healthy donors by density centrifugation. Buffy coats
were provided by the Blood Bank (St. Olavs Hospital,
Trondheim) with approval by the Regional Committee for
Medical and Health Research Ethics (REC Central, Nor-
way, No. 2009/2245). Subsequently, monocytes were iso-
lated using CD14+ magnetic bead separation according to
the manufacturer’s instructions (Miltenyi Biotec, Bergisch
Gladbach, Germany, 130-050-201). The purity of isolated
monocytes was assessed by flow cytometry. On average,
96% of the isolated monocytes expressed CD14 and
frequencies of contaminating DC-, B-, T-, and NK-cell
populations were below 0.5% (Supplementary fig. S1A, B).
For human osteoclast differentiation, CD14+ monocytes
were plated in α minimum essential medium (αMEM,
Thermo Fisher Scientific, Waltham, MA, USA, 41061-
029) supplemented with 10% heat-inactivated human
serum according to blood type, 30 ng/ml CSF-1 (216-
MC), 10 ng/ml RANKL (390-TN-010), and 1 ng/ml
TGF-β (240-B-002) (R&D systems, Minneapolis, MN,
USA)39,40. In average, 2% of cells were scored as mature
OC (Supplementary Fig. S1D). This is comparable to
previous observations on primary human OC cultures41.
Where indicated, bone-marrow aspirate from myeloma
patients and healthy donors was added to the medium
throughout differentiation to a final fraction of 5% (Fig. 5).
Bone-marrow aspirate was provided by Biobank1 (St.
Olavs Hospital, Trondheim) with approval by the Regio-
nal Committee for Medical and Health Research Ethics
(REC Central, Norway, No. 2011/2029). Informed consent
was obtained from all subjects, and samples were rando-
mized for disease status. The cells were differentiated for
6-7 days to obtain osteoclast precursors (pre-OC), and
until visible multinuclear cells for osteoclasts, typically
10-15 days. Macrophages were differentiated from CD14+

monocytes cultured in αMEM supplemented with 10%
heat-inactivated human serum according to blood type,
and 100 ng/ml CSF-1.
For assessment of the effect of SM in a purified osteoclast

system, human osteoclast precursor cells (hOCPs) were
used (Lonza, Walkersville, MD, USA). The hOCPs were
thawed, plated according to the manufacturer’s instructions,
and maintained in OCP medium (Lonza, PT-8201) in the
presence of 33 ng/ml CSF-1 and 66 ng/ml RANKL. Cells
were allowed to recover for 3 days before SM-treatment. To
evaluate the purity of the hOCP, cells were differentiated for
5 days to obtain mature osteoclasts, and then TRAP-
stained. We observed 67% multinuclear TRAP+ cells after
hOCP differentiation (Supplementary Fig. S2E).
The multiple myeloma cell line INA-6 (a kind gift from

Dr. Martin Gramatzki, Erlangen, Germany42) was grown

Fig. 5 SM blocks myeloma bone-marrow aspirate-driven
osteoclastogenesis. Human CD14+ monocytes were differentiated
in OC differentiation medium supplemented with 5% bone-marrow
aspirate from myeloma patients or healthy controls and treated with
LCL-161 or birinapant at indicated concentrations throughout OC
differentiation. TRAP+ cells with 3 or more nuclei were counted as OC
and represented as fold change of TRAP+ cells as compared to no
aspirate (w.o. aspirate) (A). Results are from 5 donors, mean and SD are
indicated. Cell viability was measured by the Cell Titer Proliferation
Assay (B). Results are from 4 donors, mean and SD is indicated. Single
asterisk denotes statistical significance as compared to the untreated
control within each group or between indicated groups. Double
asterisk denotes statistical significance as compared to untreated
control w.o aspirate (p < 0.05, One-way ANOVA).
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in 10% heat-inactivated fetal calf serum (FCS) in RPMI-
1640 medium (Sigma-Aldrich, St. Louis, MO, USA,
R8758) supplemented with 1 ng/ml recombinant human
IL-6 (Gibco, Thermo Fisher Scientific, PHC0061). JJN3
cells (a kind gift from Dr. Jennifer Ball, Department of
Immunology, University of Birmingham, UK) were
maintained in 10% heat-inactivated FCS in RPMI-1640
medium. RPMI-8226 cells (obtained from ATCC, Rock-
ville, MD, USA) were grown in 20% heat-inactivated FCS
in RPMI-1640 medium. All cell lines were routinely
checked for mycoplasma contamination and the authen-
ticity was confirmed using DNA-fingerprinting43.
For the generation of mouse osteoclasts, bone marrow

was isolated from mouse femurs of female and male
C57BL/6 mice (between 2 and 10 months of age, FOTS ID
16832), red blood cells were removed by red blood cell lysis
buffer (Thermo Fischer Scientific, 00-4333), and remaining
cells were seeded out in 10 or 15 cm dishes in αMEM
(Thermo Fisher Scientific) supplemented with 10% FCS and
100 ng/ml recombinant mouse CSF-1 (R&D Systems, 416-
ML). Adherent bone-marrow-derived mononuclear cells
(BMDM) were washed in sterile PBS and detached using
Trypsin/EDTA and cell scraping. The cells were then spun
down and resuspended in αMEM with 10% FCS, 30 ng/ml
recombinant mouse CSF-1, 10 ng/ml recombinant mouse
RANKL (R&D Systems, 462-TEC) and differentiated for
4–5 more days to obtain osteoclasts13.
The following compounds were used in cell culture:

6H11 (TNF-binding antibody25), birinapant (Selleckchem,
Munich, Germany, S7015), carbobenzoxy-valyl-alanyl-
aspartyl-[O-methyl]-fluoromethylketone (zVAD, R&D
Systems, FMK001), GSK872 (Selleckchem, S8465), inflix-
imab biosimilar (Absolute Antibody, Redcar, UK, Ab00146-
10.3), LCL-161 (Selleckchem, S7009), necrostatin-1s
(Nec-1s, BioVision, Mountain View, CA, USA, 2263-1),
necrosulfamide (NSA, BioVision, 9635-10), recombinant
human and mouse TNF (PeproTech Nordic, Stockholm,
Sweden, 300-01 A and R&D Systems, 410-MT-025).

Flow cytometry
After CD14+ magnetic bead separation, purity of mono-

cytes for osteoclast and macrophage differentiation was
assessed by flow cytometry. A fraction of cells was stained
with Fixable Viability Dye eFluor 780 (eBioscience, San
Diego, CA, USA, 650865-14). Subsequently, Fc-receptors
were blocked (Human SeroBlock, BioRad, BUF070B) and
cells stained with fluorescent antibodies. Cells were stained
for CD14 (PerCP/Cyanine 5.5, BD Biosciences, San Jose, CA,
USA, 562692, or FITC, eBioscience, 11-0149-42), CD11b
(PE, BD Biosciences, 333142) and CD45 (Alexa Fluor 700,
eBioscience, 56-9459-42). Contaminating cell populations
were identified by staining for CD3 (FITC, BioLegend, San
Diego, CA, USA, 317306), CD19 (eFluor450, eBioscience,
48-0199-42), CD56 (APC, eBioscience, 17-0567-42), CD11c

(PE/Cyanine, BioLegend, 331516), and CD303 (PerCP/Cya-
nine5.5, BioLegend, 354210). Staining with fluorescence-
matched isotype control antibodies and staining for total
peripheral blood mononuclear cells was performed as con-
trols. Cells were analyzed on a BD LSRII flow cytometer and
data were analyzed by FlowJo_V10 software (FlowJo, LLC,
Ashland, OR, USA). Frequencies of CD14+ monocytes and
contaminating cells were identified from the viable cell
population and quantified using GraphPad Prism6 (La Jolla,
CA, USA) software (Supplementary fig. S1A, B).

Assessment of osteoclast differentiation
The number of mature osteoclasts was assessed by

scoring the number of multinucleated cells (≥3 nuclei)
that were positive for tartrate resistant acid phosphatase
(TRAP) or integrin alpha V/ beta 3 (CD51/61)41. The cells
were fixed and stained for TRAP using the Leukocyte
Acid Phosphatase Kit (Sigma-Aldrich, 387A-1KT)
according to the manufacturer’s instructions. For CD51/
61 scoring, cells were fixated by paraformaldehyde and
stained for CD51/61 (BioLegend, 304416) and Hoechst
33342 as nuclear stain (Thermo Fisher Scientific, H3570).
Cells were imaged using EVOS FL Auto 2 Cell Imaging
System (Thermo Fisher Scientific, Norway).

Cytotoxicity and viability assays
For cell death assessment of pre-OC, cells were stimulated

in Opti-MEM serum-free medium (Thermo Fisher Scien-
tific, 11058-021), and cell death was calculated by measuring
lactate dehydrogenase-release (LDH) in medium using a
colorimetric assay according to the manufacturer’s instruc-
tions (TaKaRa Bio, Saint-Germain-en-Laye, France, MK401).
Cell viability was measured using the colorimetric Cell
titer 96® AQueous One Solution Cell Proliferation Assay
(Promega, Madison, WI, USA, G358C) or the luminescent
CellTiter-Glo® 2.0 Cell Viability Assay (Promega, G9242).

ELISA
The levels of TNF and IL-1β in the medium were

quantified by enzyme-linked immunosorbent assay
(ELISA, R&D Systems, DY210, and DY201) according to
the manufacturer’s instructions. The absorption at
450 nm was immediately detected using a 96-well plate
reader (Bio-Rad, Hercules, CA, USA, 16692) and the
Microplate Manager Software (Bio-Rad).

RNA extraction and qPCR
Total RNA was extracted from SM treated pre-OC using

RNeasy Mini kits including DNAse digestion with Qiacube
(QIAGEN, Hilden, Germany, 74104). Synthesis of cDNA
was carried out with the High-Capacity RNA-to-cDNA kit
according to the manufacturer’s instructions (Applied Bio-
systems, Thermo Fisher Scientific, 4387406). Relative gene
expression of TNF, IL6, and CXCL8 were quantified by
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Real-Time Quantitative PCR and TaqMan Gene Expression
Reagents (Applied Biosystems, 4364340) according to the
manufacturer’s instructions. ACTB was used as endogenous
control. Samples were run in duplicates on StepOnePlus
Real-Time PCR System (Applied Biosystems) and analyzed
by the Applied Step One software 2.3 (Applied Biosystems).
The following probes were used: TNF (Hs01113624_g1),
IL6 (Hs00985639_m1), CXCL8 (Hs00174103_m1), and
ACTB (Hs03023943_g1). Genes with a Ct value above 35
were considered as not detected.

Cell lysis and immunoblotting
Cells were washed with ice-cold phosphate-buffered sal-

ine (PBS) and lysed for 15min on ice (50mM tris-HCl, 1%
TritonX-100, 150mM NaCl, 5mM EDTA, protease inhi-
bitor cocktail (Roche, Basel, Switzerland, 1187358001),
1mM Na3VO4 and 50mM NaF). The samples were sepa-
rated on NuPAGE Bis-Tris gels with MOPS or MES run-
ning buffer (Invitrogen, Thermo Fisher Scientific). Proteins
were transferred from the gel onto a 0.2 μm nitrocellulose
membrane using the iBlot gel transfer system (Life Tech-
nologies, Thermo Fisher Scientific). The membrane was
blocked with 5% BSA in tris-buffered saline with 0.01%
Tween 20 (TBS-T) and incubated with primary antibodies.
Blots were washed with TBS-T before incubation with
horse-radish peroxidase- or fluorophore-conjugated sec-
ondary antibodies (Dako, Agilent, Santa Clara, CA, USA
and LiCor Biosciences, Lincoln, NE, USA). Membranes
were analyzed on a LiCor Fc or xCT (LiCor Biosciences).
For luminescence, a SuperSignal West Femto luminescence
substrate was used (Thermo Fisher Scientific, 34096).
The following antigens were analyzed (antibodies in

parenthesis): BIRC2/cIAP1 (Enzo, New York, NY, USA,
ALX-803-335-C100), β-tubulin (Abcam, Cambridge, UK,
Ab6046), β-actin (Cell Signaling Technologies (CST),
Danvers, MA, USA, 4970), caspase 3 (CST, 9662), caspase
8 (Enzo, ALX-804-242-C100), GAPDH (CST, 2118),
RIPK1 phospho-Ser166 (CST, 44590), RIPK3 phospho-
Ser227 (CST, 93654), XIAP (CST, 20425).

Statistical analysis
Experiments were performed on individual donors.

For cell death, viability, TRAP, and ELISA experiments,
individual donors are displayed with average and stan-
dard deviation of donors indicated on the plot. Statis-
tical analyses were performed using GraphPad Prism6
(La Jolla, CA, USA). A sample size of 5 or more donors
was used for most primary cell experiments. For
experiments performed on fewer than 5, no statistical
tests were performed. Exceptions are Fig. 2F–G, Sup-
plementary Fig. S2C-D, Supplementary Fig. S4C, D and
Fig. 5B. This was due to limited availability of hOCP
donors (Lonza), the TNF-blocking antibody 6H11, mice
and bone-marrow aspirate from myeloma patients,

respectively. The statistical tests used were one sample
Student’s t test for pair-wise comparison, and one-way
ANOVA with Bonferroni correction for comparison of
multiple groups. Statistical significance is marked with
asterisk in the figures.
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Supplementary Figure S1. Purity analysis of CD14-isolated monocytes, and sensitivity of OC and M to 

SM. Purity analysis of CD14+ monocytes isolated from peripheral mononuclear blood cells and content of 

contaminating DC, T-, B- and NK-cells by flow cytometry (A, B). 10 (CD14+), 5 (CD19/CD3+) and 4 

(CD45/CD56+, CD1C/CD303+) donors were quantified in (A), representative plots from one donor are shown in 

(B). Human CD14+ monocytes were differentated to OC and treated with indicated concentrations of LCL-161 

and birinapant with or without infliximab (0.1 µg) throughout differentation. TRAP+ cells with 3 or more nuclei 

were counted as OC (C). Results are from 5 donors. Individual donors, average and SD are shown. Single asterisk 

denotes statistical significance as compared to untreated control or between indicated groups. Double asterisk 

denotes statistical significance as compared to control treated with infliximab (p<0.05, One-way ANOVA).  % 

OC of total cell number (D) and number of OC (E) of CD51/61+ cells with 3 or more nuclei counted as OC . 

Results are from 5 donors. Individual donors, average and SD are shown. Asterisk denotes statistical significance 

as compared to untreated control (p<0.05, Student’s T-Test). Human CD14+-monocytes were differentiated in OC 

differentiating medium or CSF-1 and treated with the indicated doses of SM for three days before viability was 

measured (F, G). Results are from 5 donors. Individual donors, average and SD are shown. Asterisk denotes 

statistical significance compared between groups. Double asterisk denotes statistical significance as compared to 

individual controls (p<0.05, One-way ANOVA). Viability of CSF-1, CSF-1 + RANKL, CSF-1 + TGF-β and CSF-

1 + RANKL + TGF-β differentiated cells after LCL-161 (H) and birinapant (I) treatment measured by the Cell 

Titer Proliferation assay on day 10 of differentiation, shown for 5 donors. Individual donors, average and SD are 

shown. Asterisk denotes statistical significance as compared to cells cultured in CSF-1 (p<0.05, One-way 

ANOVA). 
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Supplementary Figure S2: LCL-161 and birianapant induce cell death in human pre-OCs dependent on 

TNF. Pre-OC were treated with 1 µM birinapant (A) or LCL-161 (B) in combination with indicated concentrations 

of TNF for 18 h, before cell ceath was measured by the LDH cytotoxcicity assay. Results are from 5 donors. 

Individual donors, average and SD are shown. Single asterisk denotes statistical significance as compared to 

untreated control. Double asterisk denotes statistical significance between groups (p<0.05, One-way ANOVA).  

Pre-OC were treated with 1 μM of birinapant (A) or LCL-161 (B) in combination with the TNF-binding antibody 

6H11 for 18  h, before cell death was measured by the LDH cytotoxicity assay. Results are from 3 donors. 

Individual donors, average and SD are shown.  Asterisk denotes statistical significance as compared to the 

untreated control or between indicated groups (p<0.05, One-way ANOVA). Representative phase-contrast image 

of TRAP-stained hOCP. Frame in second column indicate cutout for detailed view. Bar is 150 µM (E). Pre-OC 

were treated with 1 µM birinapant (F) or LCL-161 (G) for the indicated time points, and the concentration of TNF 

in medium was measured by ELISA, shown for 4 donors. Pre-OC were treated with 1 μM of birinapant for the 

indicated time points, RNA was isolated and analyzed for levels of TNF, IL6 and CXCL8 by qPCR (H-J), shown 

for 4 donors. Pre-OC were co-treated with the indicated doses of birinapant (K) or or LCL-161 (L) in combination 

with the indicated cytokines for 18 h before cell death was measured by the LDH cytotoxicity assay, shown for 3 

donors. Individual donors, average and standard deviations are shown. Asterisk denotes statistical significance as 

compared to individual controls (p<0.05, One-way ANOVA).  
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Supplementary Figure S3. SM effects on RIPK3 inhibition and IL-1 production. Pre-OC were treated with 

1 µM birinapant in combination with 20 M zVAD and/or 1 M RIPK3 inhibitor GSK872  for 18 hours before 

measuring the cytotoxicity by LDH-release (A). Five donors, average and standard deviations are shown. Single 

asterisk denotes statistical significance as compared to the untreated control or between indicated groups, double 

asterisk indicates statistical significant difference from birinapant alone (p<0.05, One-way ANOVA). Pre-OC 

were treated with 1 M birinapant (B) or LCL-161 (C) for 18 h, medium was collected, and the contentration of 

IL-1 was measured by ELISA. Average and SD for 3 individual donors is shown. 
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Supplementary Figure S4. Effect of SM on mouse OC. C57BL/6 mouse BDMDs were differentated to OC and 

treated with indicated concentrations of LCL-161 (A) and birinapant (B) throughout differentation. TRAP+ cells 

with 3 or more nuclei were counted as OC (A, B), shown for 8 donors. Individual donors, mean and SD are shown. 

Asterisk denotes statistical significance as compared to the untreated control (p<0.05, One-way ANOVA). 

Viability of mouse pre-OC after treatment with indicated concentrations of LCL-161 (C) or birinapant (D) in 

combination with indicated concentrations of TNF for 18 h, shown for 3 donors. Viability was measured by the 

Cell Titer Glo assay. Individual donors, average and standard deviations are shown. Asterisk denotes statistical 

significance as compared to untreated controls (p<0.05, One-way ANOVA).  
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Supplementary S5. Birinapant or LCL-161 effect on multiple myeloma driven osteoclastogenesis and 

multiple myeloma cell lines. CD14+-monocytes were differentiated in OC differentiation medium supplemented 

with 5% bone marrow aspirate from myeloma patients or healthy controls and treated with LCL-161 or birinapant 

at indicated concentrations throughout OC differentiation. TRAP+ cells with 3 or more nuclei were counted as OC 

(A), shown for 5 donors. Individual donors, average and SD are shown. Single asterisk denotes statistical 

significance compared to individual controls. Double asterisk denotes statistical significance as compared to no 

aspirate (w.o. aspirate) (p<0.05, One-way ANOVA). The multiple myeloma cell lines INA-6, JJN-3 and RPMI-

8226 were treated with the indicated doses of birinapant (B-D) or LCL-161 (E-G) for 18 hours before cell viability 

was measured by Cell Titer Proliferation Assay. Average and SD from 3 independent experiments are shown, and 

we observed no significant differences (p<0.05, Student’s T-Test). 
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Supplementary Figure S6. Donors and full immunoblots for SM effect on cIAP1 and XIAP protein levels. 

Pre-OCs were treated with 1 µM birinapant or LCL-161 at indicated time points, and cell lysates were analyzed 

for cIAP1 and XIAP protein levels by immunoblotting. GAPDH as loading control for donor1, β-tubulin as 

loading control for donor 2 and 3. Donor 1 is same as in Figure 2A.  
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Supplementary Figure S7. Donors and full immunoblots for birinapant activation of apoptosis and 

necroptosis. -actin as loading control for donor 1, membrane 2 and GAPDH as loading control for donor 7, 

membrane 2. Individual membranes are shown. Donor 1 is same as in Figure 3C. Quantification of p-RIPK1, p-

RIPK3, caspase 3 p17 and caspase 8 p18 levels normalized to the loading control is indicated below the respective 

blots. 
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Abstract 

Multiple myeloma (MM) is an incurable cancer caused by malignant transformation of 

plasma cells. Transforming growth factor-β activated kinase 1 (MAP3K7, TAK1) is a major 

regulator of nuclear factor kappa-light-chain-enhancer of activated B cells (NF- κB) and 

mitogen-activated protein kinase (MAPK) signaling. Both NF-κB and MAPK control 

expression of genes with vital roles for drug resistance in MM. TAK1 is an attractive drug 

target as it switches these survival pathways to cell death. Our analysis showed that patients 

with high MAP3K7 expression in the tumor had shorter overall and progression free survival. 

The TAK1-inhibitors NG25 and 5Z-7-oxozeaenol (5Z-7) were cytotoxic to MM cell lines and 

patient cells. NG25 reduced expression of MYC and E2F controlled genes, involved in tumor 

cell growth, cell cycle progression and drug resilience. TAK1 can be activated by genotoxic 

stress. NG25 and 5Z-7 induced both synergistic and additive cytotoxicity in combination with 

the alkylating agent melphalan. Melphalan activated TAK1, NF-B, and the MAPKs p38 and 

c-Jun N-terminal kinase (JNK), as well as a transcriptional UV-response. This was blocked by

NG25, and instead apoptosis was activated. MM induce elevated bone-degradation resulting

in myeloma bone disease (MBD), which is the main cause of disability and morbidity in MM

patients. NG25 and 5Z-7 reduced differentiation and viability of human bone degrading

osteoclasts, suggesting that TAK1-inhibition can have a double beneficial effect for patients.

In sum, TAK1 is a promising drug target for MM treatment.

Key points 

- TAK1-inhibitors reduce viability of myeloma cells alone and in combination with

melphalan.

- TAK1-inhibitors block shift oncogenic transcription programs to cell death.
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Introduction 

Multiple myeloma (MM) is the second most common hematological malignancy worldwide. 

It is characterized by malignant transformation of clonal plasma cells in the bone marrow 

accompanied by secretion of monoclonal immunoglobulins, and cancer-induced bone 

degradation (myeloma bone disease, MBD). The overall survival time of multiple myeloma 

has improved in the later years due to novel therapeutic strategies.1 However, the disease is 

still incurable due to minimal residual disease (MRD), development of drug resistance and 

relapse. A common treatment strategy in multiple myeloma is induction of DNA damage in 

the MM cells caused by DNA-damaging agents, such as melphalan. However, they are 

associated with side effects for the patients and they eventually develop of drug resistance.2 

Transforming growth factor-β activated kinase 1 (MAP3K7, TAK1) is a serine/threonine 

kinase that is activated by a variety of immune receptors, as well as genotoxic stress such as 

DNA-damage. TAK1 plays an important role in development of chemo resistance in a 

magnitude of different types of cancer.3 It induces expression of survival factors through 

nuclear factor kappa-light-chain-enhancer of activated B cells (NF-B) and mitogen activated 

protein kinases (MAPK). MAPK consist of three major families - extracellular-signal-

regulated-kinases (ERKs), p38 MAP kinases, and cJun NH2-terminal kinases (JNKs).4 NF-B 

and MAPK regulate a wide range of immune- and oncological survival programs, and 

constitutive NF-B activation is an important pro-tumor mechanism in MM.5 Several p38-

inhibitors have been tested in clinical trials for several types of cancer, but they have failed 

due to limited efficiency.6 Targeting the kinases upstream in the signaling pathway, such as 

TAK1, has been proposed.7 TAK1 restrains receptor-interacting serine/threonine-protein 

kinase 1 (RIPK1) dependent cell death, and inhibition of activated TAK1 shifts cells from 

pro-survival programs to cell death, making it an attractive drug target.8 TAK1-inhibition has 

shown promising results in MM, but with limited investigation.9,10 

Here, we show that the TAK1-inhibitors NG25 and 5Z-7 reduce viability of MM cell lines 

and primary cells. The combination of TAK1 inhibitors with melphalan or other DNA-

damaging agents increases the cytotoxicity in a synergistic or additive manner. TAK1-

inhibitors also reduced number and viability of osteoclasts, suggesting that they have an 

additional positive effect on MBD. Our findings suggest that TAK1-inhibitors in combination 

with DNA-damaging agents represent a potential treatment strategy in MM patients.  
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Methods 

Cell culture 

The myeloma cell lines used in this study were ANBL-6 (a kind gift from Dr. Diane Jelinek, 

Mayo Clinic, Rochester, MN, USA), INA-6 (a kind gift from Dr. Martin Gramatzki, 

Erlangen, Germany), JJN-3 (a kind gift from Dr. Jennifer Ball, University of Birmingham, 

UK), and RPMI-8226 (from ATCC, Rockville, MD, USA). ANBL-6 and INA-6 cells were 

grown in 10% heat-inactivated fetal calf serum (FCS) in RPMI-1640 (hereafter described as 

RPMI, Sigma-Aldrich, St. Louis, MO, USA, R8758) supplemented with recombinant human 

interleukin-6 (IL-6, 1 ng/ml) (Gibco, Life Technologies/Thermo Fisher Scientific, Waltham, 

MA, USA). JJN-3 cells were maintained in 10% heat-inactivated FCS in RPMI-1640. RPMI-

8226 cells were maintained in 20% heat-inactivated FCS in RPMI-1640. All cells were 

cultured at 37° C in a humidified atmosphere containing 5% CO2. 

To obtain primary myeloma cells, CD138+ cells were isolated from bone marrow specimens 

obtained through the Norwegian Myeloma Biobank (Biobank1) using RoboSep automated 

cell separator and Human CD138 Positive Selection Kit (StemCell Technologies, Grenoble, 

France). Informed consent was obtained from participating patients, and the regional ethics 

committee approved the study (REK Midt 2011/2029). Experiments with primary myeloma 

cells, were performed in 2 % heat-inactivated human serum (Blood Bank, St Olav’s 

University Hospital, Trondheim, Norway) supplemented with recombinant human IL-6 (1 

ng/ml). 

To generate primary human osteoclasts, peripheral blood mononuclear cells were isolated 

from healthy donors by density centrifugation. Buffy coats were provided by the Blood Bank 

(St. Olavs Hospital, Trondheim) with approval by the Regional Committee for Medical and 

Health Research Ethics (REK Midt 2011/2029). Osteoclasts (OC) and pre-osteoclasts (pre-

OC) was generated from PBMCs as described previously.11 In brief, monocytes were isolated 

using CD14+ magnetic bead separation according to the manufacturer’s instructions (Miltenyi 

Biotec, Bergisch Gladbach, Germany, 130-050-201). CD14+ monocytes were plated in α 

minimum essential medium (MEM, Thermo Fisher Scientific, 41061-029) supplemented 

with 10% heat-inactivated human serum according to blood type, 30 ng/ml CSF-1 (216-MC), 

10 ng/ml RANKL (390-TN-010), and 1 ng/ml TGF-β (240-B-002) (R&D systems, 

Minneapolis, MN, USA).11,12 The cells were differentiated for 6-7 days to obtain osteoclast 

precursors (pre-OC), and until visible multinuclear cells for osteoclasts, typically 10-15 days.  

The following compounds were used in cell culture: 5Z-7 (Sigma-Aldrich, O9890), 

doxorubicine (Sigma-Aldrich, D1515), etoposide (Sigma-Aldrich, E1383), NG25 

(MedChemExpress, Monmouth Junction, NJ, USA, HY-15434), melphalan (Sigma-Aldrich, 

St. Louis, MO, USA, M2011), recombinant human TNF (R&D Systems, 410-MT-025). 

 

 

 



 

 

5 

Assessment of osteoclast differentiation 

The number of mature osteoclasts was assessed by scoring the number of multinucleated cells 

(3 nuclei) that were positive for tartrate resistant acid phosphatase (TRAP). When 

multinucleated cells were visible by light microscopy, cells were fixed and stained for TRAP 

using the Leukocyte Acid Phosphatase Kit (Sigma-Aldrich, 387A-1KT) according to the 

manufacturer’s instructions.  

Cell lysis and western blotting 

Cells were sedimented and washed in PBS before in lysis 15 minutes on ice (50 mM tris-HCl, 

TritonX-100 (1%), 150 mM NaCl, 5 mM EDTA, protease inhibitor cocktail (Roche, Basel, 

Switzerland, 1187358001), 1 mM Na3VO4 and 50 mM NaF. The samples were separated on 

NuPAGE Bis-Tris gels with MOPS or MES running buffer (Invitrogen, Thermo Fisher 

Scientific). Proteins were transferred from the gel onto a 0.2 μm nitrocellulose membrane 

using the iBlot gel transfer system (Life Technologies, Thermo Fisher Scientific). The 

membrane was blocked with 5% BSA in tris-buffered saline with 0.1% Tween 20 (TBS-T) 

and incubated with primary antibodies. Blots were washed with TBS-T before incubation with 

horse-radish peroxidase- or fluorophore-conjugated secondary antibodies (Dako, Agilent, 

Santa Clara, CA, USA and LiCor Biosciences, Lincoln, NE, USA). Membranes were 

analyzed on a LiCor Fc or xCT (LiCor Biosciences). For luminescence, a SuperSignal West 

Femto luminescence substrate was used (Thermo Fisher Scientific, 34096).  

The following antigens were analyzed (antibodies in parenthesis): ATM phospho-Ser1981 

(Cell Signaling Technologies (CST), Danvers, MA, USA, 5883), Bad phospho-Ser112 (CST, 

5284), Bad (CST, 9239), Bak (CST, 12105), Bax (CST, 5023), BID (CST, 2002), Bim (CST, 

2933), -tubulin (Abcam, Cambridge, UK, Ab6046), Caspase 3 (CST, 9662), Caspase 8 

(Enzo, ALX-804-242-C100), Caspase 8 (CST 9748), Caspase 9 (CST, 9502), c-myc (CST, 

5605), ERK1/2 phospho-Thr202/Tyr204 (CST, 4370), ERK1/2 (CST, 9107), GAPDH (CST, 

2118), JNK phospho-Thr183/185 (CST, 4668), JNK, PARP (CST, 9532), p38 phospho-

Thr180/Tyr182 (CST, 9215), p38 (CST, 9212), p65 phospho-Ser536 (CST, 3033), p65 (CST, 

6956), TAK1 phospho-Thr184/187 (4508), TAK1 (CST, 4505).   

Cytotoxicity and viability assays 

For viability assessment of MM cells, CellTiter-Glo® 2.0 Cell Viability Assay (Promega 

Madison, WI, USA G358C) was used to measure the levels of ATP in the wells according to 

the manufacturer's instructions. 5 000 cells of MM cell lines and 10 000 cells of CD138+ 

primary MM cells were seeded in 96-well plates and stimulated as indicated and then 

incubated for 18 hours at 37 °C in humidified atmosphere containing 5 % CO2. Luminescence 

was measured with a Victor 1420 multilabel counter (Perkin Elmer Inc., Waltham, MA, 

USA). All conditions were done in triplicates, and all experiments were performed at least 

three times.  

For cell death assessment of pre-OC, cells were stimulated in Opti-MEM serum free medium 

(Thermo Fisher Scientific, 11058-021), and cell death was calculated by measuring lactate 

dehydrogenase-release (LDH) in medium using a colorimetric assay according to the 
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manufacturer’s instructions (TaKaRa Bio, Saint-Germain-en-Laye, France, MK401). Cell 

viability of OC and pre-OC was measured using the colorimetric Cell titer 96® AQueous One 

Solution Cell Proliferation Assay (Promega, G358C) or the luminescent CellTiter-Glo® 2.0 

Cell Viability Assay. 

Cell cycle analysis. 

INA-6 and RPMI-8225 cells were treated with TAK1-inhibitors or vehicle for 18 hours. Cells 

were then washed in PBS and fixated in ice cold methanol. Methanol was removed, cells were 

washed in PBS, and incubated in RNAse for 30 minutes at 37C to remove RNA, before 

propidium iodide was added and cells incubated for 30 minutes at 37C. Cells were then 

filtered with a 40 M filter. Data were acquired using a LSRII flow cytometer (BD 

Biosciences, San Jose, CA, USA) and analyzed in FlowJo (Tree Star, Inc., OR, USA) using 

the Watson pragmatic model. 

Survival and progression-free survival analysis of CoMMpass gene expression data. 

RNA sequencing data of CD138+ cells from 773 patients were available from the Multiple 

Myeloma Research Foundation CoMMpass Researcher Portal (IA15-release). Patient samples 

were divided into high and low MAP3K7 expression based on the upper 20th percentile (n= 

154 patients) and lower 80th percentile (n= 619 patients), and the CoMMpass researcher portal 

analysis tool was used to generate Kaplan-Meyer plots and hazard-ratio of progression-free 

survival and survival. 

Transcriptome sequencing 

INA-6 cells were treated with 2 μM NG25 or 10 μM melphalan or both for 6 hours. Total 

RNA was then extracted using RNeasy Mini kits including DNAse digestion with Qiacube 

(QIAGEN, Hilden, Germany, 74104). RNA quantity, quality/integrity and purity were 

evaluated using Qubit (Thermo Fisher Scientific, MA, USA), Bioanalyzer (Agilent, CA, 

USA) and NanoDrop (Thermo Fisher Scientific, MA, USA).  

RNA sequencing libraries were generated for 12 RNA samples, using SENSE mRNA-Seq 

library prep kit V2, according to manufacturer’s instructions (Lexogen GmbH, Vienna, 

Austria). In brief, 800 ng of total RNA was prepared and incubated with magnetic beads 

coated with oligo-dT, then all other RNAs except mRNA were removed by washing. Library 

preparation was then initiated by random hybridization of starter/stopper heterodimers to the 

poly(A) RNA still bound to the magnetic beads. These starter/stopper heterodimers contain 

Illumina-compatible linker sequences. A single-tube reverse transcription and ligation 

reaction extends the starter to the next hybridized heterodimer, where the newly synthesized 

cDNA insert was ligated to the stopper. Second-strand synthesis was performed to release the 

library from the beads. The resulting double-stranded library was purified and amplified (12 

PCR cycles) after adding the adaptors and indexes. Finally, libraries were quantitated by 

qPCR using KAPA Library Quantification Kit (Kapa Biosystems, Inc., MA, USA) and 

validated using Agilent High Sensitivity DNA Kit on a Bioanalyzer (Agilent Technologies, 

CA, USA). The size range of the DNA fragments were measured to be in the range of 200-

450 bp with average library size 240 bp. 
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Prior to sequencing, the libraries were quantitated by quantitative polymerase chain reaction 

using the KAPA Library Quantification Kit–Illumina/ABI Prism® (Kapa Biosystems, 

Wilmington, MA, USA) and validated using the Agilent High Sensitivity DNA Kit on a 

bioanalyzer. Libraries were normalized to 2.7 pM subjected to clustering. Single read 

sequencing was performed for 75 cycles on a NextSeq500 HO flowcell (Illumina, San Diego, 

CA, USA), according to the manufacturer's instructions. Base calling was done on the 

NextSeq500 instrument by RTA 2.4.6. FASTQ files were generated using bcl2fastq2 

Conversion Software v2.20.0.422 (Illumina, Inc.). 

FASTQ files were filtered and trimmed (fastp v0.20.0) and transcript counts were generated 

using quasi alignment (Salmon v1.3.0) to the transcriptome reference sequence (Ensembl, 

GRCh38 release100). Transcript sequences were imported into the R statistical software and 

aggregated to gene counts using the tximport (v1.14.0) bioconductor package. Data are 

available in the GEO Repository under accession number GSE178292. 

For differential expression analysis, a DESeq2 unpaired analysis were performed in R studio 

to find differentially expressed genes. Gene Set Enrichment Analysis (GSEA; Broad Institute) 

was used to identify enriched pathways.  

Statistical analysis 

Statistical analysis was performed using the GraphPad Prism 6 software (GraphPad Software 

Inc., La Jolla, CA, USA). The tests used were one-way ANOVA with Turkey´s multiple 

comparison test, Kruskal-Wallis test with Dunn´s multiple comparison test, or two-way 

ANOVA with Tukey´s multiple comparison test. For dose-response curves, significant 

differences in response were calculated as follows: data were normalized within groups and 

IC50 was calculated by linear regression (non-linear regression, log(inhibitor) vs response, 

variable slope). Level of statistical significance was set at 0.05 (5%) for all experiments. 
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Results 

TAK1-inhibitors are cytotoxic to MM cell lines alone and in combination with 

melphalan 

Analysis of data from the MMRF CoMMpass study showed that MM patients with high 

expression of MAP3K7 had lower overall and progression free survival (Supplementary 

Figure S1A, B). On the basis of this we tested whether the TAK1-inhibitors NG25 and 5Z-7 

affected viability of MM cell lines. Both NG25 and 5Z-7 decreased viability of the cell lines 

INA-6, ANBL-6, JJN-3, and RPMI-8266 (Figure 1A, B). This is in accordance with previous 

works.10 Sensitivity of cell lines varied, but IC50 was generally lower than in PBMCs from 

healthy donors (Supplementary Figure S1C, D, Supplementary Table 1). 

As TAK1 can activate survival mechanisms after DNA-damage we hypothesized TAK1-

inhibitors would render MM-cells more sensitive to melphalan.3 Both NG25 and 5Z-7 

decreased IC50 of melphalan in all tested cell lines (Figure 1C, D, Supplementary Table 2). 

Similar but less pronounced effects were seen in combination with the DNA-damaging drugs 

doxorubicin and etoposide (Supplementary Figure S1E, F and Supplementary Table 3, 4). 

NG25-treatment induced cleavage of activator caspases 8 and 9, as well as the effector 

caspase 3 and PARP in INA-6 cells. This was further activated in melphalan + NG25-treated 

cells (Figure 1E, Supplementary Figure S4). This shows that TAK1-inhibition activates 

apoptosis, and that this is partly through caspase 8.  

NG25 blocks melphalan-induced p38, ERK and NF-B signaling 

Melphalan is an alkylating agent that leads to DNA-damage and apoptosis.2 However, DNA-

damage can also activate survival programs to manage the genotoxic stress, including NF-B 

and MAPK.3 Melphalan induced phosphorylation of TAK1, p38, JNK, ERK and the NF-B 

transcription factor p65, and increased total p65-levels, indicative of MAPK and NF-B 

activation. NG25 blocked melphalan-induced TAK1, p38, JNK and p65-phosphorylation, and 

blocked the increase in p65 levels, but induced further ERK-phosphorylation (Figure 2A). In 

addition, we observed a decrease in total TAK1 protein levels in melphalan+NG25 treated 

cells. In sum, NG25 blocks melphalan-induced p38, JNK and NF-B signaling.  

The serine-protein kinase ATM (ATM) is recruited to double-stranded DNA-breaks, and 

coordinates cell cycle arrest, survival pathways as well as initiation of intrinsic apoptosis.3 

Melphalan induced ATM-phosphorylation in INA-6 cells (Figure 2B, Supplementary Figure 

S6). We did not observe activation of mitochondrial apoptosis under these circumstances, as 

tested by BCL2 associated agonist of cell death (BAD) dephosphorylation or BH3 interacting 

domain death agonist (BID) and BCL2-like protein 11 (BIM) cleavage (Supplementary Figure 

S2, S7). Thus, melphalan trigger ATM, and this might be responsible for TAK1-activation. 
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NG25 reduce transcription of oncogenic transcription programs 

MAP kinases and NF-B regulate transcription of a multitude of genes. To determine which 

genes are affected by NG25 and melphalan, we performed an RNA-seq on INA-6 cells treated 

with NG25, melphalan or a combination of the two. GSEA focusing on the hallmark 

pathways showed that melphalan-treatment upregulated genes involved in UV-response, 

DNA-repair, p53-pathway and TNF-signaling via NF-B (Supplementary Figure S3A). NG25 

induced expression of genes involved in cholesterol homeostasis and mTORC1-signaling and 

down-regulated MYC- and E2F-targets (Figure 3A, B). MYC is a central driver of MM 

pathology, and regulate survival as well as cell cycle control through E2F.14,15 NG25 reversed 

the melphalan-induced UV-response (Figure 3C).  

Consistent with the observation that NG25 decreased MYC-targets, NG25 also decreased 

MYC protein levels in MM cell lines, although not consistently in INA-6 (Figure 3D, 

Supplementary Figure S8). Of note, also melphalan reduced MYC protein levels 

(Supplementary Figure S8). We also performed a FACS-experiment to investigate whether 

the decreased MYC-activity had consequences for cell cycle progression in INA-6 and RPMI-

8226 cells. NG25 did not affect cell cycle progression at the tested dose, whereas 5Z-7 

treatment arrested cells in the G0/G1 phase (Figure 3E, Supplementary Figure S3B).  

In sum, melphalan treatment induce pathways involved the DNA-damage response, and 

NG25 at least partly reverse these changes. In addition, NG25 down-regulates MYC which 

can render cancer cells less resilient to genotoxic stress. 

TAK1-inhibitors reduce numbers and viability of osteoclasts. 

Osteoclasts (OC) are specialized macrophages that degrade bone, and MM patients display 

elevated OC activity, leading to myeloma bone disease. We recently showed that inhibitors of 

the cellular inhibitor of apoptosis protein cIAP1/2, which acts upstream of TAK1 in several 

inflammatory pathways, reduced numbers and viability of human OC.11 TAK1 was necessary 

for osteoclastogenesis in mouse.16 On the basis of this we reasoned that TAK1-inhibitors also 

could block human osteoclastogenesis and have a double beneficial effect for MM patients. 

We found that treatment with NG25 and 5Z-7 during OC differentiation reduced both 

numbers and viability of human OC (Figure 4A-C). We also tested whether TAK1-inhibitors 

induced a more rapid cytotoxicity on differentiated pre-OC. Here, TAK1-inhibitors were only 

cytotoxic in combination of a TAK1-activating agent such as TNF (Figure 4D-G). In sum, 

TAK1-inhibitors can reduce osteoclast numbers through blocking the formation of new OC. 

NG25 reduce viability of myeloma patient samples alone and in combination with 

melphalan. 

To investigate whether the observed cytotoxic effects of NG25 and melphalan also was 

evident in patient samples, we took advantage of our access to blood banked CD138+ plasma 

cells from myeloma patients. NG25 was cytotoxic to MM patient cells (Figure 5A, 

Supplementary Table 5). It also reduced the IC50 of melphalan, but the combined cytotoxicity 

was additive rather than synergistic (Figure 5B, Supplementary Table 6).  
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Discussion 

In this study, we present findings showing that TAK1-inhibitors are cytotoxic to multiple 

myeloma cells and OC. Further, TAK1-inhibitors potentiated the cytotoxicity of melphalan 

and blocked melphalan-induced NF-B and MAPK activation. NG25 reversed the melphalan-

induced UV-response. On the basis of this we suggest that combining TAK1-inhibitors with 

alkylating agents such as melphalan and cyclophosphamide can be a beneficial combination 

for MM treatment. 

NG25 reduced activity of oncogenic drivers such as MYC and E2F, but up-regulated genes 

involved in mTORC1-signaling and cholesterol homeostasis. The latter is consistent with 

previous findings that TAK1 knockout induce increased mTORC1-activity and 

hepatosteatosis in mice.17 NG25 also neutralized the melphalan-induced transcriptional UV-

response. In sum, TAK1-inhibitors can target MM cells in several manners: i) directly shifting 

constitutively- or melphalan-activated TAK1 from NF-B/MAPK activation to cell death, ii) 

reducing activity of survival factors such as MYC and E2F, and iii) neutralizing the 

melphalan-induced UV-response. 

Bone disease is a severe complication of MM. It causes pain for the patients and promotes 

tumor growth. The TAK1/RIPK1 pathway is central in regulation of inflammatory activation 

and death of macrophages, and we recently showed that Smac-mimetics, which work directly 

upstream of TAK1, blocked osteoclastogenesis and shifted OC to cell death.11 Here we show 

that TAK1-inhibitors blocked osteoclastogenesis and was cytotoxic to differentiating OC at 

higher doses. This is consistent with previous findings in mouse genetic models.16 TAK1-

inhibitors thus have an additional antitumorigenic effect through blocking osteoclastogenesis 

and potentially limiting MBD. 

In sum, TAK1-inhibitors reduce MM cell viability through and induce apoptosis through 

several mechanisms. They potently induce cell death in combination with melphalan and 

reduce OC numbers and viability. TAK1 is an interesting candidate for further clinical testing 

as a drug target in MM.  
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Figure legends. 

Figure 1. TAK1-inhibitors are cytotoxic to MM cell lines alone and in combination with 

melphalan. MM cell lines treated with NG25 or 5Z-7 at indicated concentrations for 18 hours 

before measuring the viability with CellTiter-Glo. (A) Mean and SD from three independent 

experiments are shown. Asterisks indicate statistically significant differences (One-way 

ANOVA, Turkey´s multiple comparison test, P<0,05) compared with untreated. (B) IC50-

values of NG25 and 5Z-7 in MM cell lines. (C) MM cell lines treated with NG25 in 

combination with melphalan. Asterisks indicate statistically significant differences (two-way 

ANOVA, Tukey´s multiple comparison test, P<0,05) compared with the control not treated 

with NG25. Single asterisk denotes statistical significance as compared to the NG25-untreated 

for the lowest dose of NG25, double asterisk denotes statistical significance as compared to 

the untreated control for the highest dose of NG25. (D) MM cell lines treated with 5Z-7 in 

combination with melphalan. Asterisks indicate statistically significant differences (two-way 

ANOVA, Tukey´s multiple comparison test, P<0,05) compared with the control not treated 

with 5Z-7. Single asterisk denotes statistical significance as compared to the control not 

treated with 5Z-7 for the lowest dose of 5Z-7, double asterisk denotes statistical significance 

as compared to the untreated control for the highest dose of 5Z-7. (E) MM cells from the 

INA-6 cell line were treated with 2 μM NG25 or 10 μM melphalan or both at the indicated 

time points, and cell lysates were analyzed for full length and cleaved caspase 3, caspase 8, 

caspase 9, and PARP protein levels by immunoblotting. GAPDH is loading control, shown 

for corresponding membranes. One representative of three independent experiments is shown, 

and full membranes of all experiments are given in Supplementary Figure S4.  

Figure 2. NG25 blocks melphalan-induced p38, ERK- and NF-B signaling. (A) MM 

cells from the INA-6 cell line were treated with 2 μM NG25 or 10 μM melphalan or both for 

the indicated time, and cell lysates were analyzed for protein levels of the indicated antigens 

by immunoblotting. β-Tubulin is loading control, shown for corresponding membranes. One 

representative of three independent experiments is shown, and full membranes from all 

experiments are given in Supplementary Figure S5. (B) MM cells from the INA-6 cell line 

were treated with 10 μM melphalan at the indicated time points, and cell lysates were 

analyzed for p-ATM protein levels by immunoblotting. β-Tubulin is loading control. One 

representative of three independent experiments is shown, and full membranes from all 

experiments are given in Supplementary Figure S6. 

Figure 3. NG25 reduce transcription of oncogenic survival programs. (A-C) MM cells 

from the INA-6 cell line were treated with 2 μM NG25 or 10 μM melphalan or both for 6 

hours. Then RNA was isolated, and the transcriptome was analyzed by RNA-sequencing. (A)  

Significantly changed pathways (FDR q-value<0.02, NES>1.3) in NG25-treated cells (n=3) 

as compared to control (n=3), analyzed by GSEA on hallmark gene sets. (B) Heatmap 

showing gene expression levels (z-score of log2 TPM) of genes included in the gene sets in 

(A). (C) Heatmap showing gene expression levels (z-score log2 TPM) of genes included in 

the UV-response gene sets, in cells treated with melphalan (n=3) and/or NG25 (n=3). (D) MM 

cell lines treated with 2 μM NG25 for 4 hours. Cell lysates were then analyzed for protein 

levels by immunoblotting. β-Tubulin is loading control. One representative of three 
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independent experiments is shown, and full membranes from all experiments is given in 

Supplementary Figure S8. (E) INA-6 and RPMI-8226 MM cell lines were treated with 2 μM 

NG25 or 5Z-7 for 18 hours before fixation, PI-staining and flow cytometry analysis of cell 

cycle stage. The graph shows mean and SD from three independent experiments. Asterisks 

indicate significant differences (two-way ANOVA, Turkey´s multiple comparison test, 

P<0,05) compared with DMSO. Histograms from one representative experiment is given in 

Supplementary Figure S3B  

Figure 4. NG25 and 5Z-7 reduce viability and number of differentiating osteoclasts and 

trigger TNF-dependent cell death in pre-osteoclasts.  (A-C) Human CD14+-monocytes 

were differentiated to OC, and treated with NG25 or 5Z-7 at indicated concentrations 

throughout differentiation, typically 10-15 days. (A) Representative phase-contrast images of 

TRAP-stained human osteoclasts, with arrowheads indicating multinuclear TRAP+ cells. 

Frame in first column indicates cutout for detailed view. Bar is 150 µM. (B) Fold change of 

TRAP+ multinuclear cells after NG25 or 5Z-7 treatment at indicated concentrations. 10 

donors, mean, and SD are shown. (C) Viability at the time of TRAP+ quantification measured 

with the CellTiter-Glo assay. 6 donors, mean and SD are shown. (D-G) Pre-osteoclasts were 

treated with indicated concentrations of NG25 (D, E) or 5Z-7 (F, G) with or without 25 ng/ml 

TNF for 18 h and analyzed for cell death. Cell death was measured by LDH-release (D, F). 

Cell viability was measures with the CellTiter-Glo assay (E, G). 5 donors, mean and SD are 

shown. Asterisk denotes statistical significance between controls or indicated groups (B-G) (P 

< 0.05, two-way ANOVA).  

Figure 5. NG25 reduce viability of CD138+ cells from patients, alone and in combination 

with melphalan. (A) CD138+ cells from 10 individual donors were treated with NG25 before 

cell viability was measured. Individual donors, mean and SD are shown. Asterisks indicate 

statistically significant differences (Kruskal-Wallis test, Dunn´s multiple comparison test, 

P<0,05). (B) CD138+ cells from 10 individual donors were treated with melphalan, NG25 or 

both in technical triplicates. Mean and SD of triplicates from each donor are shown. Single 

asterisk denotes statistical significance as compared to the control not treated with NG25 for 

the lowest dose of NG25, double asterisk denotes statistical significance as compared to the 

untreated control for the highest dose of NG25. Asterisks indicate statistically significant 

differences (two-way ANOVA, Tukey´s multiple comparison test, P<0,05). All treatments 

were for 18 hours, and viability was measured by CellTiter-Glo. 
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SUPPLEMENTARY FIGURES. 

 

Supplementary Figure S1. NG25 is cytotoxic in PBMCs and in combination with DNA-damaging drugs in 

MM cell lines. (A) Survival and (B) progression-free survival curves generated from the CoMMpass data (IA15 

Release) by comparing the upper 20th percentile MAPK3K expressing patients with the lower 85th percentile. Log-

rank P is 0.003 (A) and <0.001 (B). (C) Three PBMC donors treated with NG25 in triplicates at indicated 

concentrations for 18 hours before measuring the viability with CellTiter-Glo. Asterisks indicate statistically 

significant differences (One-way ANOVA, Turkey´s multiple comparison test, P<0,05) compared with untreated. 

(D) Three PBMC donors treated with 5Z-7 in triplicates at indicated concentrations for 18 hours before measuring 

the viability with CellTiter-Glo. Asterisks indicate statistically significant differences (One-way ANOVA, 

Turkey´s multiple comparison test, P<0,05) compared with untreated. (E) MM cell lines treated with NG25 in 

combination with doxorubicine. Asterisks indicate statistically significant differences (two-way ANOVA, 

Tukey´s multiple comparison test, P<0,05) compared with the control not treated with NG25. Single asterisk 

denotes statistical significance as compared to the control not treated with NG25 for the lowest dose of NG25, 

double asterisk denotes statistical significance as compared to the untreated control for the highest dose of NG25. 

(F) MM cell lines treated with NG25 in combination with etoposide. Asterisks indicate statistically significant 

differences (two-way ANOVA, Tukey´s multiple comparison test, P<0,05) compared with the control not treated 

with NG25. Single asterisk denotes statistical significance as compared to the control not treated with NG25 for 

the lowest dose of NG25, double asterisk denotes statistical significance as compared to the untreated control for 

the highest dose of NG25. 



 

Supplementary Figure S2. Mitochondrial directed apoptosis is not activated during these experimental 

conditions. MM cells from the INA-6 cell line were treated with 2 μM NG25, 10 μM melphalan or both for the 

indicated time points (hours, h), and cell lysates were analyzed for protein levels by immunoblotting. GAPDH is 

loading control, shown for corresponding membranes. One representative of two independent experiments is 

shown. Full membranes for both experiments are given in Supplementary Figure S7. 

 

 

 

 

 

 



Supplementary Figure S3. Melphalan-induced gene expression patterns and flow-histograms from cell 

cycle analysis- (A) GO-enrichment plot of INA-6 cells treated with 10 M melphalan as compared to untreated 

controls. (B) FlowJo printout of histograms and cell cycle stage population gating using the Watson pragmatic 

model. One representative donor is shown. 
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Supplementary Figure S4. Total experiments and full immunoblots for NG25 and melphalan effect on cell 

death signaling. INA-6 cells were treated with 2 μM NG25, 10 μM melphalan or both for the indicated time 

points (hours) and cell lysates were analyzed for caspase 3, caspase 8, caspase 9, and PARP protein levels by 

immunoblotting. GAPDH is loading control. Experiment 1 is same is in Figure 1E.  



 

Supplementary Figure S5. Experiments and full immunoblots for NG25 and melphalan effect on MAPK 

and NF-B. INA-6 cells were treated with 2 μM NG25 or 10 μM melphalan or both at the indicated time points, 

and cell lysates were analyzed for the indicated antigen levels by immunoblotting. β-Tubulin is loading control. 

Experiment 1 and 5 is same as in Figure 2A.  



 

Supplementary Figure S6. Experiments and full immunoblots for NG25 and melphalan effect on ATM 

phosphorylation and activation. INA-6 cells line were treated with 10 μM melphalan at the indicated time 

points, and cell lysates were analyzed for phospho-Ser1981-ATM protein levels by immunoblotting. β-Tubulin is 

loading control. Experiment 1 is same as in Figure 2B. 

 

 

 

 

 

 



 

Supplementary Figure S7. Total experiments and full immunoblots for NG25 and melphalan effect on Bcl-

2 family proteins. INA-6 cells were treated with 2 μM NG25 or 10 μM melphalan or both at the indicated time 

points, and cell lysates were analyzed protein levels of the indicated antigens by immunoblotting. GAPDH is 

loading control. Experiment 1 is same as in Figure S2.  

 

 

 

 

 

 



 

Supplementary Figure S8. MYC all membranes. (A) MM cells from the JJJN-3, ANBL-6, INA-6 and RPMI-

8226 cell lines were treated with 2 μM NG25 for 4 hours, and cell lysates were analyzed for MYC protein levels 

by immunoblotting. β-Tubulin is loading control. Relative MYC protein levels (adjusted for loading) are given as 

fold change from untreated control. Experiment 2 is same as is Figure 3D. (B) Average fold change of MYC 

protein levels; average and standard deviation is shown. Asterisk indicate statistical difference as compared to the 

untreated control (P<0.05, one-way ANOVA, Tukeys Multiple Comparison test).  
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Experiment 3
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1    0.53 0.44 0.27    1   0.36 0.24 0.20   1   0.65 0.52 0.06   1    0.65 0.52 0.81 F old change MYC     1     0.40    0.17  0.45    1    0.59  0.80   0.86   1     0.55   0.20  0.31    1    0.92   0.82  0.82 F old change MYC 

1    0.50 1.1 0.31                                                                          1  0.59  0.96 0.51     F old change MYC

1      0.81   0.59  0.37     1      1.27   0.73  0.66    Fold change MYC

A.

B.



SUPPLEMENTARY TABLES. 

Supplementary Table 1. IC50 TAK1-inhibitors PBMC. PBMCs were treated with TAK1-

inhibitors for 18 hours, and cell viability was assessed by Cell Titer viability assay. Results are 

average of technical triplicates for each donor. 

 Donor 1 Donor 2 Donor 3 Average 

IC50 (μM NG25) 11,1 9,11 8,02 9,41 

IC50 (μM 5Z-7) 23,1 16,4 8,55 16,0 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary Table 2. IC50 melphalan + TAK1-inhibitors in MM cell lines. The 

indicated MM cell lines were treated with melphalan and the indicated doses of NG25 for 18 

hours, before cell viability was assessed by Cell Titer viability assay. Results are average of 

three independent experiments. 

Cell line  Treatment  IC50 (M melphalan) 

INA-6  0 µM NG25  4,94 

  2 µM NG25  2,70  

  4 µM NG25  0,66  

ANBL-6  0 µM NG25  7,69  

  2 µM NG25  3,45  

  4 µM NG25  1,29  

JJN-3  0 µM NG25  12,5  

  1 µM NG25  9,59  

  4 µM NG25  5,59  

RPMI-8226  0 µM NG25  24,5  

  5 µM NG25  14,4  

  10 µM NG25  9,44  

INA-6  0 µM 5Z-7 4,92  

  1 µM 5Z-7 2,94  

  2 µM 5Z-7 2,25  

ANBL-6  0 µM 5Z-7 7,73  

  1 µM 5Z-7 5,16  

  2 µM 5Z-7 3,89  

JJN-3  0 µM 5Z-7 15,5  

  0,5 µM 5Z-7 12,9  

  2 µM 5Z-7 6,44  

RPMI-8226  0 µM 5Z-7 23,8  

  2 µM 5Z-7 14,9  

  8 µM 5Z-7 3,37  

 

 



Supplementary Table 3. IC50 NG25 + doxorubicine in MM cell lines. The indicated MM 

cell lines were treated with doxorubicine and the indicated doses of NG25 for 18 hours, before 

cell viability was assessed by Cell Titer viability assay. Results are average of three 

independent experiments. 

Cell line  M NG25 IC50 (M doxorubicine) 

ANBL-6  0 µM NG25  0,73 

  2 µM NG25  0,43 

  4 µM NG25  0,02 

INA-6  0 µM NG25  0,54 

  1 µM NG25  0,73 

  2 µM NG25  0,36 

JJN-3  0 µM NG25  0,35 

  1 µM NG25  0,41 

  4 µM NG25  0,31 

RPMI-8226  0 µM NG25  0,63 

  5 µM NG25  0,59 

  10 µM NG25  0,41 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary Table 4. IC50 NG25 + etoposide in MM cell lines. The indicated MM cell 

lines were treated with etoposide and the indicated doses of NG25 for 18 hours, before cell 

viability was assessed by Cell Titer viability assay. Results are average of three independent 

experiments. 

Cell line  M NG25 IC50 (M etoposide) 

ANBL-6  0 µM NG25  97,9 

  2 µM NG25  58,2 

  4 µM NG25  2,24 

INA-6  0 µM NG25  8,70 

  1 µM NG25  14,2 

  2 µM NG25  3,33 

JJN-3  0 µM NG25  11,2 

  1 µM NG25  10,2 

  4 µM NG25  4,34 

RPMI-8226  0 µM NG25  31,4 

  5 µM NG25  31,6 

  10 µM NG25  11,4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary Table 5. IC50 NG25 in primary myeloma cells. CD138+ cells from 

myeloma patients were treated with NG25 for 18 hours, and cell viability was determined by 

Cell Titer Viability assay. Results are average of technical triplicates for each donor.  

Donor IC50 (𝛍M NG25) 

MM1  9,37 

MM2 2,74 

MM3 8,01 

MM4 13,8 

MM5 8,57 

MM6 6,92 

MM7 7,68 

MM8 4,96 

MM9 6,79 

MM10 5,92 

Average IC50 7,48  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary Table 6. IC50 for melphalan + NG25 in primary myeloma cells. CD138+ 

cells from myeloma patients were treated with melphalan and the indicated doses of NG25 for 

18 hours, and cell viability was determined by Cell Titer Viability assay. Results are average 

of technical triplicates for each donor.  

Donor  Treatment  IC50 (M melphalan)  

MM 1  0,0 µM NG25  7,36 

  2,0 µM NG25  6,26  

  4,0 µM NG25  2,12  

MM 2  0,0 µM NG25  1,61  

  1,0 µM NG25  1,16  

  2,0 µM NG25  0,76  

MM 3  0,0 µM NG25  3,92  

  2,0 µM NG25  3,08  

  4,0 µM NG25  0,87  

MM 4  0,0 µM NG25  36,7  

  2,0 µM NG25  50,7  

  4,0 µM NG25  43,4  

MM 5  0,0 µM NG25  5,88  

  2,0 µM NG25  7,98  

  4,0 µM NG25  1,96  

MM 6  0,0 µM NG25  2,78  

  2,0 µM NG25  3,07  

  4,0 µM NG25  0,07  

MM 7  0,0 µM NG25  6,48  

  6,0 µM NG25  4,72  

  8,0 µM NG25  0,61  

MM 8   0,0 µM NG25  2,83  

  2,0 µM NG25  1,98  

  4,0 µM NG25  0,85  

MM 9   0,0 µM NG25  5,40  



  6,0 µM NG25  1,28  

  8,0 µM NG25  0,20  

MM 10   0,0 µM NG25  4,14  

  6,0 µM NG25  0,74  

  8,0 µM NG25  0,001  
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