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Summary 

Necroptosis is a form of regulated cell death that results in the release of inflammatory cellular 

contents after plasma membrane permeabilization, thus triggering the immune response. Mixed 

Lineage Kinase domain-like pseudokinase (MLKL) is the protein that mediates plasma 

membrane disruption in necroptosis. This type of cell death has been linked to a broad range of 

inflammatory diseases. Therefore, targeting MLKL to inhibit necroptosis represents an 

attractive strategy, as this protein is the only one solely associated with this pathway. However, 

the development of MLKL inhibitors is still in its infancy, and the existing ones are limited to 

lab research. In Prof. Dr. Ana Garcia Saez's lab, a new druggable hydrophobic pocket in MLKL 

was discovered. Based on this knowledge, a new strategy was developed to specifically regulate 

necroptosis by allosterically targeting MLKL with small molecules that interact with this site. 

Two proof of principle compounds (MBA-h1 and MBA-m1) were identified by in-silico 

analysis. In this thesis, we characterized these two compounds using cell-based assays aimed 

to determine their inhibitory effect in necroptosis, the mechanism of how they modulate MLKL 

activation, and their binding to MLKL. We also assessed their capability to interact with 

recombinant MLKL. Both MBAs were able to bind to MLKL and inhibit the kinetics of cell 

death in a dose-dependent manner. The MBAs paved the way for the investigation of new 

compounds that have the same mechanism of action. Based on this, an extended in-silico 

screening was performed, and potential hits were identified and characterized in terms of their 

inhibition and binding to MLKL in-vitro. This screening was followed by two further rounds 

of characterization of analogs of initially identified hits. The top compounds outperform already 

existing MLKL inhibitors as they are able to block necroptosis in mouse and human cells. 

Therefore, in this work, we offer a new concept for inhibiting necroptosis that is based on 

targeting a newly identified intramolecular interaction in MLKL, that is essential for its 

activation. 
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Zusammenfassung 

Nekroptose ist eine Form des regulierten Zelltods, die zum Platzen der Plasmamembran, und 

somit zur  Freisetzung von Zellbestandteilen und zur Immunantwort führt. Mixed Lineage 

Kinase domain-like pseudokinase (MLKL) ist das Effektorprotein, das für die 

Permeabilisierung der Plasmamembran bei der Nekroptose verantwortlich ist. Nekroptose ist 

mit einer Vielzahl entzündlicher Erkrankungen assoziiert. Aus diesem Grund ist die Inhibierung 

von MLKL eine attraktive Therapiemöglichkeit, da es das einzige Protein in der Signalkette ist, 

das ausschließlich mit Nekroptose assoziiert wird. Die Entwicklung neuer MLKL-Inhibitoren 

steckt jedoch noch in den Anfangsstadien und die existierenden Inhibitoren weisen viele 

Einschränkungen auf. Im Labor von Prof. Dr. Ana Garcia-Saez wurde eine hydrophobe Tasche 

in MLKL identifiziert, die als Angriffspunkt für Inhibitoren dienen könnte. Auf dieser 

Grundlage wurde eine neue Strategie entwickelt, um die Nekroptose gezielt zu regulieren, 

indem MLKL durch kleine Moleküle, die mit dieser Stelle interagieren, allosterisch gehemmt 

wird. Zwei Proof-of-Principle Verbindungen (MBA-h1 und MBA-m1) wurden durch in silico 

Analysen identifiziert. In dieser Arbeit wurden diese beiden Verbindungen in zellbasierten 

Assays charakterisiert: ihre inhibitorische Wirkung auf die Nekroptose, der Mechanismus, mit 

dem sie die Aktivierung von MLKL modulieren, und ihre Bindung an MLKL wurden bestimmt. 

Zusätzlich wurde ihre Wechselwirkung mit rekombinantem MLKL untersucht. Beide MBAs 

waren in der Lage, MLKL zu binden und die Zelltodkinetik dosisabhängig zu hemmen. Die aus 

den MBAs gewonnenen Erkenntnisse ermöglichten die Suche nach neuen Verbindungen mit 

ähnlichem Wirkmechanismus. Darauf aufbauend wurde ein erweitertes In-silico-Screening 

durchgeführt, bei dem potenzielle Treffer identifiziert und in vitro hinsichtlich ihrer Bindung 

an MLKL und Inhibierung charakterisiert wurden. Diesem Screening folgten zwei weitere 

Runden zur Charakterisierung von Analoga der identifizierten Treffer .Die besten 

Verbindungen übertrafen die bereits existierenden MLKL-Inhibitoren, da sie in der Lage waren, 

die Nekroptose sowohl in menschlichen als auch in Mauszellen zu hemmen. Zusammenfassend 

wird in dieser Arbeit ein neuer Ansatz zur Hemmung der Nekroptose vorgeschlagen. Die 

Hemmung basiert auf einer neu identifizierten intramolekularen Interaktion in MLKL, die für 

seine Aktivierung essentiell ist. 
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1. Introduction 

1.1 Regulated Cell Death  

Cell death is not only considered a consequence of cellular life, but it also participates in the 

targeted elimination of less fit cells, as well as potentially harmful cells (Galluzzi et al., 2018). 

It serves significant purposes in development, maintaining tissue homeostasis, and host defense 

(Galluzzi et al., 2016; Nagata & Tanaka, 2017). For instance, it was estimated that the cellular 

turnover rate in adult humans is about 330 billion cells per day (Sender & Milo, 2021).  

Cell death is classified into two significant categories: regulated cell death (RCD) and 

accidental cell death (ACD) (Galluzzi et al., 2015). The RCD, while commonly associated with 

multicellular organisms, was also identified in unicellular eukaryotes that live in colonies (in at 

least one stage of their life) (Cornillon et al., 1994; Madeo et al., 1997). Surprisingly, even 

certain prokaryotes, such as Escherichia coli, exhibit RCD (Green & Fitzgerald, 2016). RCD 

can occur in two dramatically opposite scenarios. The first scenario is when RCD occurs in the 

absence of any external environmental turbulence. It is referred to as programmed cell death 

(PCD) and is considered to be a built-in mechanism within the cells (Jorgensen et al., 2017). 

On the other hand, the second scenario occurs when the cells are exposed to intrinsic or extrinsic 

turbulence as an adaptive response to the occurring stress (Galluzzi et al., 2015).  

Currently, the most well-studied and identified forms of RCD are apoptosis, ferroptosis, 

necroptosis, pyroptosis, and autophagy (J. Cui et al., 2021). Apoptosis is considered the best-

understood form of RCD that accounts for almost half of the cellular turnover in the human 

body (Sender & Milo, 2021). Apoptosis is a highly regulated process of cell death and has an 

essential role in various physiological and pathophysiological conditions (Wong, 2011). 

Apoptosis is recognized by its unique morphology, which includes DNA fragmentation, 

blebbing of the plasma membrane, cell shrinkage, and the formation of apoptotic bodies (Figure 

1.1) (Taylor et al., 2008). This process is super-efficient and considered as a clean way of cell 

death. However, in some recent studies, it was reported that there is an emerging type of 

apoptosis that is immunogenic (Montico et al., 2018), where crucial interactions between 

apoptotic cells and the immune system take place. This type of cell death is also referred to as 

immunogenic cell death (ICD), which can stimulate the immune system and enhance the 

immunogenic response. This situation can occur in response to specific chemotherapeutic 

agents or through physical therapeutic methods (Adkins et al., 2014; Obeid et al., 2007).  



16 

 

In contrast to RCD, accidental cell death (ACD) occurs in response to non-physiological 

triggers, such as chemical, physical, or mechanical stress (Vanden Berghe et al., 2014). 

Necrosis has been long defined as a form of unregulated and accidental way of cell death in 

response to different stimuli (Weinlich et al., 2017). Cells undergoing necrosis display specific 

morphological characteristics, which include swelling and enlargement, membrane rupture, and 

the release of cellular contents, triggering the immune response. Necroptosis, which is another 

form of RCD, occurs in response to disturbances in the intracellular or extracellular cellular 

microenvironment. Necroptosis generally manifests morphological changes similar to those 

that occur in necrosis (Figure 1.1) (Galluzzi et al., 2018). However, it does not occur 

accidentally but is tightly regulated by genetically encoded signaling molecular mechanisms 

and under conditions of caspase inactivation (de Almagro & Vucic, 2015).  

Figure 1. 1  Schematic representation of changes in cell morphology during different types 

of cell death. 

This diagram illustrates the morphological hallmarks of apoptosis, necrosis, and necroptosis. Apoptosis 

is marked by distinct features that include cell and nuclei shrinkage, fragmentation followed by 
membrane blebbing, and the formation of apoptotic bodies. In contrast, necrosis and necroptosis exhibit 

some similar morphological changes including cell membrane rupture. This rupture results in the release 

of intracellular contents into the extracellular matrix. Figure prepared by using BioRender.com. 
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1.2 The Necroptotic Pathway  

Necroptosis is one of the most thoroughly understood type of regulated necrosis. It is activated 

by different cell death receptors (Taraborrelli et al., 2018), pattern recognition receptors (PRRs) 

(S. He et al., 2011), and intracellular RNA and DNA (Cho et al., 2009b). Tumor Necrosis Factor 

(TNF) induced necroptosis is the most extensively studied signaling pathway among the various 

triggers of necroptosis (Figure 1.2). In general, TNF triggers an inflammatory reaction by 

initiating the activation of proinflammatory genes through the Nuclear Factor 'kappa-light-

chain-enhancer' of activated B-cells (NF-κB) signaling pathway (Z. Zhou et al., 2012b). Upon 

TNF binding to its receptor, TNF Receptor 1 (TNFR1), it leads to the formation of complex I, 

which is a membrane-associated signaling platform composed of different adaptor proteins. 

This complex includes several key components, such as the TNFR1-Associated Death Domain 

(TRADD), TNF-Receptor-Associated Factor 2 (TRAF2), Receptor-Interacting Protein Kinase 

1 (RIPK1), cellular Inhibitors of Apoptosis (cIAP1 or cIAP2), and the Linear Ubiquitin chain 

Assembly Complex (LUBAC) (J. Chen & Chen, 2013). In complex I, RIPK1 is ubiquitinylated 

by cIAPs and LUBAC with k63-linked and linear ubiquitin chains, which allows the 

recruitment of downstream proteins such as TGF-Activated Kinase 1 (TAK1), TAK1 -binding 

protein 2/3 (TAB2/3), and the IkB Kinase (IKK) complex that is assembled from IKK-α, IKK-

β, and NF-κB Essential Modulator (NEMO) (Figure 1.2). When the downstream complexes are 

recruited, the NF-κB and the Mitogen-Activated Protein Kinase (MAPK) pathways are 

activated, subsequently increasing the expression of pro-survival and proinflammatory genes 

(Annibaldi & Meier, 2018; Seo et al., 2021).  

Canonical Necrosome  

Nevertheless, in specific situations, like when complex I becomes unstable or the ubiquitination 

of RIPK1 is inhibited, TNF has the potential to induce the assembly of cytosolic apoptotic 

complex (referred to as complex IIa or IIb) (S. He & Wang, 2018; Tenev et al., 2011). This 

complex is composed of Fas-Associated Protein with Death Domain (FADD) and caspase-8, 

which is essential for carrying out the process of apoptosis. When the balance between caspase-

8 and RIPK3 activity is disrupted due to caspase-8 inhibition or Receptor-Interacting Protein 

Kinase 3 (RIPK3) overexpression, this imbalance promotes complex IIb to be converted to the 

necrosome (Cho et al., 2009b; S. He et al., 2009; D.-W. Zhang et al., 2009), followed by the 

assembly of a large amyloid-like structure. The formation of the necrosome is triggered by the 

RIP Homotypic Interaction Motifs (RHIM)-containing protein activation. In the mammalian 

proteome, there are mainly four proteins with the RHIM domain, including RIPK1 and RIPK3. 
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The Toll-Like Receptor (TLR), adapterToll/IL-1 receptor domain-containing adaptor inducing 

IFN-beta  (TRIF), and the potential DNA sensor Z-DNA binding protein 1 (ZBP1) (also known 

as DAI) also encode the RHIM domain (Sun et al., 2012). Upon the activation of these proteins, 

the assembly of the necrosome takes place, leading to the occurrence of necroptosis. When 

RIPK1 is phosphorylated, RIPK3 is auto-phosphorylated, and the RHIM-dependent RIPK3 

oligomers recruit Mixed Lineage Kinase domain-Like (MLKL) to the necrosome. This 

interaction results in the phosphorylation of MLKL, which promotes a conformational change 

in its structure, revealing the 4-helical bundle (4HB) domain that acts as a trigger for 

oligomerization and plasma membrane translocation (Davies et al., 2018; Murphy et al., 2013; 

Petrie et al., 2018). These MLKL oligomers at the plasma membrane are responsible for cell 

death execution  (Galluzzi et al., 2014) (Figure 1.2).  

Non-Canonical Necrosome 

Apart from activating necroptosis via TNF, various triggers can cause necroptosis initiation. 

Death receptors such as Fas (known as CD95 or Apo-1),  Death Receptor 3 (DR3) (known as 

Apo-3), Death Receptor 4 (DR4) (known as Apo-2 or TRAIL-R1), Death Receptor 5 (DR5) 

(known as TRAIL-R2), and  Death Receptor 6 (DR6) primarily engage the death receptor 

complex. This complex is composed of FADD and caspase-8, which is known as a Death-

Inducing Signaling Complex (DISC) when they bind to their respective ligands. When cIAPs 

and caspase-8 are inhibited, death receptors facilitate the initiation of the necrosome, 

subsequently leading to necroptosis execution (Bittner et al., 2017; Feoktistova et al., 2011; 

Geserick et al., 2009; Strilic et al., 2016). Moreover, Toll-Like Receptors 3/4 (TLR3 and 

TLR4), which are known as Pattern Recognition Receptors (PPRs), can trigger the initiation of 

necroptosis by the formation of the necrosome through Toll/IL1 Receptor (TIR) domain-

containing adaptor protein-inducing interferon (INF)-ß (TIRF) via its RHIM domain (S. He et 

al., 2011; Kaiser et al., 2013). In the presence of polylysine-polycytidylic acid (poly(I:C)), 

lipopolysaccharide (LPS), and in response to some bacterial or viral infections (Kircheis & 

Planz, 2023), both TLR3 and TLR4 are activated. In conditions of caspase-8 inhibition, the 

activated TLRs facilitate the assembly of the necrosome mediated by TRIF, which includes 

TRIF, RIPK3, and MLKL. As a result, necroptosis is executed (Figure 1.2). 

As a response to viral infection, another RHIM motif containing protein ZBP1 can trigger and 

initiate necroptosis (Maelfait et al., 2017; Thapa et al., 2016; Upton et al., 2012). When ZBP1 

detects viral RNA or endogenous cellular RNA, it engages RIPK3 via RHIM-RHIM homotypic 

interaction and induces the RIPK3 autophosphorylation, which will generate another type of 
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non-canonical necrosome that is RIPK1 independent. In this context, RIPK1 has an 

antagonizing role, where it inhibits necroptosis (X.-Y. Chen et al., 2022). In recent studies, it 

was found that the deletion of RIPK1 (in mouse development) induces necroptosis via the 

activation of the ZBP1 non-canonical necrosome, resulting in perinatal death (Muendlein et al., 

2022). Furthermore, ZBP1 has been associated with cell death induced by LPS, and it is capable 

of inducing caspase-8 activation and inflammasome activation through its interaction with 

RIPK1 via their RHIM domains (Muendlein et al., 2022) (Figure 1.2).  

 

Figure 1. 2 Molecular mechanisms of necroptosis. 

TNF binding to TNFR1 induces the formation of complex I, which is composed of TRADD, TRAF2, 

cIAPs, RIPK1, TAK1, LUBAC, and the IKK complex. cIAP1/2 generates Lys63 linked chains on 

RIPK1, forming a scaffold for binding LUBAC and TAK-TAB complex. Nemo-IKK complex is 

recruited upon linear ubiquitination of RIPK1 induced by LUBAC, which leads to the activation of the 

survival pathway mediated by NF-κB.  

When NF-κB targeted protein synthesis is inhibited, complex IIa is formed. This complex is composed 

of TRADD, FADD, and caspase-8. Activated caspase-8 induces apoptosis by induction of downstream 

caspases such as caspase-3/7. In conditions of caspase-8 inhibition and RIPK1 deubiquitination, the 
canonical necrosome is assembled through RIPK1 and RIPK3 homotypic interactions through their 

RHIM domain, resulting in the activation of MLKL through a phosphorylation cascade. The activated 

MLKL undergoes oligomerization and then is translocated to the plasma membrane to execute 

necroptosis.  

TLR activation and nucleotide sensing proteins can initiate necroptosis via the formation of non-
canonical necrosome. LPS, Poly I:C, double-stranded RNA can induce the formation of the non-

canonical necrosome that is TRIF dependent. Viral-RNA or endogenous RNA binds to ZBP1, resulting 

in RIPK1-independent necroptosis through the formation of another non-canonical necrosome that is 

composed of RIPK3-ZBP1 and MLKL. The figure was prepared by using BioRender.com.  
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1.2.1 MLKL Structure and Activation  

MLKL represents the final protein in the kinase cascade responsible for the execution of 

necroptosis. The structure of both mouse and human MLKL comprises two functional regions: 

an initial four-helix bundle (4HB) at the N-terminus and a pseudokinase domain (psK) at the 

C-terminus (Figure 1.3A, B). These two domains are connected by a two-helical linker, which 

is often referred to as the brace helices.  

 

Figure 1. 3 Structure of MLKL: the deadly psK. 

(A, B) Structure human MLKL isoform 1 (hMLKL1) (AlphaFold prediction Q8NB16) (A) and of mouse 

MLKL isoform 2 (mMLKL2) (PDB 4BTF) (B) showing different domains of MLKL. Amino acid 
substitutions that convert MLKL into a dead kinase (C). The 4HB is highlighted in dodger blue, the 

braces in light salmon, the psK in silver, and the Hc in orange. The figure was created by using 

ChimeraX and BioRender.com.  
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Despite the similarities between mouse and human MLKL in terms of their activation, mouse 

and human MLKL are not interchangeable and cannot be substituted for one another (Davies 

et al., 2018; Petrie et al., 2018; Tanzer et al., 2016). This means that human MLKL cannot 

complement mouse MLKL in mouse necroptotic environments and vice versa. This was 

validated by the fact that mouse and human MLKL can only interact and be phosphorylated 

with its correspondent RIPK3, suggesting a divergent co-evolution of MLKL and RIPK3 across 

different species (Tanzer et al., 2016). The core of MLKL activation is its RIPK3-mediated 

phosphorylation of the activation loop of the MLKL psK domain at T357/S358 in human 

MLKL and S345 in mouse MLKL, which is considered the key hallmark of MLKL activation 

(Murphy et al., 2013; Sun et al., 2012; Tanzer et al., 2016). 

MLKL N-terminal domain (NTD): Lethal in a league of its own  

The N-terminal 4HB domain, comprising the residues 1-125 in mouse MLKL and 1-124 in 

human MLKL, serves as the 'lethal' component (Tanzer et al., 2016). In both human and mouse, 

it has been shown that the 4HB is of absolute necessity for necroptosis execution (Liccardi & 

Annibaldi, 2023). However, recent studies suggest that the ability of the 4HB to exert 

necroptosis is distinct between the two species (Alvarez-Diaz et al., 2016; Davies et al., 2018; 

Petrie et al., 2019). For instance, it is sufficient to kill the cells upon the expression of the amino-

terminal 4HB of the mouse MLKL (Hildebrand et al., 2014). Furthermore, the recombinant 

4HB domain of mouse MLKL permeabilizes lipid bilayers in vitro (Tanzer et al., 2016). On the 

other hand,  the 4HB of the human MLKL shows less potency in the ability to execute cell death 

alone, and it has been shown that it could depend on some conditions, such as forced 

oligomerization (Tanzer et al., 2016). The basis behind these differences is still elusive and is 

a matter of investigation (Murphy, 2020). 

The deduction of how the 4HB domain disrupts membranes through structural and functional 

analysis is still challenging due to the lack of substantial similarity between this domain when 

compared to other protein families (Petrie et al., 2017a). However, it is believed that its killing 

activity is attributed to its direct action on the plasma membrane, where the amphipathic α-

helices of the MLKL 4HB are arranged into a coiled-coil arrangement, and the hydrophobic 

faces are hidden in the core of the structure (Flores-Romero et al., 2020; Murphy et al., 2013; 

Su et al., 2014). Such arrangement is also observed in the ancient 4HB domain characterized in 

yeast and called the HeLo domain (Daskalov et al., 2016). The HeLo domain-containing 

proteins are abundant in yeast and have some similar domains in plants, and MLKL is the sole 

example in animals (Jubic et al., 2019; Mahdi et al., 2019).  
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The psK domain: a dead kinase 

The psK domain is considered to act as a molecular swap that shifts between the active and 

inactive states of MLKL, as it attaches to and restrains the 4HB domain in a dormant state, non-

activated state (Davies et al., 2018; Quarato et al., 2016; Su et al., 2014). Additionally, the psK 

domain serves as a signal transducer, where the phosphorylation of the activation loop at 

T357/S358 residues in human MLKL and S345 in mouse MLKL acts as a signal for MLKL 

activation (Murphy et al., 2013; Sun et al., 2012; Tanzer et al., 2016). This occurrence is 

believed to induce conformational changes within the psK, leading to the exposure of the 4HB 

domain. This exposure facilitates the formation of MLKL oligomers, plasma membrane 

translocation, and subsequently, membrane permeabilization and cell death (Petrie et al., 2019). 

The psK domain has a similar structure to protein kinase domains in terms of their topology. 

Nonetheless, they are considered catalytically defective or non-functional because they are 

missing the essential residues that are required for phosphoryl transfer. Eventually, even when 

available in elevated concentrations, they do not show any measurable autophosphorylation or 

the capability to phosphorylate other proteins (Murphy et al., 2013; Sun et al., 2012).  

In a typical active protein kinase, three essential patterns are conserved (Hanks et al., 1988). 

These motifs are (Figure 1.3C):  

i. Val-Ala.-Ile-Lys (VAIK), which plays an essential role in positioning ATP during the 

catalytic process, specifically, the Lys residue side chain that is responsible for placing 

the α and β-phosphates during the transfer to phosphate groups. 

ii. His-Arg-Asp (HRD), which is located in the catalytic loop, where the Asp side chain 

has a role in the catalytic activity that works in conjunction with the Asp of the third 

motif. 

iii. Asp-Phe-Gly (DFG), which is located in the activation loop. Here, both the second and 

third motifs work on binding to the Mg2+ ion, which in turn coordinates the β and γ 

phosphates of the ATP.  

In the majority of species, the VAIK motif is conserved in MLKL. However, it's noteworthy 

that the second motif, HRD, is substituted into different sequences, and in almost all species, 

the DFG motif is altered to Gly-Phe-Glu (GFE). What is puzzling is that even without the 

presence of Mg2+ and Mn2+ ions, MLKL can still interact with ATP, ADP, and the analogue of 

ATP called AMP-PNP despite lacking any hydrolytic activity (Kearney et al., 2014; Murphy et 

al., 2013).  
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The brace helices: not just a mere connection 

The brace helices, which link the 4HB with the psK domain, have a more significant role in 

MLKL function than merely connecting these two domains. The two brace helices have a dual 

function. They not only transmit the structural changes caused by the psK phosphorylation 

mediated by RIPK3 to the 4HB domain but also serve as a platform for MLKL oligomerization 

(Davies et al., 2018; Meng et al., 2023; Quarato et al., 2016; Su et al., 2014). In addition, they 

also play a role in the regulation of activity, as they inhibit the intrinsic activity of the 4HB 

domain (Davies et al., 2018). Interestingly, there is a nine-amino-acid length difference in the 

brace region of the mouse MLKL compared to the human MLKL due to an insertion in the first 

brace helix of the human MLKL. This minor insertion could be the cause of notable structural 

differences in the overall folding of human and mouse MLKL, as predicted by AlphaFold 

(Figure 1.3A, B), and could also provide some explanations about their divergent mechanism 

of activation (Davies et al., 2018; Meng et al., 2023).  

The impact of post-translational modifications to MLKL activation  

Phosphorylation of the necroptosis mediators is the better-understood signal for propagation of 

the necroptotic cascade. Phosphorylation of both RIPK1 and RIPK3 is required for the 

formation of the necrosome, while MLKL phosphorylation serves as a signal for 

oligomerization and membrane translocation (Hildebrand et al., 2014; Murphy et al., 2013; 

Petrie et al., 2018; Quarato et al., 2016; Su et al., 2014; Wang et al., 2014b).  RIPK1 is believed 

to be phosphorylated by either underlying autophosphorylation within its activation loop (Cho 

et al., 2009a) or by RIPK3-mediated phosphorylation (Petrie et al., 2017b). On the contrary, 

there is currently no concrete evidence that RIPK1 can phosphorylate RIPK3, although it has 

been observed that RIPK3 phosphorylation has been decreased in cells treated with necrostatin-

1 (RIPK1 inhibitor) (Cho et al., 2009a). In both human and mouse MLKL, RIPK3 has been 

shown to phosphorylate specific Thr/Ser residues (specifically, T357/S358 in human MLKL 

and S347, S345, T349, and S352 in mouse MLKL) (Sun et al., 2012; Xie et al., 2013). When 

the T357 and S358 phospho-sites in human MLKL were mutated to Ala, necroptosis was 

blocked but did not hinder the binding to RIPK3 (Sun et al., 2012). This confirms that MLKL 

phosphorylation is not only crucial for its activity but also for its ability to interact with RIPK3 

(Meng et al., 2022). Furthermore, additional phosphorylation sites have been discovered in the 

mouse MLKL, which are S158, S228, and S248 (Tanzer et al., 2015). Mutating S158 or S248 

to Ala, which eliminates phosphorylation but not to Asp or Glu to mimic the phosphorylated 

version of the protein, resulted in enhanced necroptosis even in the absence of external stimuli 
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(Günther et al., 2016; Tanzer et al., 2015). This suggested that MLKL phosphorylation may 

affect the potential to regulate necroptosis either positively or negatively. 

Within the necroptotic pathway, not only phosphorylation but also ubiquitination is a post-

translational modification that is crucial in facilitating the regulation of MLKL (Z. Liu et al., 

2021; Miyata et al., 2021; Yoon et al., 2022). Still, this is a matter of current debate, with many 

controversial opinions on how MLKL ubiquitination affects necroptosis signaling. One study 

suggests that MLKL ubiquitination of K219 is crucial for its activation (Garcia et al., 2021), 

and this sensitizes the cells to die by necroptosis, while another one claims that MLKL 

ubiquitination initiates its downregulation by promoting its degradation (Z. Liu et al., 2021).  

More powerful when united- the oligomeric state of MLKL  

One characteristic feature of cells undergoing necroptosis is the presence of phosphorylated 

MLKL oligomers in the plasma membrane. The exact structure of MLKL oligomers formation 

is still a subject of debate in the scientific community. Several studies have reported the 

formation of MLKL trimers (Davies et al., 2018; Hildebrand et al., 2014), tetramers (Petrie et 

al., 2018), hexamers (Wang et al., 2014a), octamers (Huang et al., 2017), and even polymers 

(S. Liu et al., 2017). Additionally, biophysical analyses of recombinant MLKL, such as small-

angle X-ray scattering, analytical ultracentrifugation, and native mass spectrometry, have 

revealed that trimers of mouse MLKL are formed while the human MLKL assembles into 

tetramers (Davies et al., 2018; Hildebrand et al., 2014). Nevertheless, it is important to note that 

the ability of mouse MLKL to form higher-order oligomers within the cells is still under 

investigation and cannot be excluded. It was found that MLKL migrates in a non-reducing SDS 

polyacrylamide gel electrophoresis as a high-molecular-weight structure due to the possible 

presence of intramolecular disulfide bonds (S. Liu et al., 2017). However, whether these 

disulfide bonds are formed after the cell lysis or within the cells is still unclear.  

Intriguingly, the sole formation of MLKL oligomers does not, by itself, trigger necroptosis. 

Recent evidence has shown that mutations in the 4HB domain's alpha helix of human MLKL 

(D107A/E110A) have completely abolished the ability of necroptotic cell death induction, 

despite the continuous ability to form MLKL oligomers was still intact 35 (Petrie et al., 2018). 

In line with this, similar observations were found in the mouse MLKL orthologs 

(R105A/D106A and E109A/E110A) that resulted in a similar loss of necroptotic cell death but 

retained the ability to form higher-order oligomers (Hildebrand et al., 2014; Tanzer et al., 2016). 
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Together, this data suggests cofactors play a crucial role in necroptosis via engagement with 

the 4HB domain.  

MLKL in the plasma membrane: The omen of a disaster 

 Phosphorylated MLKL oligomers in the cells's plasma membrane are a typical feature of a cell 

dying by necroptosis that represents the point of no return (Y.-N. Gong et al., 2019). The 

translocation of MLKL oligomers to the plasma membrane is mainly mediated by several 

interactions between the cluster of positively charged residues in the 4HB domain of MLKL 

and the phosphatidylinositol phospholipids in the plasma membrane (Dondelinger et al., 2014). 

These interactions were further confirmed by a study that shows that the binding of specific 

monobody to specific residues in the α4-helix of the 4HB (D107, E111, L114) domain blocks 

the translocation of human MLKL oligomers to the plasma membrane, and their mutation 

hinders the membrane translocation (Petrie et al., 2020). MLKL translocation to the plasma 

membrane is considered the ultimate step required for its activation. However, the exact 

molecular mechanism of how MLKL mediates cell death is still unclear (Flores-Romero et al., 

2020; Martinez-Osorio et al., 2023). Current models include: 

i. Partial insertion of the 4HB domain, which is facilitated by specific interactions between 

the positively charged residues and the negatively charged phospholipids (Dondelinger 

et al., 2014; Quarato et al., 2016). 

ii. Pore or channels formation, which involves the formation of stable structures and the 

complete incorporation of MLKL oligomers in the plasma membrane (Wang et al., 

2014b).  

iii. Association with auxiliary transporters to facilitate ion imbalance and osmolysis (Cai et 

al., 2014; X. Chen et al., 2014). 
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1.2.2 Hc-Helix Accommodation into a Hydrophobic Groove of MLKL is 

Essential for Necroptosis 

In the Lab of Prof. Dr. Ana Garcia Saez, different isoforms of MLKL have been extensively 

investigated (Ros et al., unpublished). Alternative splicing for the MLKL gene encodes for 

different isoforms in both human and mouse MLKL. In the human MLKL, three different 

variants are identified, known as hMLKL0, hMLKL1 (Q8NB16-1), and hMLKL2 (Q8NB16-

2). Similarly, in the mouse MLKL, there are three different variants generated by alternative 

slicing. They are known as mMLKL1 (Q9D2Y4-1), mMLKL2 (Q9D2Y4-2), and mMLKL3 

(Q9D2Y4-2).  

Upon the structural and functional analysis of the different mouse MLKL isoforms, it was 

observed that mMLKL1 only differs from the mMLKL2 by the presence of eight extra amino 

acids at the C-terminal end of the psK domain (Figure 1.4A, B). This insertion causes the 

unfolding of the most terminal α-helix (Hc) in mMLKL1. In addition, hMLKL0 was also 

identified in humans. This isoform contains an additional five amino acids sequence at the Hc 

of hMLKL, being equivalent to mMLKL1 in mouse. The Hc α-helix was found to insert into a 

hydrophobic groove in hMLKL1 and mMLKL2 but was disrupted in structural models of 

hMLKL0 and mMLKL1 (Figure 1C, D). Interestingly, hMLKL0 and mMLKL1 are inactive 

variants, while hMLKL1 and mMLKL2 can be activated upon necroptotic stimuli (Figure 

1.4E). This observation led to the hypothesis that accommodation of the Hc into a hydrophobic 

groove of MLKL is essential for its activation. This was further validated with the use of 

mutants that alter Hc-groove interactions, including Ala insertion mutants and C-terminal 

deletion mutants at the Hc of mMLKL2, as well as point mutations in residues of the putative 

groove (Figure 1.4F). 
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Figure 1. 4 Analysis of different isoforms of mouse and human MLKL disclosed a new 

mode of regulation. 

(A, B) Domain structure of human (A) and mouse (B) MLKL isoforms. (C, D) Structural representation 

of the hydrophobic groove of hMLKL0, hMLKL1 (C), mMLKL1, and mMLKL2 (D). (E) Necroptotic 

activity of different isoforms of hMLKL in MLKL ko HT-29 cells transfected with GFP-tagged MLKL 
versions. (F, G) Necroptotic activity of different isoforms of mMLKL in MLKL ko NIH-3T3 cells 

transfected with GFP-tagged mMLKL isoforms and mutants in which Ala segments of different length 

were inserted before the Hc of mMLKL2 (F) or C-terminal deletion mutants (G).  
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1.3 Exploring MLKL as a Prospective Therapeutic Target to Treat Diseases  

Necroptosis has been implicated in the pathophysiology of a wide range of different diseases 

spanning broad disease categories, including diseases of the Central nervous system (CNS) 

(Faergeman et al., 2020; Ofengeim et al., 2015; Y. Zhou et al., 2017), inflammatory diseases, 

cardiovascular diseases (CVD) (Zhe-Wei et al., 2018), other diseases that affect vital organs 

such as kidney (Belavgeni et al., 2020), liver (Dara et al., 2016b, 2016a; Ni et al., 2019), and 

pancreas (Hildebrand et al., 2021), as well as infectious diseases (Cho et al., 2009c; Xia et al., 

2020).  

Numerous studies have employed different experimental approaches to establish the connection 

between necroptotic effector proteins (RIPK1, RIPK3, and MLKL) and the pathogenesis of 

these diseases. These approaches can be broadly grouped into three major categories. Firstly, 

the employment of different experiments that include the generation of knockdown (kd) or 

knockout (ko) mice of RIPK1, RIPK3, and MLKL by using techniques such as short hairpin 

RNA (shRNA), small interfering RNA (siRNA), as well as CRISPR/Cas9, enabling the study 

of their effect in the in-vivo animal disease models. Secondly, the comprehensive analysis of 

protein/gene expression in patient tissue samples has provided invaluable evidence of the 

involvement of necroptosis with these pathological conditions. Lastly, the pharmacological 

inhibition of these necroptotic effector proteins by using different available inhibitors (Gardner 

et al., 2022). 

1.3.1 Understanding the Effect of MLKL Knockout in the Etiology of Different 

Diseases 

Following the discovery of the potential role of MLKL in executing necroptosis, strains of 

MLKL ko mice have been generated to investigate the impact of these protein ablation on 

various diseases (Murphy et al., 2013). The success of these mice strains has been evident, as 

the genetic deletion of MLKL did not lead to any developmental consequences in the absence 

of challenges such as the potentiation of different diseases. Indeed, MLKL ko mice are born 

according to the expected Mendelian ratios and show indistinguishable characteristics 

compared to wild-type (wt) littermates at birth and throughout adulthood (Crutchfield et al., 

2021; J. Wu et al., 2013). The examination of MLKL's role in mouse models has revealed that, 

in the majority of instances, MLKL ko provides protection regardless of the initiated disease 

type (Figure 1.5). However, some evidence suggests that enhancement of MLK-induced 

necroptosis can be advantageous in the context of different malignancies (Meng et al., 2021). 
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Neurological diseases   

Recent findings have increasingly emphasized the role of MLKL in neurological diseases 

within mouse models. There is controversial evidence indicating variations in the tolerance of 

MLKL ko among different mouse models. For instance, in a chemically induced Parkinson's 

disease mouse model, MLKL ko mice exhibited protection against neurotoxic inflammatory 

responses due to elevated dopamine levels (Lin et al., 2020). However, in other models, such 

as Sciatic Nerve Injury, the examination of MLKL levels in myelin sheath was shown to be 

elevated, promoting the breakdown and subsequent nerve regeneration. Furthermore, nerve 

generation was accelerated with the overexpression of MLKL in this model (Ying et al., 2018).   

Ischemia and Reperfusion Injury (IRI) 

MLKL, along with cell death mechanisms in general, plays a significant role in the etiology of 

IRI within the context of an infarction. MLKL, in particular, can directly impact blood vessel 

occlusion and end-organ damage in response to the deprivation of oxygen and ATP (Luedde et 

al., 2014). Data derived from MLKL ko mice indicates partial protection against the initial 

embolic insult, accompanied by a reduction in infarct size and improved locomotive recovery 

after stroke (Shi et al., 2020; J. Yang et al., 2018). These findings suggest that the modulation 

of MLKL activity may hold promise in mitigating the consequences of IRI associated with the 

infarction.  

Infection 

The role of MLKL deficiency in response to infection is controversial and depends on the nature 

of the infecting agent, whether it is bacterial or viral infection. In bacterial infections, MLKL-

dependent necroptosis serves as a protective mechanism to eliminate pathogens and reduce their 

side effects. For instance, in chronic infection with Staphylococcus aureus and methicillin-

resistant S. aureus (MRSA), MLKL ko exacerbates bacterial burden and elevates mortality rates 

(D’Cruz et al., 2018; Kitur et al., 2016). However, in particular bacterial infections, such as 

Streptococcus pneumonia and Serratia marcescens,  MLKL ko mice were resistant to infections 

in comparison to wt mice (Gonzalez-Juarbe et al., 2020; González-Juarbe et al., 2015). 

Furthermore, MLKL ko mice were protected from the polymicrobial shock induced by Cecum 

Ligation and Puncture-induced sepsis  (CLP) pathogens (H. Chen et al., 2020).  
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In the context of viral infections, MLKL ko mice exhibited protection against various viral 

strains. When exposed to a lethal dose of influenza virus A (IVA), these mice demonstrate 

resistance to lung damage caused by the virus (T. Zhang et al., 2020). Furthermore, MLKL 

deficiency extends protection from inflammation associated with the infection, particularly in 

later stages secondary to IVA exposure. Notably, MLKL ko mice also show protection from 

cardiac remodeling followed by IAV infection (Gonzalez-Juarbe et al., 2020). Altogether, these 

findings showed the different responses of MLKL-deficient mice to bacterial and viral 

infections, emphasizing the infection as a crucial determinant in the observed outcome.  

Inflammation 

The impact of MLKL on mouse models of inflammation is versatile and depends on various 

factors, particularly on the stimuli that initiate the inflammation, its severity, and the location 

of the inflammation. For instance, in the Systemic Inflammatory Response Syndrome (SIRS), 

the response of MLKL ko mice differs based on the mode of inflammation induction. When 

induced by low doses of TNFα, MLKL ko mice did not exhibit protection from the side effects 

(Newton et al., 2016). However, when induced by high doses of TNFα, MLKL ko mice showed 

a protective response in this model of inflammation (Moerke et al., 2019; Newton et al., 2016; 

Pierotti et al., 2020). This variability illustrates the role of MLKL in different inflammatory 

contexts, highlighting the sensitivity of its effects to the specific conditions of inflammation.  

Metabolic diseases  

The deficiency of MLKL, achieved either through its ko or pharmacological inhibition, has 

proven to have beneficial effects on a wide range of liver disease side effects. MLKL ko mice 

exhibited resistance to Steatohepatitis by the reduction of both the fats de-novo synthesis and 

expression of chemokine ligands (Saeed et al., 2019). In line with this notion, the 

pharmacological inhibition of MLKL by using RIPA-56, which downregulates the expression 

of MLKL, showed protection against high-fat diet steatosis (Majdi et al., 2020). 

Additionally, the advantageous role of MLKL ko extends to various metabolic syndromes. 

MLKL ko results in lower serum triglycerides and cholesterol levels, protecting against 

dyslipidemia (Saeed et al., 2019). Furthermore, MLKL ko mice were protected against insulin 

resistance and showed improved insulin sensitivity and reduced fasting blood glucose of mice 

on a high-fat diet (H. Xu et al., 2019). Finally, MLKL inhibition was shown to be beneficial in 

atherogenesis, where it reduces the size of the necrotic core (Rasheed et al., 2020).  
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Cancer and cancer treatment 

Cisplatin stands out as one of the most known chemotherapeutic agents for solid cancer 

treatment; nevertheless, its consumption is usually associated with nephrotoxic side effects. 

Interestingly, MLKL ko mice have demonstrated protection against cisplatin-induced tubular 

necrosis in contrast to their wt counterparts (Y. Xu et al., 2015). This fact suggests the potential 

for enhancing the use of Cisplatin in combination with MLKL inhibitory agents to eliminate 

the possible side effects.  

 

Figure 1. 5 Evidence linking the involvement of MLKL ko with protection in mice models. 

Evidence obtained in mouse models pointing the crucial role of MLKL in the pathogenesis of different 

diseases. MLKL ko shown to have protective effects against certain infections and diseases in the 
nervous system and metabolic diseases, IRI, and cancer treatment-induced toxicity. Arrows indicate an 

increase (↑) or decrease (↓) of disease-associated symptoms. The figure was created by using 

BioRender.com. 

1.3.2 MLKL: A Promising Therapeutic Target for Addressing Human Diseases 

Based on observations obtained from mouse models, MLKL and necroptosis exhibit dual roles. 

On one hand, they act as a defense mechanism against various insults to cells and tissues in 

response to infections and diseases, while on the other hand, they protect cells upon the deletion 

of MLKL and subsequent necroptosis inhibition. Evolutionary insights from modern-day 

carnivores, such as metatherians and aves, where MLKL and/or RIPK3 are genetically deleted, 

offer valuable perspectives on how complex vertebrates can survive without necroptosis 

(Dondelinger et al., 2016). This observation supports the idea of the intricate interplay and 
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cooperation between different programmed cell death mechanisms (Doerflinger et al., 2020). 

Moreover, insights from this evolutionary perspective suggest that pharmacological inhibition 

of MLKL and necroptosis in humans may not compromise pathogenic defense. Recent studies 

even indicate that inhibiting necroptosis could potentially reduce inflammatory responses, 

which, in many cases, cause a more significant threat than the infection itself (T. Zhang et al., 

2020).  

Furthermore, any extrapolation from the data obtained from mouse models of MLKL ko or 

mutants must be carefully adapted to the knowledge of key differences between the human and 

mouse MLKL structures and regulation, especially in the context of clinical trials for various 

diseases (Davies et al., 2020; Petrie et al., 2018; Tanzer et al., 2016). For instance, the 

withdrawal of some RIPK1 inhibitors from phase I and II clinical trials for pancreatic cancer 

and chronic inflammatory diseases due to lack of efficacy highlights the importance of adapting 

the insights from mouse models to the unique aspects of human biology (Martens et al., 2020; 

Weisel et al., 2021).  

After the comprehensive exploration of MLKL's potential roles in various mouse models, the 

attention now turns to its impact on diverse human diseases. The intriguing observation that the 

deletion of MLKL can provide protection against some diseases holds promise for its 

substantial application in human health. Indeed, the examination of human samples using 

antibodies targeting both MLKL and phosphorylated MLKL reveals its potential for 

involvement in a broad spectrum of human health-related conditions (Figure 1.6). Delving 

deeper into the association of MLKL with various human diseases not only enhances our 

understanding of the molecular mechanisms underlying these conditions but also the 

investigation of its potential as a novel therapeutic target (Martinez-Osorio et al., 2023).  

Nervous system diseases   

Exploring their role in neurodegenerative diseases, both MLKL and its activated form the 

phosphorylated MLKL levels were found to be elevated in derived postmortem tissues of 

patients with Parkinson's disease (PD) (Iannielli et al., 2018), a disorder characterized by motor 

dysfunction and cognitive impairment. In addition, similar findings were observed in samples 

from the brains of patients with Alzheimer's disease (AD) (Caccamo et al., 2017), which is a 

progressive condition marked by memory loss and a decline in cognitive abilities. Furthermore, 

MLKL has been detected in pathological samples from the critical lesions of patients with 
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multiple sclerosis, an autoimmune disease that affects the central nervous system and leads to 

several neurological symptoms (Picon et al., 2021).  

Cardiovascular system diseases 

Within the domain of cardiovascular diseases, MLKL has emerged as a crucial player linked to 

the pathophysiology of atherosclerosis (Kamal et al., 2021; Karunakaran et al., 2016). 

Atherosclerosis is characterized by the persistent inflammatory impact on arterial walls, and it 

poses a significant threat by potentially triggering abrupt blood clots, thereby precipitating 

conditions such as heart attacks or strokes (Badimon et al., 2012). Notably, patients with 

unstable carotid atherosclerosis have been found to exhibit elevated levels of MLKL within 

samples extracted from atherosclerotic plaques (Karunakaran et al., 2016). Moreover, it has 

been identified that the low-density lipoprotein is a factor that promotes the transcription of 

MLKL and facilitates its phosphorylation (Karunakaran et al., 2016). This finding manifests 

the potential role of MLKL in the development and progression of disease complications. 

Respiratory system diseases 

Compelling evidence points towards the involvement of MLKL in the pathogenesis of two 

significant pulmonary diseases: Coronary Obstructive Pulmonary Disease (COPD) and 

Idiopathic pulmonary fibrosis (IPF). These conditions are marked by chronic respiratory issues, 

and investigations have revealed the close involvement of MLKL. In particular, elevated levels 

of MLKL have been observed in the lung tissues of individuals affected with COPD (Lu et al., 

2021) and IPF (Lee et al., 2018). This finding highlights the potential contribution of MLKL to 

the progression of these diseases, and current investigations aim to ameliorate the impact of 

COPD and IPF on respiratory health.  

MLKL and cancer  

The role of MLKL in cancer remains controversial, given that necroptosis appears to have a 

dual effect, potentially acting both against and in favor of cancer development and progression. 

Indeed, the levels of necroptosis can vary, being either diminished or increased in different 

types of cancer cells (Y. Gong et al., 2019). On one side, the reduced expression of RIPK3 and 

MLKL is associated with unfavorable prognosis in a range of cancer types, including breast 

cancer (Won et al., 2021), colorectal cancer (Conev et al., 2019), acute myeloid leukemia 

(Nugues et al., 2014), head and neck squamous cell carcinoma (McCormick et al., 2016), 

melanoma, cervical squamous cell carcinoma (Ruan et al., 2015), gastric cancer (Ertao et al., 
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2016), and ovarian cancer (L. He et al., 2013). On the other hand, research conducted on 

pancreatic cancer patients revealed that aside from RIPK1 and RIPK3, higher MLKL levels 

were identified in the aggressive form of human pancreatic cancer tissue cells (Martens et al., 

2021). Furthermore, activated MLKL has been elevated in patients with colon cancer and tumor 

tissues of esophageal cancer and neck squamous cell carcinoma (X. Liu et al., 2021).  

 

Figure 1. 6 Evidence linking the involvement of MLKL upregulation with different human 

diseases. 

MLKL has a crucial role in the pathogenesis of different diseases related to the central nervous system, 

the cardiovascular system, and the respiratory system. Upregulation or activation of MLKL contributes 

to different types of cancer, such as pancreatic cancer, breast cancer, and colon cancer. Arrows indicate 
an increase (↑) in MLKL or phosphorylated MLKL. The figure was created by using BioRender.com. 

Adapted from (Martinez-Osorio et al., 2023). 
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1.4 Ending the Life of the Assassin: Therapeutic Targeting of MLKL 

Several studies reinforce the fact that necroptosis is involved in the pathophysiology of 

numerous diseases that extend from atherosclerosis, neurodegenerative diseases, pulmonary 

diseases such as COPD, and systemic inflammation to different types of cancers (W. Zhou & 

Yuan, 2014). This makes the core proteins involved in necroptosis, RIPK1, RIPK3, and MLKL, 

compelling targets or drug development in the treatment of necroptosis-related diseases. In fact, 

more than 20 classes of RIPK1 inhibitors have been developed as drugs to treat several diseases, 

and some of them are already in clinical trials (Harris et al., 2017; Z. Li et al., 2022; Ren et al., 

2017). Furthermore, RIPK3 inhibitors were also reported to be efficient in different mouse 

models of necroptosis-related diseases (S. Wu et al., 2021; H. Zhang et al., 2019).  

Despite the fact that targeting MLKL to inhibit necroptosis would represent a very attractive 

option, the development of MLKL inhibitors is still limited. Targeting MLKL represents a 

highly promising therapeutic avenue with the potential to tackle a broad spectrum of 

necroptosis-related diseases and can potentially add several advantages over the currently 

available necroptosis inhibitors. First, MLKL is the final executor for necroptosis known so far, 

and in contrast to RIPK1 and RIPK3, MLKL is not connected to other cellular pathways, and 

it can overcome the limitations observed upon targeting RIPK1 and RIPK3 because their 

inhibition can affect apoptosis or facilitate the induction of aberrant apoptosis, respectively 

(Newton, 2015; Patton et al., 2023). Second, MLKL is a pseudokinase, and its mechanism of 

action differs from the known kinases, such as RIPK1 and RIPK3, which will reduce the 

possibility of potential off-targets. Moreover, targeting MLKL can be achieved not only by 

targeting the psK domain but also by targeting other domains in the protein, such as the 4HB 

and the brace domain (Martinez-Osorio et al., 2023).  

Additionally, the exact mechanism of MLKL in executing necroptosis is not fully elucidated 

yet, and developing inhibitors for MLKL will not only hold promise for treating various 

diseases but also will contribute to a deeper understanding of the complexity of its function. In 

recent years, significant efforts have been directed toward developing small molecules targeting 

different domains in MLKL, including the psK and the 4HB domains. Furthermore, innovative 

studies have proven that targeting MLKL can also be achieved by developing new techniques 

that manage to inhibit MLKL successfully; this includes monobodies (Petrie et al., 2020) and 

PROteolysis Targeting Chimeras (PROTACs) (Rathje et al., 2023a). 



36 

 

The subsequent section will summarize the main properties of the MLKL inhibitors (Figure 

1.7) that have been discovered or are still under development. Existing small molecules 

targeting MLKL can be categorized into two primary groups: inhibitors that interact with the 

psK domain or inhibitors and binders that interact with the 4HB domain. 

 

Figure 1. 7 Current existing inhibitors targeting MLKL. 

The scheme shows the structure of the different domains of MLKL with currently available small 

molecules that target them. Targeting the Hc (in yellow) represents a new strategy for selective inhibition 

of MLKL. 

 

1.4.1 Targeting the psK Domain  

Due to the pivotal role of the psK domain in the function of MLKL, developing inhibitors that 

target it was from the early approaches to discover necroptosis inhibitors. The first MLKL 

inhibitor that targeted this site was GW806742X, also known as compound 1 (Cpd1) or 

aminopyridine 42, which was discovered after screening against the recombinant mouse MLKL 

using thermal shift assays (Hildebrand et al., 2014). Upon testing the compound for its ability 

to inhibit necroptosis in cellular assays, it managed to inhibit necroptosis in mouse dermal 
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fibroblasts (MDF) with a concentration required to achieve 50% inhibition (IC50) of less than 

50 nM. When the compound was tested in human cell lines, it showed moderate potency in 

TNF-stimulated FADD-deficient Jurkat cells with an IC50 of 1.85 µM and high toxicity profiles 

with approximately 2 µM (Ma et al., 2016; Pierotti et al., 2020). Furthermore, Cpd1 did not 

affect MLKL phosphorylation, suggesting that it did not affect the RIPK3 binding; however, it 

blocked MLKL membrane translocation (Gardner et al., 2022; Murphy et al., 2014). In contrast 

with this evidence, this compound was found to suffer from poor kinome selectivity, as it was 

able to inhibit 56 out of 403 kinases at 1 µM. RIPK1 and RIPK3 were from these kinases, and 

this might imply that its inhibitory activity might be due to its effect on the RIPK kinases and 

not only on MLKL (Hildebrand et al., 2014). 

In another study by (Ma et al., 2016), Cpd4 and Crizotinib were identified as binders to the psK 

of MLKL, and the screening for these inhibitors was done against the active site of MLKL from 

a library of 5000 compounds by using ATP-competitive probe displacement assay. Both 

compounds are more specific towards MLKL and have a higher affinity towards MLKL in 

comparison to RIPK1 and RIPK3, where Cpd 4 only bound to MLKL out of 403 other kinases 

at 1 µM. Despite their sub-µM affinity towards MLKL, these compounds had no anti-

necroptotic activity and failed to inhibit necroptosis. In a complementary study, Cpd2 was 

identified as a derivative of Cpd1 with a more potent effect that can bind to either the psK 

domain of the full-length human and mouse MLKL (Pierotti et al., 2020). 

From a mechanistic point of view, kinase inhibitors can be classified into two categories, 

depending on their mechanism of binding and whether they bind to the active or inactive 

conformation of the kinase (Dar & Shokat, 2011). Type I kinase inhibitors bind to the kinase 

domain by forming hydrogen bonds with the kinase hinge and occupy the adenosine binding 

pocket, while the Type II kinase inhibitors also bind to the adenosine binding pocket but form 

GFD-out configuration. Cpd1 was classified as a type II kinase inhibitor, while Cpd4 and 

Crizotinib were classified as Type I kinase inhibitors (Ma et al., 2016). Furthermore, it was 

found that Cpd1 competes with the ATP or ADP at the ATP binding site of MLKL, and this 

was further confirmed by its failure to interact with the MLKL K219M mutant that has a 

defective ATP binding site (Pierotti et al., 2020). Additionally, Cpd2 was found to bind to the 

nucleotide-binding site by hydrogen bonding with E250, G349, and C286 MLKL residues 

(Pierotti et al., 2020).  

Additional screening was conducted to find MLKL inhibitors that bind to the psK domain. In a 

patent submitted by Garner, J. D. 2020, a series of pyrazole carboxamide-based MLKL binders 
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were reported to bind to MLKL within the nanomolar range (less than 10 nM). These 

compounds have a 1000-fold selectivity over the typical RIPK kinases RIPK1 and RIPK3. This 

patent was the starting point of another study conducted by (Rathje et al., 2023b) on PROTACs 

development as a novel approach to down-regulate MLKL and subsequently inhibit 

necroptosis. This method is based on proteolytic targeting chimeras that can be used to target 

protein of interest (POI), which results in its downregulation and often allows for greater effect 

than with the use of the POI ligand alone. These molecules are composed of three main 

components: the ligand that binds to the POI, the E3 ligase, and a linker that links the two 

binding motifs. The PROTAC known as Cpd36 was synthesized by using an MLKL binder 

with no inhibitory activity and a cereblon (CRBN) ligand, both connected by a linker (Rathje 

et al., 2023b). This molecule managed to achieve 90% of MLKL degradation at µM 

concentrations and protected from necroptosis in cells. Mechanistically, it was shown that 

Cpd36 recruits MLKL to the E3 ligase CRBN and facilitates its proteasomal degradation.  

Altogether, while offering a promising category for necroptosis inhibitors, these studies 

highlight the challenges and drawbacks faced in developing inhibitors targeting the psK domain 

of MLKL. These challenges are mainly due to the lack of selectivity towards MLKL and the 

presence of potential off-targets. In fact, Cpd1 was initially designed as a Vascular endothelial 

growth factor receptor 2 (VEGFR2) inhibitor (Sammond et al., 2005), and Crizotinib was 

developed as an inhibitor for Mesenchymal-epithelial transition (c-MET) and Anaplastic 

lymphoma kinase (ALK) (J. J. Cui et al., 2011), which exemplifies the lack of selectivity for 

MLKL. This underscores the need for enhanced specificity in the design and development of 

MLKL inhibitors.  

1.4.2 Targeting the Executioner of the Assassin: The 4HB domain  

In a study where they made a screening campaign of 200 000 compounds against HT-29 cells 

stimulated by TSZ to induce necroptosis, one hit (hit#14) was identified that managed to inhibit 

necroptosis with an IC50 of less than 1 µM (Sun et al., 2012). This compound was further 

optimized, and necrosulfamide (NSA), which is a 3-methoxypyrazin-2-yl derivative of hit#14, 

was developed. NSA was then tested against different cell lines (human or mouse), including 

HT-29, L929, and NIH-3T3. Interestingly, NSA only inhibited necroptosis in the human cell 

line (HT-29) with completely no effect on the mouse cell lines. This discovery pinpointed 

MLKL as the primary target of NSA and established it as the central executor for necroptosis 

(Liao et al., 2014; Sun et al., 2012). 
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Consequently, NSA has become a widely employed tool in experimental research for 

investigating necroptosis in cellular contexts. In addition, a xanthine-based hit with strong 

necroptosis inhibition properties was also identified from the same screening (Yan et al., 2017). 

After rounds of optimization, TC13172 was identified and emerged as a potent MLKL inhibitor 

with remarkable potency in the low nanomolar range. TC13172 was also tested using a similar 

approach to detect its inhibitory effects in different cell lines. Strikingly, it also inhibited 

necroptosis only in human HT-29 cells, and no effect was observed in mouse L929 or NIH-3T3 

cells. This high species specificity is attributed to their mechanism of action, where it was found 

that both bind covalently to the C86 within the α-4 helix of the 4HB domain, which is exclusive 

to human MLKL (Yan et al., 2017). 

Consequently, these inhibitors are unsuitable for fundamental research or pre-clinical 

investigations involving mice or murine cells. While NSA and TC13172 are known for their 

significant potency, they also suffer from some drawbacks. In particular, both NSA and 

TC13172 exhibited cytotoxicity at concentrations more than 10 µM (B. Cui et al., 2022). 

Furthermore, NSA exhibits moderate potency and restricted Structure Activity Relationship 

(SAR), as well as its ability to target other surface Cys residues rather than a specific binding 

pocket. In fact, in a more recent study, it was found that NSA displayed cross-reactivity with 

gasdermin D (GSDMD) directly or upstream via caspase-1, and pyroptosis was inhibited as a 

consequence (Rashidi et al., 2019; Rathkey et al., 2018). This limits the further development of 

NSA and restricts its usage only in-vitro primate cell research. The presence of methyl sulfone 

in TC13172, as its functional group is activated by hydrogen boning with C86 in human MLKL, 

makes it susceptible to reacting with nucleophilic agents, which will generate a by-product with 

substantial toxicity in cells and reduced metabolic stability (B. Cui et al., 2022). In more recent 

studies attempting to develop new covalent MLKL binders with enhanced properties that 

overcome the drawbacks observed with the previous inhibitors, a novel family of compounds 

was developed based on TC13172. In the updated generation of inhibitors, the xanthine core 

found in TC13172 was substituted with a uracil core (B. Cui et al., 2022). This alteration 

resulted in improved drug-like characteristics, including enhanced stability and reduced risk of 

off-target (ref). 

Furthermore, uracil compounds did not inhibit necroptosis in mouse embryonic fibroblasts 

(MEF) cells, which suggests that they also have the same mechanism of action by binding to 

the C86 and also exhibit species selectivity towards the human MLKL (B. Cui et al., 2022). 

Although NSA, TC13172, and the uracil derivatives all target C86 in human MLKL, they 
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appear to employ distinct inhibition mechanisms. In addition to the interaction with C86, NSA 

creates a π-cation interaction with L157 found in the second brace helix. Conversely, TC13172 

functions by stabilizing the pack of α-helix 6 from the brace region against the 4HB domain by 

forming π-π stacking interactions with F148 (Rübbelke et al., 2020). In the case of the uracil-

derived compound 56, covalent binding to C86 takes place through the replacement of the 6-Cl 

group, resulting in the establishment of π-π interactions between its core and F148 of MLKL 

(B. Cui et al., 2022). 

Despite employing similar covalent binding mechanisms to interact with MLKL, NSA, 

TC13172, and uracil-derived compounds influence the hallmarks of MLKL activation in 

slightly varying ways. None of them interfere with the activation of the upstream kinases RIPK1 

and RIPK3 or affect MLKL phosphorylation that RIPK3 mediates. Precisely, NSA results in 

partial inhibition of MLKL oligomerization, a more potent effect compared to that observed 

with uracil derivatives. In contrast, TC13172 completely inhibits the oligomerization of MLKL. 

Importantly, all inhibitors within this category entirely prevent the translocation to cellular 

membranes (B. Cui et al., 2022; Gardner et al., 2022).   

In a recent study with the aim of developing novel inhibitors that target the 4HB of MLKL, the 

compound P28 was identified as a potent inhibitor of necroptosis and showed antifibrotic 

effects (Oh et al., 2023). P28 acted by blocking the phosphorylation of MLKL and its 

oligomerization after the cells; furthermore, it inhibited the translocation of MLKL to the 

plasma membrane. Mechanistically, P28 was able to covalently modify the Cys86 residues in 

the FSNRSNICRFLTASQDK peptide at the N-terminal region of MLKL. In comparison to the 

previously mentioned covalently binding inhibitors, treatment with P28 successfully reduced 

the activation level of hepatic stellate cells and hepatic fibrosis markers expression that was 

induced by necroptosis.  

Recently, a series of fragments that bind noncovalently to the MLKL was reported after a 

screening of a fragment library against the recombinant 4HB domain of human MLKL. A 

starting molecule, Cpd1, which has an indole moiety, was selected for further optimization. 

From this optimization, Cpd5 and 7 emerged as the enhanced derivatives with improved binding 

affinity but were still within the µM concentration range (more than 50 µM) (Rübbelke et al., 

2021a). These compounds bind to a hydrophobic pocket at the end of the 4HB domain, opposite 

to C86, which is the target residue for irreversible MLKL inhibitors. Interestingly, it was 

observed that the detergent nonyl-maltoside, in conjunction with phytic acid, functions as an 

activator of the 4HB domain and can compete with Cpd5 for binding to MLKL. This finding 
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raised the possibility that these compounds might be capable of inhibiting MLKL in cell-based 

assays (Rübbelke et al., 2021b). The rationale behind this lies in the structural similarity of these 

detergents to inositol phosphates, which are essential for MLKL oligomerization and 

translocation to the membrane. Regrettably, the activity of Cpd5 could not be assessed in cells 

due to its limited membrane permeability, and it did not exhibit activity in an in vitro liposome 

leakage assay. Therefore, further optimization is still necessary to establish their effectiveness 

as MLKL inhibitors. 
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1.5 Aims  

Necroptosis is a form of programmed cell death that results in the release of inflammatory 

cellular contents after plasma membrane permeabilization, thus triggering the immune 

response. Necroptosis is implicated in a wide range of pathophysiological conditions that 

include infectious diseases, liver disorders, kidney injuries, neurodegenerative diseases, 

cardiovascular disorders, autoimmune diseases, and cancer. MLKL is the necroptosis executor 

that is also implicated in a broad range of diseases due to its ultimate role in necroptosis. Despite 

the fact that targeting MLKL to inhibit necroptosis represents a very attractive drug target, the 

development of MLKL inhibitors is still limited. The currently available inhibitors of MLKL 

have some drawbacks, such as being unspecific towards MLKL and having low stability and 

selectivity. Furthermore, no inhibitor has been reported for the mouse MLKL so far.  

These facts motivated us to investigate new potential inhibitors that target MLKL.  Research in 

the lab of Prof. Dr. Ana Garcia Saez identified a previously undiscovered hydrophobic pocket 

within MLKL, which, remarkably, has a potential role in regulating the process of necroptosis. 

An in-silico screening against either a model of phosphomimetic human MLKL or mouse 

MLKL was performed, and two compounds were identified. These compounds, referred to as 

MLKL Binding Agents (MBAs), should bind to human MLKL (MBA-h1) and mouse MLKL 

(MBA-m1). These compounds should bind allosterically to the discovered hydrophobic groove 

in MLKL and disrupt the interaction between the Hc and its incorporation in the hydrophobic 

groove. An extended in-silico screening was further performed to identify additional 

compounds with optimized properties.  

Therefore, the main aims of this thesis were to:  

I. Characterize and validate the proof-of-principle compounds (MBA-h1 and MBA-m1) 

by: 

 Evaluating their inhibitory effect on necroptotic cell death. 

 Assessing their effect on the hallmarks of MLKL activation. 

 Determining their ability to bind to MLKL in vitro and cells.  

II. Characterize the new compounds identified in the extended in-silico screening by: 

 Evaluating their inhibitory effect in a cell-based necroptotic assay.  

 Evaluating their binding to the recombinant MLKL in-vitro.  

 



43 

 

2. Materials and Methods 

2.1 Materials  

Table 2. 1 Reagents  

Reagent Company 

DMEM medium Sigma-Aldrich 

DRAQ7 Invitrogen 

Fetal Bovine Serum (FBS) Thermofisher 

Human TNFα Peprotech 

GSK-872 Biozol 

Murine TNFα Peprotech 

Necrosulfonamide (NSA) Sigma-Aldrich 

Necrostatin-1s (Nec-1s) Cayman 

Penicillin/Streptomycin (P/S) Thermofisher 

Phosphatase inhibitor Roche 

Protease inhibitor Roche 

Recombinant human TRAIL Merk 

RIPA Thermofisher 

Smac mimetic LCL-161 Active Biochem 

SuperSignal™ West Pico PLUS Chemiluminescent Substrate ThermoScientific 

Trypsin-EDTA Solution 10X Sigma 

Xanthine-TC Boehringer Ingelheim 

zVAD APEXBIO 

 

Small Molecules: The small molecules were purchased from MolPort and were first dissolved 

in dimethylsulphoxide (DMSO) to have 10 mM stock solutions and further diluted with DMEM 

to reach the desired concentrations for cell-based assay.   

Table 2. 2 Buffers and solutions  

Buffer/Solution Composition 

PBS (10x) 18 mM KH2PO4,100 mM Na2HPO4, 27 mM KCl, 1.4 M 

NaCl, pH 7.4 

Dulbecco's Modified Eagle 

Medium (DMEM) 

With 1000 mg/L glucose, L-glutamine, and sodium 

bicarbonate, liquid, sterile-filtered, suitable for cell culture 

 

Freezing medium   90% FBS/10% Dimethyl sulfoxide (DMSO) 

Lysis buffer 10 mM Tris/Cl, 150 mM NaCl, 0.5 mM EDTA, 0.5% 

nonidet NP-40, pH 7.5 

Isolation buffer 250 nM sucrose, 5 mM Tris, 2 mM EDTA, pH 7.4 

Blocking buffer 5% non-fat milk in TBS-T or 2.5% bovine serum albumin 

in TBS-T 

Ponceau 0.1 % Ponceau S in 5% acetic acid 
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5x SDS sample buffer  50 % glycerol (w/v), 10% SDS, 10% β-mercaptoethanol, 

300 mM Tris-HCl, 0.025% bromophenol blue, pH 6 

SPR buffer  50 mM HEPES, 300 mM NaCl, pH 7.5 

SPR immobilization buffer 10 mM MES, pH 6 

MST buffer  PBS with 0.05% tween  

IP buffer  20 mM Tris-HCl, 120 mM NaCl, 0.5% NP-40, pH 8 

 

Table 2. 3 Antibodies 

Antibody Company 

Primary anti-mouse MLKL clone 3H1 EMD Millipore Corp 

Anti-human S358 MLKL (EPR9514) Abcam 

Primary anti-mouse S345 (EPR9515(2)) Abcam 

Primary anti-RIP (D94C12) Cell Signaling 

Anti-mouse RIPK3 (D4G2A) Cell Signaling 

Primary GAPDH (D4C6R Cell Signaling 

Primary VDAC2 (11663) Proteintech 

Β-Actin (C4) Cruz Biotechnology 

2.2 Methods and Protocols  

Cell lines and maintenance  

All cells were cultured in low-glucose Dulbecco’s Modified Eagle Medium (DMEM) 

supplemented with 10% Fetal Bovine Serum (FBS) and 1% penicillin-streptomycin (P/S). Cells 

were cultured in a humidified incubator at 37°C with 5% CO2. When sub-culturing cells, the 

growth medium was removed, and cells were washed with PBS before adding trypsin-EDTA. 

Cells were left to incubate at 37°C until all had detached. Detached cells were diluted in full 

growth medium and centrifuged at 200 g  for 5 minutes to pellet. Pelleted cells were 

resuspended in an appropriate volume of full-growth medium and plated as required. The cells 

were frequently passaged at sub-confluence and seeded at a density of 1–5 x 104 cells/mL. 

Table 2. 4 Cell lines  

Cell line Obtained from 

HT-29 Provided by Prof. Klaus Schulze-Osthoff and 

Dr. Frank Essmann, IFIB, University of 

Tübingen 

wt NIH-3T3  Provided by Dr. Stefan Krautwald, 

Department of Nephrology and Hypertension, 

University Hospital Schleswig-Holstein 

MLKL ko NIH-3T3 CRISPR/Cas9 Provided by Dr. Stefan Krautwald, 

Department of Nephrology and Hypertension, 

University Hospital Schleswig-Holstein 
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HeLa-hRIPK3 Provided by Dr. Stefan Krautwald, 

Department of Nephrology and Hypertension, 

University Hospital Schleswig-Holstein, and 

Prof. Dr. Henning Walczak 

Freezing and thawing cells  

Cells were grown to approximately 70-80% confluency before being trypsinized and 

centrifuged as previously described. Pelleted cells were resuspended in the appropriate volume 

of the freezing medium. Cells were then aliquoted into cryotubes and slowly frozen to -80°C at 

-1°C/min in a Mr. Frosty Freezing Container (ThermoFisher Scientific). For thawing, cells were 

quickly thawed in a 37°C water bath and diluted in a complete growth medium before 

centrifuging at 200 g for 5 minutes. Cells were then resuspended in a fresh growth medium. 

Treatments to induce cell death  

Cells were treated with any of the following:  

1- A mixture of the mouse or human TNF (T) (30 ng/mL), Smac mimetic LCL-161 (S) (20 

µM), and the pan-caspase inhibitor zVAD (Z) (20 µM), or only TZ to induce necroptosis in 

mouse and human cell lines.  

2- A mixture of the human TRAIL (100 ng/mL), Smac mimetic LCL-161 (S) (20 µM), and the 

pan-caspase inhibitor zVAD (Z) (20 µM) to induce necroptosis in human cell lines.  

3- A mixture of the mouse or human TNF (T) (30 ng/mL) and Smac mimetic LCL-161 (S) (20 

µM) to induce apoptosis in mouse cell lines.  

IncuCyte experiments 

Kinetics of cell death were followed using the IncuCyte bioimaging platform (Essen, UK). One 

day before treatment, cells were seeded in 96-well plates (1x104 cells per well for wt NIH, 

MLKL ko NIH-3T3, and HeLa-hRIP3) and (3x104 cells per well for HT-29). Then, cells were 

treated to induce necroptosis, as mentioned in the previous section, in the absence or the 

presence of the inhibitors. In the experiment, four images per well were captured, analyzed, and 

averaged. Cell death was measured by the incorporation of 0.1 µM DRAQ7. Data was collected 

as a count of DRAQ7 positive cells and normalized, taking as 100% the maximum count of cell 

death in the experiment or using cell-by-cell analysis. 

Western blotting 

Cells were seeded to the desired confluence and were treated the following day according to 

the desired outcome of each experiment. After treatment, cells were washed with PBS to 

remove any remaining media and serum and detached using a cell scraper. Then, cells were 
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collected and centrifuged at 500 g for 5 minutes. Cell pellets were resuspended in lysis buffer 

(10 mM Tris/Cl pH 7.5, 150 mM NaCl,0.5 mM EDTA, 0.5% nonidet NP-40) or RIPA buffer, 

depending on the protein of interest. Protease and phosphatase inhibitors were added to the lysis 

buffer to prevent protein degradation. Lysed cells were incubated on ice for 30 minutes to allow 

efficient cell lysis. The lysate was centrifuged at 500 g for 30 minutes, and the supernatant (the 

lysate) was collected. Protein concentration was measured in the lysate using a Bradford assay, 

and then, samples were mixed with 5x SDS sample buffer with or without β-mercaptoethanol 

(BME) and heated at 95 °C for 10 minutes.  

Proteins were separated using SDS-PAGE Gel Electrophoresis with either 12% polyacrylamide 

or 4 to 15% gradient gels.  Equal amounts of protein samples were loaded onto the gels, which 

were resolved at constant voltage (180 V) for 90 minutes. Then, proteins were transferred from 

the gel to a Polyvinylidene difluoride (PVDF) membrane using wet transfer (BioRad, 

Germany). Successful transfers were validated by staining the membrane with Ponceau S. After 

that. Membranes were incubated with a blocking solution (5% BSA in TBS-T), followed by 

primary antibody incubation overnight at 4 °C. The day after, membranes were washed three 

times with TBS-T for 10 minutes and incubated with secondary antibodies conjugated to the 

horseradish peroxidase (HRP) enzyme for signal detection. Bands were visualized in a dark 

room, with a developer machine or BioRad ChemiDoc Imaging System, and using the 

SuperSignal™ West Pico PLUS Chemiluminescent Substrate (ThermoScientific, Germany). 

Shown blots are representative of at least two independent experiments. 

Subcellular Fractionation 

After treatment, cells were resuspended in isolation buffer (250 nM sucrose, 5 mM Tris, 2 mM 

EDTA, pH 7.4) and then mechanically lysed using a 25G 0.5 x 25 mm syringe, passing the 

sample through the syringe 40 times. The cell lysate was then centrifuged for 10 minutes at 14 

000 g, and the supernatant was further centrifuged for 1 h at 100 000 g and 4 °C. From this last 

centrifugation, the supernatant was collected as a cytosolic fraction, and the pellet was washed, 

centrifuged 1 h at 100 000 g and 4 °C and finally collected as the membrane fraction. Both 

cytosolic and membrane fractions were mixed with SDS-PAGE sample buffer with or without 

reducing agents, heated, and loaded into a 12% or a 4 to 15% gradient gel. Protein separation, 

transfer, and detection were carried out as described before. 

Cellular thermal shift assay (CETSA) 

NIH-3T3 or HT-29 cells were seeded to obtain 3x105 cells per temperature point. Cells were 

treated for 1 hour with DMSO or 10 µM MBA-m1 and 100 µM MBA-h1 either in the presence 
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or the absence of TSZ. Cells were pelleted, washed with PBS, resuspended in 100 µL PBS, and 

loaded into Polymerase Chain Reaction (PCR) tubes. An additional centrifugation step was 

done to remove the supernatant. Then, cells were heated at a given temperature (52 – 60 oC) for 

3 minutes and cooled at room temperature for 1 minute using a Thermal Cycler (Bio-Rad, 

Germany). Cells were resuspended in lysis buffer (20 mM Tris-HCl, 120 mM NaCl, 0.5% NP-

40, pH 8) with protease inhibitors and subjected to 3 cycles of freezing and thawing for lysis. 

The soluble and precipitated fractions of proteins were separated by centrifugation for 30 

minutes at 13 000 g and 4°C. Soluble protein fractions were resolved by SDS-PAGE and 

analyzed by WB. 

Surface Plasmon Resonance (SPR) 

SPR experiments were performed using the Biacore™ T200 device and analyzed by using 

Biacore T200 evaluation software. Recombinant MLKL variants (hMLKL2 and mMLKL2) 

were first immobilized (using an amine coupling reaction) on a CM5 sensor chip (Cytiva, 

Germany). The CM5 chip was first activated by flowing EDC/NHS with a 10 µL/min rate. 

Followed by MLKL (10 µM) injection in SPR buffer, excess reactive groups were deactivated 

by passing ethanolamine through the chip. The typical immobilization protocol can be 

implemented as the default predefined methods and wizard templates in all Biacore™ systems. 

To perform the SPR experiments, small molecules were prepared in a concentration range of 

12.5 µM to 200 µM diluted in DMSO. Solvent correction and running buffer were prepared 

according to Tables 5 and 6. Samples were loaded in the SPR racks. Data were fitted to a 1:1 

binding kinetic interaction model to calculate the binding affinity Kd. 

Table 2. 5 Solutions for solvent correction and 2% DMSO running buffer  
 

1.5 % DMSO 2.8% DMSO 2% DMSO running buffer 

SPR buffer 9.8 mL 9.8 mL 450 mL 

100 % DMSO 0.15 mL 0.28 mL 9 mL 

Final volume 10 mL 10 mL 459 mL 
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Table 2. 6 Solvent correction preparation 

Buffer/Vial 1 2 3 4 5 6 7 8 

1.5% 

DMSO 

0 200 400 600 800 1000 1200 1400 

2.5% 

DMSO 

1400 1200 1000 800 600 400 200 0 

Microscale thermophoresis (MST) 

Recombinant MLKL variants (hMLKL1, mMLKL2) were labeled with Atto-655 NHS ester 

dye using the standard protocol (ATTO-TEC GmbH-Siegen, Germany). MST experiments 

were performed on a Nanotemper Monolith NT.115 and analyzed using Originpro software 

(Microsoft, USA). The inhibitors were incubated (in a concentration range of 7.6 nM – 125 

µM) with 100 nM Atto-655-MLKL for 15 minutes in PBS with 0.05% Tween. Afterward, 

samples were loaded on glass capillaries, and MST was performed using 80% excitation power 

and 40% MST power. Dissociation constants (Kd) were derived from the mass action equation 

using NanoTemper analysis software. Data were fitted in Originpro software following a 1:1 

binding model. 

Data analysis 

All measurements were performed at least three times, and results are presented as mean ± s.d. 

Squares in the bar blots represent the mean, the error bars correspond to the 1x s.d, and 

individual points correspond to values obtained from independent replicas. 
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3. Results 

Based on the significance of the Hc/groove interactions on MLKL activation and function, we 

assumed that targeting this area with small molecule compounds that act by functionally 

disrupting the interaction between Hc/groove could potentially inhibit MLKL activity. The 

structural analysis done in a patent by Prof. Ana García Sáez in 2021 about the Hc/groove 

interaction in different MLKL isoforms and mutants supported a hypothesis that MLKL can be 

targeted by small molecule compounds that eventually can inhibit necroptosis.  

In this thesis, our primary objective was to prove this hypothesis. To this end, we characterized 

two previously identified proof of principle compounds that were screened against 

phosphomimetic human (phMLKL) or mouse MLKL (pmMLKL). These compounds, referred 

to as MBA-h1 and MBA-m1, were subjected to a comprehensive characterization process to 

validate this conceptual framework. To characterize these compounds, we started by evaluating 

their inhibitory effects on necroptotic cell death, along with the assessment of their toxicity and 

binding to MLKL in-vitro and in cells. Subsequent analyses included an examination of their 

impact on MLKL activation hallmarks and an investigation into their potential off-target effects 

(Figure 3.1).  

 

Figure 3. 1 Schematic representation of the PhD thesis pipeline. 
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Schematic representation illustrates the workflow and the methodology employed throughout the thesis, 

starting with the identification and characterization of the proof of principle compounds and extending 
to the characterization of compounds identified throughout the extended in-silico screening rounds.   

Following the characterization of these compounds, we explored the possibility of identifying 

additional compounds that act by the same mechanism. An additional extensive in-silico 

screening was conducted, resulting in the identification of compounds that were further 

characterized. A systematic methodology was employed that began with the assessment of their 

binding affinity with the recombinant human and mouse MLKL, followed by evaluating their 

inhibitory effects on necroptotic cell death in human and mouse cell lines. Upon the 

identification of the most promising compound with optimal binding affinity and inhibitory 

effects, we initiated a subsequent in-silico screening to identify analogs with optimized 

properties. These analogs underwent further characterization using the initially employed 

methodology. This iterative process resulted in two optimization rounds, which will be 

described in detail throughout the thesis (Figure 3.1).  

It is noteworthy to mention that Dr. Pedro A. Valiente conducted the in-silico screening of the 

proof of principle compounds, while Dr. Ekaterina Shevchenko carried out the extended in-

silico screening and the optimization rounds in the research group of Prof. Dr. Antti Poso. 

3.1 MLKL Binding Agents (MBAs) can Selectively Inhibit Necroptosis 

To prove our hypothesis, our collaborator, Dr. Pedro A. Valiente, conducted a comprehensive 

in-silico screening by using the ‘‘Tres Cantos Antimalarial Set’’ (TCAMS) database that is 

publicly available at the Chembl-NTD database  (http://www.ebi.ac.uk/chemblntd) with the 

Autodock Vina software against the phMLKL or pmMLKL. This screening led to the 

identification of two commercially available compounds, namely MBA-h1 and MBA-m1, that 

target either human MLKL or mouse MLKL, respectively (Figure 3.1A, B). These compounds 

were selected as proof of principle compounds to validate the feasibility of inhibiting MLKL 

by targeting the interaction between the Hc/groove of MLKL. To validate this concept, we 

implemented a series of assays, including the assessment and characterization of the impact of 

these compounds on inhibiting necroptosis in cellular-based assays. Additionally, we 

investigated their toxicity and examined their influence on the hallmarks of MLKL activation. 

Furthermore, we assessed the binding between these compounds and the recombinant MLKL 

in in-vitro and cellular-based assays. We further characterized MLKL as the ON-target protein 

and excluded potential OFF-target effects, namely their possible interaction with RIPK1 and 3.  

http://www.ebi.ac.uk/chemblntd


51 

 

We found that MBA-h1 delayed the kinetics of necroptotic cell death in both HeLa-hRIPK3 

and HT-29 cells (Figure 3.2C, D) in a dose-dependent manner. Moreover, MBA-m1 inhibited 

necroptosis and also delayed the kinetics of necroptotic cell death in NIH-3T3 cells (Figure 

3.2E). The effect of the inhibitors was dose-dependent, where the impact of inhibition varied 

with the introduced dosage, and the concentration needed to achieve their effect fell within the 

µM range for both compounds, approximately 50 µM for MBA-h1 and 10 µM for MBA-m1 

(Figure 3.2F, G). It is worth mentioning that the inhibitory effects of the MBAs were lost over 

time in both human and mouse cell lines, and we speculate that this kinetic effect is a 

consequence of the inhibitors targeting MLKL via non-covalent interactions, therefore acting 

as reversible inhibitors.  

 

Figure 3. 2 Inhibitory effect of MBA-h1 and MBA-m1 on necroptotic cell death.  
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(A, B) 3D structure models of hMLKL1-MBA-h1 and mMLKL2-MBA-m1 complexes with the 

chemical structure of MBA-h1 (A) and MBA-m1 (B). The 4HB is highlighted in blue, the brace is 

yellow, the psK in silver, the Hc in orange, and the MBAs are in pink.  

(C-E) Effect of MBA-h1 on necroptosis induced in HeLa-hRIPK3 (C) and in HT-29 (D) or MBA-m1 

in NIH-3T3 (E). 

(F, G) Dose-response of the inhibitory effect of MBA-h1 (F) and MBA-m1 (G) at the indicated time 

points in HeLa-hRIPK3 and NIH-3T3, respectively.  

Necroptosis was induced by using a mixture of TNF (30 ng/mL), Smac mimetic (20 µM), and zVAD 

(20 µM). Different concentrations of the MBAs were used, as indicated in the figures. Cell death was 
measured using the InCucyte. Each dot represents the mean, and the error bars represent the standard 

deviation from at least 3 independent replicates.  

 

Next, we compared the effect of MBA-m1 with the currently available inhibitors of the 

pathway. These inhibitors include Nec-1s (specific RIPK1 inhibitor), GSK-872 (inhibitor of 

RIPK3), and NSA (an inhibitor that covalently binds to the C86 of human MLKL) (B. Cui et 

al., 2022; Hildebrand et al., 2014; Sun et al., 2012; Yan et al., 2017). The maximum cell death 

was observed at 8 hours, which reached approximately 100% in the absence of any added 

inhibitors. Notably, upon the addition of MBA-m1 and Nec-1s, we noticed comparable results 

where the percentage of cell death was reduced to approximately 20%. On the contrary, GSK-

872 completely inhibited cell death over 8 hours. As expected, NSA did not inhibit cell death 

because it binds covalently to C86 of human MLKL, which is absent in mouse MLKL (Figure 

3.2A, B). These findings highlight the diverse inhibitory capabilities of different inhibitors of 

the necroptotic pathway as well as showing the potential of the MBA-m1 as the first known 

inhibitor of mouse MLKL. As the effect of MBA-h1 was observed at high concentrations, we 

did not perform this comparison for the human inhibitor. 

 

Figure 3. 3 Comparison between MBA-m1 and other inhibitors of the pathway.  
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(A) Kinetics of cell death in the presence and absence of inhibitors. Nec-1s (inhibitor of RIPK1), GSK-

872 (inhibitor of RIPK3), NSA (covalent inhibitor of human MLKL). 

(B) Comparison between the inhibitors in the presence and absence of TSZ at the indicated time point.  

Necroptosis was induced by using a mixture of TNF (30 ng/mL), Smac mimetic (20 µM), and zVAD 
(20 µM). Inhibitors were tested at 10 µM. Cell death was measured using the InCucyte. Each dot 

represents the mean, and the error bars represent the standard deviation from at least 3 independent 

replicates.  

 

Unveiling the toxic truth: MBA-m1’s non-toxic threshold is 10 µM 

As a next step, we evaluated the potential toxicity of the MBAs across different human and 

mouse cell lines to shed light on their broad applicability and safety profiles. We found that 

MBA-h1 was not toxic at the highest concentration used (100 µM) in both HeLa-hRIPK3 and 

HT-29 cell lines (Figure 3.4A). On the other hand, MBA-m1 was toxic at concentrations higher 

than 10 µM in wt and MLKL ko NIH-3T3, as well as in primary Bone Marrow-Derived 

Macrophages (BMDMs) (Figure 3.4A). In order to assess the cause of the toxicity observed 

with MBA-m1 in concentrations exceeding 10 µM, we exposed MLKL ko NIH-3T3 (Figure 

3.4B) cells with MBA-m1 with different concentrations (20 µM and 10 µM). MBA-m1 was 

still toxic in these concentrations, and it was even more toxic in the MLKL ko cells compared 

to the wt, indicating that the toxicity is not necroptosis-mediated. In addition, we evaluated the 



54 

 

effect of Nec-1s (10 µM) (Figure 3.4C), GSK-872 (10 µM) (Figure 3.4D), the pan-caspase 

inhibitor z-VAD (10 µM) (Figure 3.4E), and the ferroptosis inhibitor Fer-1 (2 µM) (Figure 

3.4F) on the MBA-m1 induced toxicity, and the results indicated that it is not mediated by 

necroptosis, apoptosis, pyroptosis or ferroptosis. 

Figure 3. 4 Characterization of the toxicity of MBAs in cells.  

(A) Toxicity of MBA-h1 in HeLa-hRIPK3 and HT-29 cells, and MBA-m1 in NIH-3T3 and BMDM. 

Cells were treated with different concentrations of MBAs, as indicated in the figure.  

(B) Toxicity of MBA-m1 in wt and MLKL ko NIH-3T3 cells. 

(C-F) Effect of Nec-1s (RIPK1 inhibitor) (C), GSK-872 (RIPK3 inhibitor) (D), zVAD (pan-caspase 

inhibitor) (E), Fer-1 (ferroptosis inhibitor) (F) on the toxicity induced by MBA-m1 in NIH-3T3 cells. 

Different concentrations of MBA-m1 were used, and fixed concentration of Nec-1s, GSK-872, Z-VAD, 

and Fer-1 was used, as indicated in the figure.  

Cell death was measured using the InCucyte. Each dot represents the mean, and the error bars represent 

the standard deviation from at least 3 independent replicates. 

Catching the MBAs in action: unveiling the effect of MBAs on hallmarks of MLKL 

activation and their interaction with MLKL 

We then assessed the impact of MBAs on the hallmarks of MLKL activation during necroptosis, 

including MLKL phosphorylation, oligomerization, and membrane translocation. To conduct 

this, we performed western blot (WB) experiments using antibodies against phosphorylated 

MLKL. Results demonstrated that MBA-h1 did not inhibit the phosphorylation of MLKL in 

human cell lines, HeLa-hRIPK3 and HT-29, respectively (Figure 3.5A). On the other hand, 

MBA-m1 delayed MLKL phosphorylation in NIH-3T3 cells (Figure 3.5B). The phosphorylated 

MLKL band became evident 90 minutes after TSZ treatment, a time point where inhibition of 

cell death was observed. Furthermore, both inhibitors interfered with MLKL oligomerization 

and membrane translocation to membranes (Figure 3.5C-F). These findings collectively 

indicate that MBAs can inhibit MLKL-mediated necroptosis downstream of its phosphorylation 

without affecting the activity of upstream RIPK1 and RIPK3 (Figure 3.5G).  

To test the ability of the MBAs to target MLKL, we conducted further investigations into their 

binding characteristics, where we employed Surface Plasmon Resonance (SPR) (Figure 3.6A) 

in the in-vitro evaluation. The underlying principle of SPR involves the interaction of polarized 

light with two surfaces having different refractive indices, causing the light to refract and trigger 

the formation of free plasmons that lead to the reduction in the intensity of the reflected light at 

a specific angle. SPR allows the real-time monitoring of the binding kinetics, including the 

association and dissociation rates, as well as the binding affinity of the interaction between the 
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MBAs and the recombinant human or mouse MLKL. In these experiments, either the 

recombinant human MLKL (hMLKL1) or mouse MLKL (mMLKL2) were immobilized to a 

CM5 biosensor chip, and the binding kinetics of each compound were assessed at increasing 

concentrations (Figure 3.6B, C). We observed a positive dose-response curve whereby the 

binding response increased with increasing the inhibitor concentrations (Figure 3.6D). 

Subsequently, we determined the binding affinity of both MBA-h1 (5 µM) and MBA-m1 (6 

µM), which was in the low µM range (Figure 3.6E). Altogether, this assay suggested that MBAs 

can interact with both human and mouse MLKL.  

 

Figure 3. 5 Effect of MBA-h1 and MBA-m1 on the hallmarks of MLKL activation. 
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(A-F) Effect of MBA-h1 and MBA-m1 on the phosphorylation (A, B), oligomerization (C, D), and 

membrane translocation (E, F) of MLKL in HeLa-hRIPK3, HT-29 (Top), and NIH-3T3 (Bottom).  

(G) Schematic representation showing the effect of the MBAs on the hallmarks of MLKL activation. 

The scheme was prepared by using BioRender.com. 

Necroptosis was induced by using a mixture of TNF (30 ng/mL), Smac mimetic (20 µM), and zVAD 

(20 µM) in the presence or the absence of the MBAs. Samples were treated in reducing conditions (A, 

B, E, F) and in non-reducing conditions (C, D) and analyzed with WB. Actin and Glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) are the loading control (A, B, E, and F), and Voltage-dependent 
anion channel (VDAC) is the membrane protein marker. C: cytosolic fraction, M: membrane fraction 

(E, F). Blots are representative of at least 3 independent replicates.  

 

 

Figure 3. 6 Characterization of the interaction of MBAs and recombinant MLKL by using 

SPR.  

(A) Schematic representation of SPR and its mechanism of action. Polarized light interacts with surfaces 

having different refractive indices, causing the light to refract and triggering the generation of free 

plasmons that lead to the reduction in the intensity of reflected light at specific angle. When ligands such 
as MBAs are introduced, this results in the change of the mass near the surface, which in turn alters the 

SPR angle. The scheme was prepared by using BioRender.com 

(B, C) Representative sensograms for MBA-h1 binding to recombinant hMLKL1 (B) and MBA-m1 

binding to recombinant mMLKL2 (C).  

(D, E) Dose-response curves of MBA-h1 and MBA-m1 (D), Kd values of the interaction of the MBAs 

(E). Each dot in the boxes corresponds to different replicates from an independent experiment.  

Increasing concentrations of MBAs (12.5 µM to 100 µM for MBA-h1 and 12.5 µM to 200 µM for 

MBA-m1) flowed over hMLKL1 and mMLKL2 with a concentration of 1 µM immobilized on CM5 

sensorchip. Data were fitted to a 1:1 binding kinetic interaction model to calculate the binding affinity 

Kd. 
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We also investigated the targeting of the MBAs to MLKL within the cellular context, 

employing Cellular Thermal Shift Assay (CETSA). CETSA is a technique designed to 

investigate the thermal stability of proteins within intact cells. By subjecting the cells to a range 

of increasing temperature ranges, proteins undergo thermal denaturation. In this case, the 

addition of the ligand (MBAs) would modulate the thermal stability of the target protein 

(MLKL), providing insights into the interaction between the small molecule and the protein of 

interest (Figure 3.7A). Through WB experiments, we observed that treating the cells with both 

MBA-h1 (Figure 3.7B-D) and MBA-m1 (Figure 3.8) caused a change in the temperature 

difference of thermal denaturation between free and ligand-bound human and mouse MLKL, 

respectively. 

 

Figure 3. 7 Effect of MBA-h1 on the thermal stability of the human MLKL in HT-29 cells.  

(A) Schematic representation of Cellular Thermal Shift Assay (CETSA). The principle of CETSA assay 

is that the ligand binding modulates the thermal stability of the target protein by exposing it to different 

temperatures in the presence and the absence of the small molecule. Protein aggregates precipitate and, 
therefore, are removed upon centrifugation. The resulting decrease of the soluble protein fraction can be 

detected by WB. The scheme was prepared by using BioRender.com 

(B) CETSA assay in HT-29 cells. Cells treated with MBA-h1 (100 µM) in the presence or the absence 

of TSZ were subjected to an increasing temperature gradient. Following the separation of soluble and 

insoluble proteins, MLKL was detected by WB. Actin was used as a loading control. Blots are 

representative of at least 3 independent replicates. 
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(C, D) Quantification of MLKL fraction detected from blots similar to those shown in B in the absence 

(C) or the presence (D) of TSZ. Blot intensities were normalized to intensity from the 44 °C sample and 

actin.  

Necroptosis was induced by using a mixture of TNF (30 ng/mL), Smac mimetic (20 µM), and zVAD 

(20 µM). A fixed concentration of the MBAs was used, as indicated in the figures. Each dot represents 

the mean. The error bars represent the standard deviation. Graphs show results from at least 2 

independent replicates. 

 

Figure 3. 8 Effect of MBA-m1 on the thermal stability of the mouse MLKL in NIH-3T3 

cells. 

(A) CETSA assay in NIH-3T3 cells. Cells treated with MBA-m1 (10 µM) were subjected to an 

increasing temperature gradient. Following the separation of soluble and insoluble proteins, MLKL was 
detected by WB. Actin was used as a loading control. Blots are representative of at least 3 independent 

replicates. 

(B, C) Quantification of MLKL detected from blots similar to those shown in A in the absence (B) or 

the presence (C) of TSZ. Blot intensity is normalized to intensity from the 50 °C sample and actin.  

Necroptosis was induced by using a mixture of TNF (30 ng/mL), Smac mimetic (20 µM), and zVAD 

(20 µM). A fixed concentration of the MBAs was used, as indicated in the figures. Each dot represents 
the mean. The error bars represent the standard deviation. Graphs show results from at least 2 

independent replicates. 

In light of the observed delay caused by MBA-m1 in phosphorylation of MLKL, we decided to 

rule out that the inhibitory effect observed on necroptosis was due to targeting the upstream 

effectors RIPK1 and RIPK3. For this, we conducted cellular thermal shift assay (CETSA) assay 

to assess the impact of MBA-m1 on the thermal denaturation of these proteins. Our findings 

revealed that MBA-m1 had no discernible effect on the thermal stability of RIPK1 and RIPK3 

in untreated and necroptotic conditions (Figure 3.9).  

To further rule out the possibility of potential off-targets for MBA-m1 and considering that 

RIPK1 is a common effector in both apoptosis and necroptosis, we assessed the impact of 

MBA-m1 on RIPK1-induced apoptosis. To achieve this, we induced apoptosis with a mixture 

of TNF and Smac mimetic (TS) in addition to the MBA-m1. Consistently, the results 

demonstrated that MBA-m1 did not exhibit any noticeable effect on the kinetics of extrinsic 

apoptosis in both WT and MLKL ko NIH-3T3 cells (Figure 3.10). Collectively, these results 
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strongly support the conclusion that MBA-m1 influence on cell death is a direct consequence 

of its interaction with mMLKL2 and is not a result of off-target effects on upstream effectors 

of necroptosis.   

 

Figure 3. 9 Lack of effect of MBA-m1 on the thermal stability of the mouse RIPK1 and 

RIPK3 in NIH-3T3 cells.   

(A, B) CETSA assay in NIH-3T3. Cells treated with MBA-m1 (10 µM) were subjected to an increasing 

temperature gradient in the absence (A) or the presence (B) of TSZ. Following the separation of soluble 
and insoluble proteins, RIPK1 and RIPK3 were detected by WB. Actin was used as a loading control. 

Blots are representative of at least 3 independent replicates.  

(C-F) Quantification of RIPK1 (C, D) and RIPK3 (E, F) detected from blots similar to those shown in 

A and B. Blot intensity is normalized to intensity from the 44 °C sample and actin.  

A fixed concentration of the MBA-m1 was used, as indicated in the figures. Each dot represents the 
mean. The error bars represent the standard deviation. Graphs show results from at least 2 independent 

replicates. 

 

Figure 3. 10 The effect of MBA-m1 on RIPK1-mediated apoptosis.   
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(A) Schematic representation of the extrinsic apoptotic pathway. This is a RIPK1-dependent and MLKL-

independent form of RCD. 

(B, C) Effect of MBA-m1 on apoptosis induced in wt (B) and MLKL ko (C) NIH-3T3 cells.  

A mixture of TNF (30 ng/mL) and Smac mimetic (20 µM) was used to induce apoptosis. Each dot 
represents the mean. The error bars represent the standard deviation. Graphs are representative of at least 

3 independent replicates. 

3.2 Extending the Novel Class of Necroptosis Inhibitors 

After testing our proof of principle compounds, MBA-h1 and MBA-m1, and in collaboration 

with Prof. Dr. Antti Poso’s group, molecular dynamics (MD) simulations were conducted to 

identify more compounds that are capable of binding to the previously discovered allosteric site 

of MLKL. The screening was done against a structural model of human MLKL, given its pivotal 

role in medical research for drug development and disease treatment. Our focus was to target 

the hydrophobic groove of hMLKL defined by close interactions with the most terminal α-helix 

(Hc). Specifically, residues Arg82-Ala91 from the 4HB, Glu119-Asn115 of the Brace region, 

and Thr468-Val456 of the Hc were found to contribute to this druggable pocket.  

The screening process started with an extensive pool of 7,000,000 compounds, and a systematic 

refinement approach was followed. This involved pharmacophore remodeling and subsequent 

strict screening, which resulted in the filtering down to 3 272 989 compounds. Further iterations 

involving docking procedures led to the identification of 18 907 compounds and 32 209 poses. 

This screening led to the identification of the first list of 54 potential compounds that could 

potentially bind allosterically to the hydrophobic groove of hMLKL. During the compounds 

testing phase, we assessed their effect on both human and mouse MLKL by using recombinant 

MLKL in SPR screenings as well as different human and mouse cell lines to test their effect on 

necroptosis through cell death assays (Figure 3.11).  

In our initial screening phase, the top 54 candidates of commercially available compounds were 

selected, and we primarily assessed their interaction with MLKL by using the SPR. 

Simultaneously, we examined their impact on necroptosis through cell death assays conducted 

on human and mouse cell lines. From the initial screening, C26 emerged as the most promising 

candidate, which then served as a template for a further round of optimization. In the next phase, 

we employed the same methodology to characterize various analogs of C26, leading to the 

identification of C111 as the best hit from the second round of optimization. Finally, in our last 

round of optimization, we thoroughly characterized the analogues of C111, resulting in the 

discovery of the most potent inhibitors, which are C115 and C125 (Figure 3.11). 

 



61 

 

 

Figure 3. 11 General scheme represents the extended workflow to identify new MLKL 

Hc/groove inhibitors. 

Screening and characterization of MLKL inhibitors started with 7,000,000 compounds that were 
subjected to multiple filtration steps, resulting in the identification of the most promising 54 compounds. 

From the initial list, C26 emerged as the best hit. The subsequent screening was done to identify analogs 

for C26, with C111 identified as the best candidate in the second list. In the final optimization round, 
screening for C111 analogs took place, resulting in the identification of C115 and C125 as the most 

promising candidates from the 3 lists. The scheme is prepared by BioRender.com.  
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C26: The top performer in the first list of potential MLKL inhibitors 

During the initial phase of characterizing the top 54 small molecules derived from the extended 

in-silico screening, we assessed their solubility to determine the maximum non-soluble 

concentration that will be used in subsequent experiments with the inhibitors. The rationale of 

this assay is based on absorbance detection, which assesses the portion of light that passes 

through the sample and reflects the solubility of the small molecules. By comparing this with 

control, which is a scope medium alone, we gain an overview of the solubility of small 

molecules within the scope medium. Based on the results of this experiment, we selected the 

compounds that were soluble at a concentration of 100 µM, and these selected compounds will 

be used in subsequent experiments (Figure 3.12A).  

 

Figure 3. 12 Solubility and binding affinity characterization of the compounds from the 

first list obtained after the extended in-silico screening. 

(A) Solubility measurements of the compounds. The dashed line represents the soluble threshold in 

comparison to the control sample. 
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(B) SPR primary screening of the compounds. Binding response to recombinant mouse or human MLKL 

was measured. A fixed concentration of the small molecules was used at 100 µM. The dashed line 

represents the threshold of compounds binding to MLKL.  

(C) Increasing concentrations of the compounds (12.5 µM to 200 µM) were flowed over immobilized 

recombinant hMLKL1 or mMLKL2. 

Recombinant MLKL was immobilized on a CM5 chip with a concentration of 1 µM. Data were fitted 

to a 1:1 binding kinetic interaction model to calculate the binding affinity Kd. 

Next, we used SPR as a screening method to assess the interaction between the compounds and 

both the recombinant human and mouse MLKL. As a first step in this assessment, we conducted 

a primary screening in which we flowed a fixed concentration (100 µM) of the inhibitors over 

an immobilized human and mouse MLKL in a CM5 sensor chip (Figure 3.12B). This primary 

screening enabled us to identify 10 compounds that can interact with MLKL, which were 

subsequently subjected to further testing to determine their binding affinity. In the secondary 

screening, the binding of each compound to the recombinant MLKL was assessed at increasing 

concentrations, allowing us to calculate their affinity constant (Kd). The results demonstrated 

that the majority of these compounds exhibited Kd values within the µM range. Specifically, 

C26 exhibited a Kd value of around 60 µM (Figure 3.12 C). 

Then, we evaluated the efficacy of these compounds concerning the inhibition of necroptotic 

cell death in human and mouse cell lines. For this, we induced necroptosis in HT-29 (Figure 

3.13A) and NIH-3T3 (Figure 3.13B) cells using a combination of TSZ. At the same time of 

treatment, we exposed the cells to various inhibitors at a fixed concentration (100 µM). This 

initial screening enabled us to identify C26 with the potential to inhibit necroptosis in both HT-

29 and NIH-3T3 cell lines, in addition to C13, C25, C52, C54, and C55 in NIH-3T3 cell line 

only.  

Following the identification of these promising candidates, we conducted a secondary screening 

to evaluate their impact across a range of different concentrations. Our findings indicated that 

these inhibitors delayed the kinetics of necroptotic cell death. Notably, the inhibitory effect 

demonstrated dose dependency, with increased concentrations leading to a more pronounced 

impact on necroptosis (Figure 3.12C). In conclusion, from this comprehensive screening, C26 

emerged as the best candidate, displaying the highest inhibitory activity against necroptosis in 

both human and mouse cell lines. Notably, C26 exhibited a stronger inhibitory effect in human 

cells than MBA-h1 (Figure 3.14A, B). These are clear advantages compared to the proof of 

principle compounds. However, further enhancement is required, particularly in terms of 

improving the binding affinity, the inhibitory efficacy, and the long-term effect (Figure 3.14D, 

E).  
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Figure 3. 13 C26 inhibits necroptosis in human and mouse cell lines.  

(A, B) Inhibitory effect of compounds from the first list of potential MLKL Hc/groove inhibitors on 

TSZ-induced necroptotic cell death in human HT-29 (A) and mouse NIH-3T3 (B) cells. A fixed 
concentration (100 µM) of the molecules was used as a primary screening. The dashed line represents 

70% of the TSZ activity.  

(C) Dose-response curve of the different inhibitors from the first list in NIH-3T3 cell line selected after 

the primary screening.  

(D) Effect of C26 in the kinetics of necroptosis induced in NIH-3T3 cells.  

(E) Chemical structure of C26, identified as the best hit based on cellular assays and affinity 

measurement. 

Necroptosis was induced by using a mixture of TNF (30 ng/mL), Smac mimetic (20 µM), and zVAD 

(20 µM). Different concentrations of the inhibitors were used, as indicated in the figures. Cell death was 

measured using the InCucyte. The inhibition of the inhibitors was calculated by dividing the activity of 

the inhibitors in terms of cell death by the corresponding TSZ value at the same time point, then 
multiplied by 100 to calculate the percentage of inhibition. Each dot represents the mean, and the error 

bars represent the standard deviation from at least 3 independent replicates.  

C111: The top performer in the second list of potential MLKL inhibitors  

After the identification of C26 as the best candidate from the initial extended in-silico screening, 

we performed another round of screening to identify C26 analogs with the goal of overcoming 

the observed drawbacks. As an initial step, we assessed the solubility of these compounds, and 

the majority of them were soluble at 100 µM (Figure 3.14A). Subsequently, we performed 
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toxicity evaluations. From this, we calculated both the maximum non-toxic concentration and 

the maximum soluble concentration for each compound (Table 3.1).  

 

Figure 3. 14 Solubility and binding affinity characterization of the C26 analogs. 

(A) Solubility measurements of the compounds from the second MLKL Hc/groove inhibitors list. The 

dashed line represents the soluble threshold in comparison to the control sample.  

(B) SPR primary screening of the inhibitors from the second MLKL Hc/groove inhibitors. Binding 

response to recombinant human or mouse MLKL was measured. A fixed concentration of the inhibitors 

was used at 100 µM. The dashed line represents the threshold of compounds binding to MLKL.  

(C, D) Kd values of the interaction between the inhibitors and recombinant hMLKL1 (C) or mMKL2 

(D). Increasing concentrations of the compounds (12.5 µM to 200 µM) were flowed over recombinant 

hMLKL1 and mMLKL2. 

Recombinant MLKL was immobilized on a CM5 chip with a concentration of 1 µM. Data were fitted 

to a 1:1 binding kinetic interaction model to calculate the binding affinity Kd. 

Furthermore, we proceeded with the characterization of the compounds that were soluble at 100 

µM. First, we tested the interaction with the recombinant human and mouse MLKL by using 

SPR. For this, we utilized a fixed concentration of the inhibitors (100 µM) to identify potential 

MLKL binders (Figure 3.13B). This screening identified several candidates (C92, C93, C94, 



66 

 

C97, C101, C102, C103, C104, C105, C109, C111, and C113). In the secondary screening, we 

successfully calculated the Kd that characterizes their interaction with the recombinant mouse 

or human MLKL (Figure 3.14C, D). Our results revealed that C111 exhibited the highest 

binding affinity for both mouse and human MLKL, with a Kd value of approximately 6 µM. 

Table 3. 1 Maximum soluble (MSC) and maximum non-toxic (MnTC) concentrations of 

best-hit compounds identified in the C26 analogues list  

Name  Structure MSC (µM) MnTC (µM) 

C92 

 

100 50  

 

 

C93 

 

100 50 

 

 

C94 

 

100 50 

 

 

C97 

 

100 100 

 

 

C101 

 

100 100 

 

 

C102 

 

100  100 

 

C103 

 

50 50 

C104 

 

50 100 

C105 

 

100 100 
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C109 

 

100 100 

C111 

 

100 100 

 

Next, we assessed the inhibitory effects of the compounds on necroptotic cell death in both 

HeLa-hRIPK3 (Figure 3.15A) and NIH-3T3 (Figure 3.15B) cell lines. We conducted cell death-

based assays and initiated the primary screening of these compounds at a fixed concentration 

as our initial approach. In this step, we identified different candidates (C92, C93, C94, C97, 

C101, C102, C105, and C111) that were more efficient than C26. Notably, all of them 

demonstrated the capability to inhibit necroptosis in both human and mouse cell lines. 

Subsequently, we proceeded with secondary screening that enabled us to identify their 

inhibitory effect upon using different concentrations of each inhibitor (Figure 3.15C, D) and to 

calculate the IC50 in HeLa-hRIPK3 (Figure 3.15E) and NIH-3T3 (Figure 3.15F) cells upon the 

induction of necroptosis by using TSZ. Our experimental data revealed that these inhibitors 

exhibited a dose-response effect on the kinetics of cell death (Figure 3.15G). We identified 

C111 (Figure 3.15H) as the best candidate from this list, with IC50 in the low µM range around 

5µM.  

Furthermore, we aimed to evaluate whether the inhibitors that showed an effect in inhibiting 

necroptosis from the C26 analogs would maintain their inhibitory effect when subjected to 

different necroptotic cell death stimuli. To accomplish this, we conducted tests on HeLa-

hRIPK3 cells inducing necroptosis using a mixture of Trail, Smac mimetic, and zVAD to 

compare with the previously used TSZ stimulus (Figure 3.16A). Remarkably, the inhibitors 

exhibited the same effect on cell death, underscoring their remarkable consistency in binding 

to MLKL and effectively preventing necroptosis. Moreover, we employed a similar approach 

in NIH-3T3 cells, where we induced death using TNF and zVAD as additional necroptotic cell 

death stimuli with TSZ stimuli (Figure 3.16B). These inhibitors once again demonstrated the 

same effect in inhibiting necroptosis. Collectively, these results illustrate the success of our 

approach in targeting MLKL inhibition through the newly discovered hydrophobic pocket and 

its interaction with the Hc. This consistency across different stimuli reinforces the potential of 

these inhibitors as reliable candidates for the inhibition of necroptosis. 
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Figure 3. 15 Characterization of the inhibitory effect in cells of the C26 analogues.  

(A, B) Inhibitory effect of compounds in HeLa-hRIPK3 (A) and NIH-3T3 (B) cell lines. A fixed 

concentration of the compounds was used (100 µM) in this primary screening. 10 µM of Nec-1s, GSK-

872, and NSA were tested as a positive control. The dashed line represents 70% of the TSZ activity. 

(C, D) Dose-response curves of the inhibitory effect in HeLa-hRIPK3 (C) and NIH-3T3 (D) cells. 

(E, F) IC50 for the inhibitors from the second list in HeLa-hRIPK3 (E) and NIH-3T3 (F) cell lines.  

(G) Effect of C111 in the kinetics of necroptosis induced in HeLa-hRIPK3 cells. 

(H) Chemical structure of C111. 

Necroptosis was induced by using a mixture of TNF (30 ng/mL), Smac mimetic (20 µM), and zVAD 
(20 µM). Different concentrations of the inhibitors were used, as indicated in the figures. Cell death was 

measured using the InCucyte. The inhibition of the inhibitors was calculated by dividing the activity of 

the inhibitors in terms of cell death by the corresponding TSZ value at the same time point, then 
multiplied by 100 to calculate the percentage of inhibition. Each dot represents the mean, and the error 

bars represent the standard deviation from at least 3 independent replicates.  

 

Figure 3. 16 Inhibitory effects of the C26 analogs on cells treated with different 

necroptotic stimuli compared to TSZ. 

(A) Inhibitory effect of the compounds on necroptosis induced by TrailSZ and TSZ in HeLa-hRIPK3 

cells. 

(B) Inhibitory effect of the compounds on necroptosis induced by TZ and TSZ in NIH-3T3 cells.  

Necroptosis was induced by using a mixture of TNF (30 ng/mL) or Trail (100 ng/mL), Smac mimetic 

(20 µM), and zVAD (20 µM). Different concentrations of the inhibitors were used, as indicated in the 

figures. Cell death was measured using the InCucyteEach dot represents the mean. The error bars 

represent the standard deviation; graphs are representative of at least 3 independent replicates. 

Collectively, our data point out that C111 is effective in inhibiting necroptosis when tested in 

necroptotic cell-based assays, as well as its ability to bind to the recombinant MLKL with high 

affinity. Notably, both the IC50 and Kd values showed a significant reduction compared to C26 

from the previous list. Despite these promising results, further enhancements are still needed to 

improve the effect of the inhibitors on the kinetics of cell death. However, we have observed a 
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noticeable delay in necroptosis, our goal was to improve this effect to achieve more significant 

inhibition over an extended time.  

C115 and C125: The top performers in the third list of potential MLKL inhibitors  

After identifying C111 as the most promising candidate from the second list of inhibitors, our 

research venture led us to explore additional compounds with the goal of discovering better 

candidates from another optimization round. We performed another round of in-silico screening 

to find optimized analogs of C111. Here, 18 compounds were identified, and then we proceeded 

to characterize them. In line with our methodology, we initiated the examination by assessing 

the solubility of these compounds. Notably, the majority of them exhibited solubility at 

concentrations starting from 50 µM. However, it is worth noting that several inhibitors were 

insoluble even at concentrations as low as 12 µM (Figure 3.17A). Following the determination 

of the MSC, we also evaluated the maximum non-toxic concentration of these inhibitors (Table 

3.2). 

Table 3. 2 Summary of the MSC and MnTC of best-hit compounds identified in the C111 

analogs list  

Name  Structure MSC (µM) MnTC (µM) 

C111 

 

100 50 

C114 

 

100 40 

C115 

 

100 50 

C123 

 

50 50 

C125 

 

50 50 
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Figure 3. 17 Solubility and binding affinity characterization of the C111 analogues list. 

(A) Solubility measurements of the compounds. The compounds were tested for their solubility in 

different concentrations, as indicated in the figure. Scope medium was used to avoid the interference of 

phenol red on the measurement. The dashed line represents the soluble threshold in comparison to the 

control sample. 

(B) SPR primary screening of the compounds. Binding response to human or mouse MLKL was 

measured, a fixed concentration of the inhibitors was used at 100 µM, and recombinant MLKL was 

immobilized on a CM5 chip. The dashed line represents the threshold of compounds binding to MLKL. 

(C) Kd values of the interaction between the inhibitors and recombinant hMLKL1 and mMKL2. 
Increasing concentrations of the compounds (12.5 µM to 200 µM) were flowed over hMLKL1 and 

mMLKL2 with a concentration of 1 µM immobilized on CM5 sensorchip. Data were fitted to a 1:1 

binding kinetic interaction model to calculate the binding affinity Kd. 

(D) Kd values of the interaction between the inhibitors and the recombinant mMLKL2 labeled with 

Atto-655 NHS ester dye. Increasing the concentration range of the inhibitors was used (7.6 nM to 125 

µM). Data were fitted to a 1:1 binding kinetic interaction model to calculate the binding affinity Kd. 

Consequently, we evaluated the soluble compounds using SPR to assess their interaction with 

the recombinant human or mouse MLKL. Our primary screening was conducted at a fixed 

concentration of 50 µM. This initial screening allowed us to identify potential compounds that 

exhibited primary interaction with recombinant MLKL (Figure 3.17B). Following these results, 

we delved deeper into the characterization of these inhibitors by assessing their binding affinity 

to MLKL. Different concentrations of the inhibitors were flowed over the immobilized MLKL, 
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where we managed to calculate the Kd values that were in the low µM range (Figure 3.17C). 

As we could not calculate the Kd of C115 by using the SPR, we employed MST as an 

orthogonal method. We used the recombinant mouse MLKL labeled with Atto-655 NHS ester 

dye. This method enabled us to calculate the Kd for the inhibitors, where C115 and C125 

emerged as the most effective binders, exhibiting Kd values of approximately 25 µM and 35 

µM, respectively (Figure 3.17D).  

Next, we conducted necroptotic cell-based assays to investigate the inhibitory potential of these 

compounds upon necroptosis induction with TSZ treatment in HeLa-hRIPK3 (Figure 3.18A, 

B) and NIH-3T3 cells (Figure 3.18C, D). We initially performed primary screening where we 

used fixed concentrations (either 100 or 50 µM) of the inhibitors selected based on MSC and 

MTC (Table 3.2). From this screening, we identified some potential inhibitors (C111, C115, 

C116, C123, C125, and C129) that were assessed further in the secondary screening. In the 

secondary screening, we tested these inhibitors at different increasing concentrations and found 

that they inhibited necroptosis in a dose-dependent manner, which enabled us to calculate the 

IC50 (Figure 3.18E, F). Remarkably, our results from the secondary screening highlighted C125 

as the best candidate in HeLa-hRIPK3 cells, with an IC50 of 5.6 µM. Meanwhile, in the NIH-

3T3 cell line, C115 emerged as the top candidate with an IC50 of 17 µM (Figure 3.18G, H).  

In human HeLa-RIPK3 cells, C123 and C125 demonstrated prolonged inhibition of necroptosis 

over an extended time (24 hours), which is an advantage in comparison to C111 from the 

previous list (Figure 3.15G and 3.18A, B). Notably, not only C125 but also C111 and C115 

showed high efficacy of inhibition in HT-29 cells at this time point (Figure 3.18C). Having 

witnessed the complete inhibition of necroptosis by these inhibitors for a duration of up to 24 

hours, we aimed to conduct a comparative analysis of these compounds compared to the 

existing MLKL inhibitors that bind human MLKL covalently (e.g., NSA and the xanthine-

derivative TC13172). Our findings revealed that, albeit at higher concentrations, C115 and 

C125 almost completely blocked necroptosis (around 70% inhibition) at 24 hours. They were 

characterized by an IC50 in the low µM range, while NSA and TC13172 exert their IC50 in the 

nM range. This comparative analysis highlights the need for further improvement of our 

inhibitors, which are probably less effective as they are supposed to bind in a reversible mode 

to MLKL.  
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Figure 3. 18 Characterization of the inhibitory effect in cells of the C111 analogues.  

(A-D) Inhibitory effect of compounds in HeLa-hRIPK3 (A, B) or NIH-3T3 (C, D) cells. A fixed 

concentration of the inhibitors was used (either 100 µM or 50 µM) in this primary screening. 

(E, F) Dose-response curves of the inhibitory effect of the compounds in HeLa-hRIPK3 (E) and NIH-

3T3 (F) cells. 

(G, H) IC50 for the inhibitors in HeLa-hRIPK3 (G) and NIH-3T3 (H) cells. 

Necroptosis was induced by using a mixture of TNF, Smac mimetic, and zVAD. Cell death was 
measured using the InCucyte. Each dot represents the mean. The error bars represent the standard 

deviation; graphs are representative of at least 3 independent replicates. 

 

 

Figure 3. 19 Effect of top candidates of C111 analogs on the kinetics of necroptosis induced 

in HeLa-hRIPK3 cells and HT29, in comparison with existing inhibitors.  

(A, B) Effect of C123 (A) and C125 (B) on the kinetics of cell death in HeLa-hRIPK3.  

(C) Dose-response curves of the inhibitory effect of the compounds in HT-29. NSA and xanthine 

(TC13172) MLKL inhibitors were included as a control. 

(D) IC50 for the inhibitors calculated in HT-29 at 24 hours. NSA and xanthine (TC13172) MLKL 

inhibitors were included as a control. 
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Necroptosis was induced by using a mixture of TNF (30 ng/mL) , Smac mimetic (20 µM), and zVAD 

(20 µM). Cell death was measured using the InCucyte. Each dot represents the mean. The error bars 

represent the standard deviation; graphs are representative of at least 3 independent replicates. 

Furthermore, our screening was extended to compare the inhibitors` activity when subjected to 

different necroptotic stimuli, similar to our previous assessment. To achieve this, we induced 

necroptosis in NIH-3T3 cells by using both TSZ (Figure 3.20A) and TZ (Figure 3.20B) as 

necroptotic triggers. The results showed that the inhibitors consistently demonstrated the same 

inhibitory effects across distinct necroptosis stimuli. This uniformity in their inhibitory 

performance highlights the reliability of these compounds in inhibiting necroptosis, regardless 

of the employed stimulus.  To further rule out the possibility of potential off-targets of the 

inhibitors and considering that RIPK1 is a common effector in both apoptosis and necroptosis, 

we assessed the impact of the inhibitors on RIPK1-induced apoptosis. To achieve this, we 

induced apoptosis with a mixture of TNF and Smac mimetic (TS) in addition to the inhibitors. 

Consistently, the results demonstrated that they did not exhibit any noticeable effect on the 

kinetics of extrinsic apoptosis in wt NIH-3T3 cells (Figure 3.20C). 

 

Figure 3. 20 Effect of the top candidates from the C111 analogs list on necroptosis 

triggered via different necroptotic stimuli compared to TSZ or during intrinsic apoptosis 

stimuli TS.  

(A, C) Effect of compounds from the third list of inhibitors on cell death kinetics induced by TSZ(A), 

TZ (B), or TS (C) compared to inhibitors of the pathway. Nec-1s (inhibitor of RIPK1), GSK-872 

(inhibitor of RIPK3).  
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4. Discussion and Conclusions 

Necroptosis is a form of regulated cell death that occurs when apoptosis and caspases, the 

conventional mechanisms of programmed cell death, are inhibited and unable to proceed 

(Vanlangenakker et al., 2012). Necroptosis serves as an alternative pathway for eliminating 

pathogens when the primary apoptotic route is compromised (Vandenabeele et al., 2010). In 

recent decades, necroptosis has gained increasing attention within the scientific community. 

Researchers are increasingly driven to explore the molecular regulators of necroptosis and 

elucidate their underlying mechanisms.  

Emerging evidence in the cell death pathways has shed light on the critical mediators of 

necroptosis. The first two of these mediators are RIPK1 and RIPK3 (Cho et al., 2009c; Declercq 

et al., 2009; Degterev et al., 2013; Duprez et al., 2011), which have been identified as essential 

effectors in the initiation and execution of necroptosis. Moreover, recent research has unveiled 

an additional mediator that further refines our understanding of necroptosis. The MLKL 

pseudokinase protein has emerged as a key player in this pathway, working downstream of the 

RIPK3 (Sun et al., 2012; Zhao et al., 2012). It has been implicated as a crucial executor of 

necroptosis, capable of propagating the necroptotic signal generated by RIPK3 and driving the 

cell toward its programmed cell death (Samson et al., 2020).  

MLKL serves as a critical component in the execution of necroptosis. It has distinct functional 

domains that comprise a C-terminal regulatory domain and an N-terminal executioner domain, 

and a brace domain intricately interconnects them. Activation of MLKL is initiated through the 

RIPK3-mediated phosphorylation at specific residues located within its psK domain (Murphy, 

2020). This phosphorylation event triggers a chain of molecular events that ultimately 

culminate in necroptosis. One crucial consequence of its activation is the oligomerization of 

MLKL via its executioner domain (Wang et al., 2014b). The oligomerized MLKL then 

undergoes a transformation that is then translocated into the plasma membrane (Galluzzi et al., 

2014). Despite the advancements in recent years in unraveling the complexities of necroptosis 

signaling, one crucial aspect remains elusive. The precise mechanism responsible for the final 

and pivotal step, the rupture of the plasma membrane, remains unknown. Researchers continue 

to investigate this process to gain a comprehensive understanding of necroptosis and its 

execution.  
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Unlocking the secret: Hc insertion in the hydrophobic groove in the psK is a key to MLKL 

activation  

Transcriptome analyses have revealed the existence of different isoforms in both human and 

mouse MLKL. Building upon earlier investigations done on the human MLKL isoforms (Arnež 

et al., 2016), a study by (Ros et al.) has shed light on the variability in their capabilities to 

mediate necroptotic cell death. These MLKL isoforms can be categorized based on their 

necroptotic activity and the regulation by RIPK3. In this classification, we encounter a member 

known as the inactive isoform, denoted as mMLKL1 in mice and hMLKL0 for humans. This 

isoform, despite its close genetic relation to the active variants, exhibits limited necroptotic 

activity, raising questions about its specific role in cell death regulation. 

Conversely, another category encompasses isoforms with the capacity to be activated in 

response to external stimuli. These active isoforms,  represented by hMLKL1 and mMLKL2, 

are prevalent in human MLKL and mouse MLKL, respectively. Based on the analysis of these 

variants, our research revealed a pivotal and unexpected role for the Hc (disrupted in the 

inactive isoforms) in stabilizing the active conformation of MLKL. We have provided 

compelling evidence to demonstrate that the Hc plays an indispensable role in MLKL 

activation. Our investigations have further unveiled the significance of the Hc accommodation 

within a hydrophobic groove that connects the 4HB domain, the psK domain, and the brace 

region. This interplay is essential for the activation of MLKL in both human and mouse 

orthologues. We exploited this knowledge for the development of a new strategy for the 

pharmacological inhibition of MLKL. 

4.1 Revolutionizing MLKL Inhibitors: A Novel Strategy for Targeting MLKL 

Necroptosis, mediated by MLKL, is linked to various pathophysiological processes, spanning 

disorders of the nervous system (Picon et al., 2021), cardiovascular system (Karunakaran et al., 

2016), respiratory system (Lee et al., 2018; Lu et al., 2021), and numerous types of cancer 

(Ando et al., 2020; X. Li et al., 2021; Martens et al., 2021; Seifert et al., 2016; Stoll et al., 2017). 

Consequently, there has been a growing interest in the development of potent and selective 

necroptosis inhibitors, with a primary focus on targeting MLKL. Another compelling factor 

that renders MLKL an attractive candidate for drug development is that in certain pathological 

conditions, necroptosis can be initiated not only via the canonical necrosome involving the 

RIPK1-RIPK3-MLKL pathway (Ju et al., 2022; Mocarski et al., 2012) but also via the non-
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canonical necrosome (D. Yang et al., 2020), as exemplified in the case of ZBP1-RIPK3-MLKL- 

mediated cell death (Yuan et al., 2022).   

Existing MLKL inhibitors suffer from several drawbacks, including moderate potency, a 

restricted structure-activity relationship, and, notably, undesirable off-target effects that hinder 

their progression to more advanced stages in clinical trials, thus impeding their development 

into effective drugs (B. Cui et al., 2022; Hildebrand et al., 2014; Sun et al., 2012; Yan et al., 

2017). A prominent example of such inhibitors includes those that form covalent bonds with 

human MLKL, such as NSA and its derivatives. The covalent binding to C86 residue in human 

MLKL is a double-edged weapon. While it enhances the specificity for human MLKL, it poses 

a significant hindering factor to be utilized in mouse studies, where the target residue is absent 

in mouse MLKL. Furthermore, the covalent binding to Cys opens the door to potential off-

target interactions with other reactive Cys in the system, thereby limiting their applicability in 

drug development due to the risk of unintended off-target effects. In fact, it has been found that 

NSA also binds and inhibits mouse and human GSDMD  during pyroptosis, rendering it non-

specific in the context of studying necroptosis (Rathkey et al., 2018). Furthermore, efforts have 

been made to explore the development of new inhibitors that target nucleotide binding sites 

within the psK domain (Hildebrand et al., 2014). However, this approach faces certain 

limitations, primarily concerning its potential to bind not only to the intended target but also to 

other kinases and pseudokinases, introducing challenges in achieving the required specificity.  

Until very recently, no reversible or allosteric inhibitors for MLKL have been discovered, but 

in the study of (Rübbelke et al., 2021b), they have identified non-covalent binders of the 

executioner domain (4HB) of MLKL with an affinity of approximately 50 µM. Regrettably, 

their activity in cells remained untested, primarily due to issues concerning their low membrane 

permeability. Additionally, these binders did not exhibit activity in an in vitro liposome leakage 

assay. Consequently, further rounds of optimization are warranted to establish their efficacy as 

potential MLKL inhibitors. Altogether, these challenges highlight the need for novel, more 

versatile, and highly specific MLKL inhibitors with improved therapeutic potential.  

Here, we present a novel approach aimed at the specific targeting of MLKL and the design of 

small molecule regulators focusing on the Hc/groove interactions. Building upon our earlier 

discoveries emphasizing the pivotal role of the Hc in MLKL activity, our objective is to produce 

novel compounds capable of disrupting the interaction between the Hc and its integration into 

the recently identified hydrophobic groove within MLKL. This innovative class of inhibitors 
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will signify a novel category of MLKL modulators, promising to provide precise control for 

MLKL activity.  

4.2 The MBAs: Unveiling Proof of Principle Compounds of a new class of MLKL 

Inhibitors 

Here, we introduce two pivotal proof of principle compounds known as MBAs. These agents 

are thought to work through allosteric binding to the Hc/groove of MLKL. They are 

commercially available compounds that were identified through the combination of molecular 

dynamics (MD) simulations and in-silico screening. MBA-h1 and MBA-m1 are tailored for 

human MLKL and mouse MLKL, respectively.  

Our research indicates that these compounds can effectively inhibit necroptosis as they 

exhibited a dose-dependent delay in the kinetics of cell death, with an IC50 in the µM range. 

Furthermore, our comprehensive characterization revealed that MBA-h1 exhibited no toxicity 

in HT-29 and HeLa-hRIPK3 cells, even at the highest concentrations of 100 µM. However, 

upon assessing the toxicity of MBA-m1, a distinct pattern emerged, with this compound 

demonstrating toxicity in a concentration range of 5-10 µM in primary macrophages as well as 

in NIH-3T3 cells. These findings suggest the potential use of MBA-m1 within the range of non-

toxic concentrations in primary cells and in in-vivo applications.  

Investigating the underlying reasons for the observed toxicity of MBA-m1, our data indicated 

that MBA-m1 did not impact RIPK1-mediated apoptosis in NIH-3T3 cells (X. Zhang et al., 

2019). This observation argues in favor of the absence of off-target effects of the inhibitor on 

RIPK1 kinase activity. Supporting this notion, additional evidence gathered through CETSA-

WB assays strongly suggests that MBA-m1 does not bind to RIPK1 or RIPK3.  

Similar to the covalent MLKL binders such as NSA, TC13172, and uracil-derivatives, MBA-

h1 displayed no discernible impact on MLKL-mediated RIPK3 phosphorylation. However, 

upon the treatment of mouse cells with MBA-m1, we observed a slight delay in the 

phosphorylation of MLKL. Additionally, MBAs exhibited the ability to completely inhibit 

MLKL oligomerization and membrane translocation, similar to the effects observed with the 

xanthine-derivative TC13172 (Yan et al., 2017). Notably, despite the shared target residue in 

human MLKL and their covalent binding to human C86 (Liao et al., 2014; Rübbelke et al., 

2020; Yan et al., 2017), NSA and uracil-derivatives did not exhibit a noticeable blockade of 

MLKL oligomerization. This observation underscores the distinctive mechanism by which 
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MBAs influence the activation of MLKL hallmarks, primarily by impeding oligomerization 

and membrane translocation.  

In order to assess the specificity of the MBAs and to validate MLKL as the primary on-target 

effector of these compounds, we conducted a series of experiments. Firstly, we quantified the 

physical interaction between each inhibitor and the corresponding recombinant MLKL in-vitro 

using SPR. Our data analysis revealed that the binding affinity between hMLKL1 and MBA-

h1, as well as between mMLKL2 and MBA-m1, corresponded to a kd in the low µM range, 

showing improved results compared to the previously discovered allosteric non-covalent binder 

of MLKL with calculated kd of 50 µM (Rübbelke et al., 2021b).   

Moreover, to confirm the specificity of the MBAs within the cellular context, we employed 

CETSA-WB. This approach allowed us to validate that MLKL is the target of the MBAs. Our 

data indicated that the presence of MBAs indeed altered the thermal stability of hMLKL and 

mMLKL, consistent with the anticipated effects of drug/target interactions. Importantly, this 

approach provided robust evidence identifying MLKL as the target of the MBAs in both 

untreated and necroptotic cells, confirming our previous results with SPR.  

Of relevance, the administration of MBA-m1 exhibited a remarkable reduction in dermatitis 

severity and disease progression in Tnfr1KO; HoipE-KO. In addition, it prevents the development 

of aortic aneurysm, also in mice. As this is the first inhibitor against mouse MLKL, this outcome 

underscores the promising potential of therapeutic MLKL inhibition as an effective strategy for 

the treatment of necroptosis-driven diseases (Ros et al.). Collectively, these findings lay the 

foundation for MBAs as successful proof of principle compounds, marking a significant 

advancement in the development of a novel class of MLKL inhibitors.  
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4.3 Revealing a Promising Story: Optimized Inhibitors that Block Necroptosis in 

Human and Mouse Cells  

After achieving success with our proof of principle compounds, which paved the way for a new 

class of MLKL inhibitors targeting MLKL allosterically by disrupting the Hc/groove 

interaction, we aimed to expand upon this approach. To achieve this, our collaborators 

conducted an extensive in-silico screening. From this screening, we chose the most promising 

commercially available compounds, which we subsequently characterized using a specific 

methodology. This involved identifying their maximum soluble concentration and the 

maximum non-toxic concentration, followed by assessing their interaction and binding with 

both human and mouse MLKL, as well as identifying their inhibitory effect on necroptotic cell 

death.  

To evaluate the effectiveness of these compounds, we performed necroptotic cellular-based 

assays using various human and mouse cell lines. From the data obtained, one standout 

compound emerged: C26. It effectively delayed the kinetics of necroptosis in a dose-dependent 

manner, with an IC50 of approximately 50 µM. Additionally, it exhibited a binding affinity to 

human and mouse MLKL with a kd of 60 µM. Building on the success of the initial in-silico 

screening, we embarked on a round of optimization to identify analyses for C26 that possessed 

improved characteristics in terms of solubility, toxicity, inhibition, and binding. This 

optimization round yielded 52 commercially available compounds, which we subjected to the 

same methodology for characterization. From this round, C111 emerged as the superior hit. 

Notably, it displayed a kd of around 6 µM in binding to both human and mouse MLKL and 

with an IC50 of around 6 µM representing a five-fold improvement over the previous hit. 

Encouraged by these results, we went for a third and final round of optimization to discover 

analogs for C111, yielding an additional 20 compounds. Again, following the same 

methodology, we identified the best hits, C115 and C125. They successfully inhibited 

necroptosis with an IC50 of approximately 10 µM in both human and mouse cell lines. 

Our data consistently revealed substantial improvements in the physiochemical properties of 

the compounds during each successive optimization round compared to their predecessors. 

Notably, we observed a significant enhancement in the solubility and reduced toxicity as we 

fine-tuned the compounds throughout the optimization processes. Furthermore, we thought to 

confirm the capacity of these small molecules to interact with the recombinant MLKL. This 

was accomplished through in-vitro SPR, which allowed us to calculate the binding affinity of 

the inhibitors and the recombinant human or mouse MLKL. Throughout optimization rounds, 
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we observed a progressive improvement in the binding affinity, starting from 60 µM for C26-

mMLKL2 or hMLKL1 binding in the initial screening and decreasing to as low as 20 µM for 

both C115 and C125 from the final optimization. This data indicates that these molecules can 

successfully interact with MLKL with enhanced binding affinity than the already available 

allosteric non-covalent binder of MLKL (Rübbelke et al., 2021b), suggesting that the newly 

discovered pocket in MLKL that is not conserved among other kinases might be a good starting 

point for the development of more inhibitors for MLKL.  

Furthermore, when assessing the inhibitory potential of these small molecules, we calculated 

the IC50 values over the optimization rounds. Our results consistently demonstrated a notable 

increase in the compound's ability to inhibit necroptosis. For instance, the IC50 of C26 in NIH-

3T3 cells started at approximately 50 µM in the initial screening. It subsequently decreased to 

8 µM for C111 from the first optimization round and approximately 10 µM for C115 and C125. 

These findings collectively indicate that the optimized small molecules can effectively and 

specifically target MLKL in both human and mouse cell lines.  

In alignment with this concept, we have observed that the compounds within this newly 

discovered class of MLKL inhibitors effectively inhibit necroptosis in both human and mouse 

cell lines. Remarkably, this efficacy persisted despite the initial screening primarily targeting 

hMLKL1. This confers a significant advantage over existing inhibitors (B. Cui et al., 2022; 

Liao et al., 2014; Rübbelke et al., 2020; Yan et al., 2017), as it paves the way for a smoother 

transition to clinical trials. Here, we can leverage this insight to predict the compounds' impact 

on humans by assessing their effects in mice beforehand. This concept bore some resemblance 

to the Lck inhibitors, AMG-47a (Jacobsen et al., 2022), which was found to inhibit necroptosis 

with a more pronounced inhibition of necroptosis in human cell lines when compared to its 

effect in mouse cell lines.  

Interestingly, as we progressed through the optimization rounds, particularly with the final hits, 

C115 and C125, we observed more pronounced inhibitory effects in human cell lines with 

almost 80 % inhibition over 24 hours, compared to when they were tested in mouse cell lines. 

These differences could be attributed to various factors, including subtle differences in the 

regulation of necroptosis between different species (W. Chen et al., 2013), as well as structural 

differences in the hydrophobic groove between human MLKL and its mouse MLKL 

orthologue. These differences could offer valuable insights into the success of our optimization 

efforts, particularly in terms of specificity.  
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To evaluate the inhibitory potential of the compounds from the latest optimization rounds, 

which exhibited the most promising effects, we conducted a comparative analysis against the 

well-established inhibitors of human MLKL. These inhibitors primarily target C86 and form 

covalent bonds with it (Liao et al., 2014; Yan et al., 2017). Our findings revealed that, despite 

the variation in the IC50 values between our compounds and the covalent binding inhibitors, 

our compounds exhibited somewhat similar inhibitors' effects on the kinetics of necroptotic cell 

death. This observation elucidates the additional advantage we have gained; even though our 

compounds potentially bind allosterically to MLKL, they display a comparable inhibition trend 

over 24 hours. These characteristics mitigate the disadvantages associated with covalent 

binders, such as potential off-target effects and high reactivity toward other Cys residues 

(Rathkey et al., 2018).  

Considering that the most well-understood pathway for inducing necroptosis involves TNFα 

(Z. Zhou et al., 2012a), we conducted an evaluation of our inhibitors' effects on necroptosis 

induction under different stimuli, all in the presence of TNF. Our findings revealed that the 

inhibitors effectively delayed the kinetics of necroptotic cell death, whether induced by TSZ or 

TZ in NIH-3T3 cells. This suggests a promising prospect that our inhibitors can effectively 

inhibit MLKL-mediated necroptosis regardless of the specific initial stimuli for MLKL 

activation. Additionally, our data revealed that the inhibitors did not inhibit RIPK1-mediated 

apoptosis when NIH-3T3 cells were stimulated with TS (X. Zhang et al., 2019).  

While these results have provided valuable insights into the discovery of a novel class of 

necroptosis inhibitors that allosterically target MLKL, it is imperative to acknowledge several 

limitations that may have impacted our research. First and foremost, there is a need for further 

investigations to elucidate the precise mechanism of action of the optimized allosteric 

inhibitors. It is essential to understand how these inhibitors influence the hallmarks of MLKL 

activation and at which stage of the process they exert their function. Additionally, assessing 

the potential off-target effects of these inhibitors is a crucial aspect of this study to ensure that 

they have a high degree of specificity toward MLKL. Furthermore, ongoing optimization of the 

inhibitors is necessary to develop more refined compounds with improved physiochemical and 

biological properties. These limitations underscore the importance of future research to address 

these issues and build upon our current findings, ultimately advancing our understanding of 

these allosteric MLKL inhibitors and their potential in the context of necroptosis inhibition.  
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4.4 Future Perspectives  

In the course of this research, we have yielded significant insights into the discovery of a new 

druggable within the MLKL, which can be targeted by small molecules that reversibly bind to 

MLKL. It is crucial to acknowledge that this research represents just one step in a more 

extensive and prospective journey toward a deep understanding of the molecular mechanisms 

of necroptosis. Several promising avenues for future investigations have emerged as a result of 

the current study, which will be summarized in this section.  

Mechanistic elucidation and specificity enhancement:  

An essential avenue for this research entails delving deeper into the mechanisms of these 

allosteric inhibitors. Further investigations can be dedicated to unraveling the exact molecular 

mechanism through which these compounds modulate MLKL activity. This will expand our 

knowledge concerning the pathways in which these molecules influence necroptotic signaling. 

Furthermore, efforts can be made to improve the specificity of these compounds towards MLKL 

as the primary target for necroptosis inhibition. Achieving more selectivity of these allosteric 

molecules towards MLKL may be an outcome of further optimization rounds that aim to design 

more redefined and selective molecules.  

Starting point for targeting MLKL by PROTACs: 

The findings of this research also unveil promising potential for harnessing a proteolysis-

targeting chimera (PROTAC) strategy to target MLKL. PROTACs represent a class of 

molecules designed to harness the ubiquitin-proteasome system by recruiting the protein of 

interest to an E3 ligase, ultimately leading to ubiquitination and proteasomal degradation. This 

approach gains significance as previous research has demonstrated that reducing MLKL levels 

through approaches like siRNA can effectively impede necroptosis in cells (Sun et al., 2012).  

Furthermore, the prospect of targeting a specific pocket within MLKL using reversible 

inhibitors or PROTACs presents advantages over the currently available covalent inhibitors of 

MLKL. These molecules target human MLKL only, which poses challenges when testing them 

in animal models. This is in contrast to reversible inhibitors or PROTACs that provide a more 

versatile and potentially cross-species applicable approach for modulating necroptosis through 

MLKL.  
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 In-vivo studies:  

Last but certainly not least, following a comprehensive evaluation of pharmacokinetics and 

toxicity profiling are essential prerequisites for advancing these compounds toward in-vivo 

studies. The pivotal next step lies in harnessing the potential of these compounds in animal 

models. The in-vivo studies will investigate the efficacy of the inhibitors within living 

organisms, paving the way for their potential application in clinical trials for human diseases 

associated with necroptosis.  

4.5 Conclusions  

The conclusions that can be derived from this thesis are as follows:  

1. We introduce a novel approach to inhibit necroptosis by targeting the Hc/groove 

interaction, a newly discovered pocket in MLKL that is not conserved among other 

kinases. This approach offers a solution to the limitations associated with binders of the 

nucleotide-binding site, presenting a promising strategy for MLKL inhibition. 

2. Through our research, we have identified two proof of principle compounds, MBA-h1 

and MBA-m1, designed to target the allosteric site within human and mouse MLKL, 

respectively. These MBAs validate that targeting the intramolecular interaction between 

the Hc and the hydrophobic pocket in MLKL is a promising strategy to develop binders 

of MLKL that inhibit its necroptotic activity via non-covalent interactions.  

3. Our extensive in-silico screening rounds have led to the identification of further 

optimized compounds. Notably, C115 and C125 have emerged as the most promising 

inhibitors for human and mouse MLKL, displaying remarkable specificity and strong 

inhibitory profiles.  

Altogether, these findings underline the success of our concept and its potential for advancing 

MLKL-targeted therapeutics in the context of necroptosis. 
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