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Summary  

Necroptosis is a regulated form of cell death generally dependent on the 

activation of receptor interacting serine/threonine kinase 3 (RIPK3) and 

its substrate mixed lineage kinase domain like pseudokinase (MLKL). 

MLKL phosphorylation leads to its oligomerisation and translocation to the 

membrane, where it forms pore that result in homeostasis disruption and 

cell death. Membrane disruption allows the release of damage-associated 

molecular patterns (DAMPs) such as interleukin (IL) 33 and high mobility 

group box protein 1 (HMGB1) to the extracellular space, which act as 

potent pro-inflammatory molecules alerting the immune system. Specific 

deletion of Caspase 8 (Casp-8) in epidermal keratinocytes (Casp-8EKO) 

causes acute necroptosis-dependent psoriasis-like inflammation in the 

skin. However, the relative contribution of IL-33 and HMGB1 to 

necroptosis in the skin is poorly understood. 

The results reported here indicate that HMGB1 induces phosphorylation 

of MLKL in normal human epidermal keratinocytes (NHEKs) in vitro, which 

might occur independently of RIPK3. Additionally, deletion of IL-33 or its 

receptor, suppression of tumorigenicity 2 (ST2), leads to a major rescue 

of the skin inflammatory phenotype in the Cap8EKO model, identifying IL-

33 as an early mediator of necroptosis-dependent skin inflammation. 

Reduced skin inflammation is associated to a decreased IL-33-mediated 

recruitment of granulocytes, which might be responsible for mediating 

inflammation through tumour necrosis factor (TNF) production. In 

contrast, HMGB1/RAGE signalling does not contribute to inflammation in 

the necroptosis Casp-8EKO model.  
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Together, these findings bridge an important gap between DAMPs and 

extend our knowledge of the molecular mechanisms involved in 

necroptosis-dependent skin inflammation.  
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Chapter 1 

General introduction 

1.1   Necroptosis, a new form of cell death 

1.1.1   Introduction to regulated cell death 

Cell death plays an essential role in the development and homeostasis of 

multicellular organisms through the elimination of unnecessary or 

potentially dangerous cells. Homeostasis is maintained as a delicate 

equilibrium between cell death and proliferation (Vaux & Korsmeyer, 

1999). An unbalance in this equilibrium, leading to excess or resistance to 

cell death is responsible for diseases such as cancer resistance or organ 

failure. In human adults, around 100 thousand million (1011) cells die and 

are replaced by new cells every day (Ellis et al., 1991). Absence or 

malfunction of cell death processes, however, can lead to developmental 

issues, inflammation, autoimmunity or immunodeficiency (Majno & Joris, 

1995).  

Historically, three distinct types of cell death have been described 

according to morphology and phagocytic clearance (Schweichel & Merker, 

1973): type I cell death or apoptosis, type II cell death known as 

autophagy-dependent cell death and type III cell death or necrosis. 

Apoptosis is executed by caspases and leads to distinguishable 

morphology features such as cytoplasmic shrinkage, chromatin 

condensation (pyknosis) and nuclear fragmentation (karyorrhexis). The 

plasma membrane forms irregular bulges (blebs) without integrity 
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disruption (Figure 1.1). Apoptosis culminates with the formation of 

apoptotic bodies, which exhibit phosphatidylserine on the outer leaflet of 

the plasma membrane that allow to be recognised by macrophages and 

other phagocytic cells (Figure 1.1) (Kroemer et al., 1998). This leads to 

the engulfment and clearance of dead cell bodies without eliciting 

inflammatory responses (Fadok et al., 1992). Apoptosis can be triggered 

by conditions in the extracellular environment that activate death 

receptors (extrinsic pathway) or by non-receptor-mediated stimuli that 

produce intracellular signals leading mitochondrial-initiated events 

(intrinsic pathway). Each pathway activates its own initiator caspase 

(Casp), Casp-8 and 9 for extrinsic and intrinsic apoptosis respectively, 

and both converge in the cleavage and activation of the executioner Casp-

3 (Majno & Joris, 1995). (Fadok et al., 1992). 

 

Figure 1.1: Apoptotic versus necrotic morphological features and consequences. 

Cells that undergo apoptosis are characterised by distinct features when compared 

to necrosis, some of which are shown in the figure. Furthermore, apoptosis generally 

leads to the phagocytosis of apoptotic bodies, remaining immunologically silent, while 
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the release of intracellular content as a consequence of necrosis can trigger an 

inflammatory response.  

Necrotic cell death, on the other hand, displays cellular rounding and 

swelling, increased cytoplasmic granularity with intact nuclei and, finally, 

membrane rupture. Membrane permeabilization leads to leak of 

intracellular content containing damage associated molecular patterns 

(DAMPs) or alarmins, which can act as pro-inflammatory factors and 

activate the immune system (Figure 1.1) (Galluzzi et al., 2007). Hence, 

other than their distinct morphological characteristics, necrosis differs 

from apoptosis on its capacity to trigger an inflammatory response. Finally, 

autophagy-dependent cell death exhibits extensive cytoplasmic 

vacuolisation and phagosome formation resembling autophagic digestion 

and, similar to apoptosis, results in phagocytic uptake and lysosomal 

degradation without initiation of an inflammatory response. 

Cell death modalities can be differentiated between accidental cell death 

(ACD)- the instantaneous destruction of cells exposed to severe insults of 

physical chemical or mechanical nature— and regulated cell death (RCD), 

which relies on a dedicated molecular machinery, implying that it can be 

modulated by pharmacological or genetic interventions (Galluzzi et al., 

2018). Apoptosis has long been considered as the only form of regulated 

cell death (Kerr et al., 1972; Majno & Joris, 1995). In contrast to the 

organised packaging that occurs during apoptosis, necrosis was 

considered a passive, unregulated form of cell death and was often 

associated to unfinished apoptosis. It is now known that, under conditions 

of unpaired efferocytosis, cells can undergo a process of disintegration 

and release of intracellular content after apoptosis, which is termed 

secondary necrosis (T. Vanden Berghe et al., 2010).  

This view was first challenged by the description of tumour necrosis factor 

(TNF) as an inducer of a form of cell death that exhibited the morphological 
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hallmarks of necrosis (Laster et al., 1988). Further studies in the 1990s 

demonstrated that defective caspase signalling did not prevent cell death 

but, instead, diverged the pathway to a form of cell death that was non-

apoptotic and caspase-independent with similar necrotic morphological 

features (Grooten et al., 1993; Vercammen et al., 1998). This type of 

necrotic cell death, which can be blocked by chemical inhibition or knock-

out of specific genes was termed necroptosis (Degterev et al., 2005; L. 

Sun et al., 2012; D.-W. Zhang et al., 2009). Since the characterisation of 

necroptosis, several other forms of programmed necrosis have been 

described such as pyroptosis, a Casp-1-dependent process that depends 

on inflammasome activation; ferroptosis, a form of cell death characterised 

by iron-dependent lipid peroxidation and metabolic constraints; 

parthanatos, a cell death modality characterised by the accumulation of 

poly (ADP) ribose (PAR); or mitochondrial permeability transition (MPT)-

driven cell death, characterised by an increase in the permeability of the 

inner mitochondrial membrane (Figure 1.2) (Galluzzi et al., 2018).  
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Figure 1.2: Overview of the major regulated forms of regulated cell death, main 

inducers and executor molecules. Programmed necrotic processes display necrotic 

morphology characterised by plasma membrane disruption, represented by a dotted 

line. Apoptosis is characterised by membrane blebbing and can result in secondary 

necrosis. Ferroptosis is initiated by intracellular oxidative perturbations and is under 

constitutive control of glutathione peroxidase 4 (GPX4). Pyroptosis depends on 

Casp-1 activation and plasma membrane pore formation by Gasdermin-D (Gasd-D). 

Necroptosis can be triggered by several inducers (TNF, LPS or IFN) and is generally 

dependent on receptor-interacting protein kinase 3 (RIPK3) and mixed lineage 

kinase domain-like (MLKL) activation. Parthanos is initiated by poly-(ADP ribose)-

polymerase 1 hyperactivation; Mitochondrial permeability transition pore (MPT)-

driven necrosis can be triggered by perturbations of the intracellular 

microenvironment and is dependent on cyclophillin D (CYPD). 

1.1.2   The necroptosis signalling pathway 

Cells undergoing necroptosis exhibit several necrosis-associated 

morphological features, including cell and organelle swelling, loss of 

plasma membrane integrity and cell lysis. While the adaptor proteins 

involved in the execution of necroptosis vary depending on the initial 

trigger, activation of necroptosis leads to the formation of the necrosome. 
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The necrosome is an association of specific executioner molecules that 

can include receptor-interacting serine/threonine-protein kinase 1 

(RIPK1) and always includes RIPK3 and mixed lineage kinase domain like 

pseudokinase (MLKL). Ultimately, a series of phosphorylations and 

conformational changes leads to the phosphorylation, activation, and 

oligomerisation of MLKL, which forms pores at the plasma membrane, 

compromising its integrity (Pasparakis & Vandenabeele, 2015). 

Necroptosis can be triggered by the activation of specific death receptors 

(DR), such as TNF receptor 1 (TNFR1), TNF-related apoptosis-inducing 

ligand [TRAIL] receptor 1 (TRAILR1, also known as DR4), TRAILR2 (also 

known as DR5), and Fas (also known as CD95 or APO-1) (Chan et al., 

2015). However, insights into the molecular mechanisms of necroptosis 

have been obtained largely from studies following TNF stimulation of 

TNFR1. TNFR1 engagement leads to the trimerization of the receptor, 

which initiates the assembly of a transient molecular complex named 

complex I, consisting of TNFR1-associated death domain protein 

(TRADD), TNFR-associated factor 2 (TRAF2), cellular inhibitor of 

apoptosis proteins 1 and 2 (cIAP1/2) and RIPK1 (reviewed in Pasparakis 

& Vandenabeele, 2015).  

RIPK1 was the first identified protein found to be crucial for necroptosis 

(Holler et al., 2000). RIPK1 is an integrator of TNFR1 signals and is 

involved in the activation of pro-survival nuclear factor-kB (NF-kB) and 

mitogen activated protein kinase (MAPKs), apoptosis and necroptosis. It is 

formed by an N-terminal kinase domain, an intermediate domain and a C-

terminal death domain (Figure 1.3). Ripk1-/- animals die perinatally due to 

increased systemic inflammation (Berger et al., 2014; Kelliher et al., 1998; 

Rickard, O’Donnell, et al., 2014). Knock-in (KI) of kinase-inactive RIPK1 

mutant alleles rescues Ripk1-/- lethality (Kaiser et al., 2014; Kelliher et 

al., 1998; Rickard, O’Donnell, et al., 2014), suggesting that the scaffolding 
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function of RIPK1 is essential in restricting cell death during development 

(Holler et al., 2000). However, the kinase function of RIPK1 has been 

shown to be necessary for both necroptosis and apoptosis given that 

kinase-dead KI cells are protected from RIPK3-mediated necroptosis and 

Casp-8 mediated apoptosis (Dillon et al., 2014; Kaiser et al., 2014; 

Kearney et al., 2014; Rickard, O’Donnell, et al., 2014). RIPK1 also 

possesses a RIP homotypic interaction motif (RHIM) domain, required for 

the recruitment of other RHIM-containing proteins such as RIPK3, 

Toll/interleukin-1 receptor domain-containing adapter-inducing 

interferon-b (TRIF, an adapter for Toll-like receptor 3 [TLR3] and TLR4) 

and Z-DNA-binding protein 1 (ZBP1), also known as DNA-dependent 

activator of interferon-regulatory factors (DAI) (Kaiser & Offermann, 

2005; Rebsamen et al., 2009; X. Sun et al., 2002). RIPK3 is a homologous 

kinase of RIPK1, with a similar RHIM domain and N-terminal kinase domain 

(Figure 1.3), which has been shown to be essential regulator for 

necroptosis (Cho et al., 2009; He et al., 2009, 2011; Newton et al., 2004; 

Upton et al., 2012; D. W. Zhang et al., 2009). 

 

Figure 1.3: Structures of human RIPK1 and RIPK3. RIPK1 (RIP1) and RIPK3 (RIP3) 

are both formed by a serine/threonine kinase domain, an intermediate domain and a 

RHIM domain. RIPK1 additionally possesses a death domain in its C-terminus. The 

main phosphorylation sites necessary for the execution of necroptosis are indicated. 

Modified from Yuping Liu et al. (2019). 
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RIPK1 is heavily ubiquitylated in complex I, functioning as a scaffold for 

the recruitment of NF-kB essential modulator (NEMO) and transforming 

growth factor beta-activated kinase 1 (TAK1), critical mediators of the 

TNF-dependent activation of NF-kB and MAPK pathways, respectively 

(Kelliher et al., 1998; W. Zhou & Yuan, 2014). These signalling pathways 

generally result in increased cell survival, proliferation, and production of 

pro-inflammatory cytokines (Figure 1.4). As a result of complex RIPK1 

deubiquitylation (described in detail in section 1.1.3), FADD is recruited to 

join RIPK1 and TRADD. These, in turn, recruit and dimerize Caspase-8 

(Casp-8) to form the cytosolic complex IIa or death-inducing signalling 

complex (DISC), which activates caspase-8 to induce extrinsic apoptosis 

(Figure 1.4). In contrast to TNFR1 signalling, binding of FAS ligand (FASL) 

to FAS or of TRAIL to TRAILR1/2 induces the direct assembly of DISC, 

without formation of a previous pro-survival signalling complex (Grootjans 

et al., 2017).  
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Figure 1.4: Schematic summarised view of consequences of TNFR1 activation. 

Signalling through TNFR1 leads to the formation of complex I at the plasma 

membrane, composed of TRADD, TRAF2, RIPK1 and cIAPs which leads to the 

activation of NF-kB pathway, which promotes pro-inflammatory responses and cell 

survival. Deubiquitylation of RIPK1 by several enzymes leads to the recruitment of 

FADD and Casp-8 to form Complex IIa, which activates caspase-dependent extrinsic 

apoptosis. Absence of Casp-8, FADD or increased RIPK3 leads to the formation of 

Complex IIb or the necrosome, responsible for the execution of necroptosis. 

Absence of Casp-8 activity (either through inhibition or genetic deletion), 

deletion of FADD, or increased RIPK3 expression, allows deubiquitylated 

RIPK1 to recruit RIPK3 via RHIM interaction (X.-N. Wu et al., 2014). This 

facilitates the formation of complex IIb, or what is termed as the canonical 

necrosome, composed of, RIPK1, RIPK3 and MLKL (Figure 1.4) (Chan et 

al., 2015). Necrosome assembly leads to the phosphorylation of the RIPK3 

activation loop (L. Sun et al., 2012). Although the hypothesis of 

transphosphorylation between RIPK1 and RIPK3 was initially suggested, 

later studies indicate that RIPK1 does not, in fact, phosphorylate RIPK3 
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(Cho et al., 2009). The major substrate of the catalytic activity of RIPK1 

is itself (in the RIPK1 kinase domain), through autophosphorylation. 

Similarly, the only reported substrates of the RIPK3 catalytic activity are 

the RIPK3 kinase domain by autophosphorylation and the activation loop 

of MLKL (J. M. Murphy et al., 2013; Rodriguez et al., 2016; L. Sun et al., 

2012). The current proposed theory is that, before activation of 

necroptosis, RIPK1 exists at a conformation in which its RHIM domain is 

unavailable. Activation of RIPK1 through diverse mechanisms results in 

autophosphorylation, which allows the interaction of the RIPK1 and RIPK3 

RHIM domains (Dondelinger, Vandenabeele, et al., 2016). This interaction 

promotes RIPK3 oligomerization, which is required for RIPK3 activation by 

autophosphorylation. Interestingly, overexpression of RIPK3 or induced 

dimerization is sufficient to phosphorylate RIPK3 and execute necroptosis 

(Raju et al., 2018; X.-N. Wu et al., 2014), suggesting that the main function 

of RIPK1 upstream RIPK3 consists of promoting RIPK3 oligomerization.  

Other than death receptors, necroptosis can be triggered by the activation 

of pathogen recognition receptors (PRRs), including TLR3, TLR4, as well 

as IFN receptors (IFNRs), (Pasparakis & Vandenabeele, 2015). 

Engagement of these receptors by different triggers leads to the formation 

of non-canonical necrosomes (Figure 1.5). In contrast to the RIPK1-

dependent recruitment of RIPK3 during TNF-induced necroptosis, binding 

of LPS or various DAMPs to TLR-4 or TLR-3 leads to the recruitment and 

activation of RIPK3 through homotypic interaction with TRIF (Figure 1.5) 

(Dillon et al., 2014; Kaiser, Sridharan, et al., 2013; Polykratis et al., 2014). 

Similarly, execution of necroptosis in response to ds-DNA viruses 

depends on the RHIM-mediated recruitment of RIPK3 by ZBP1 (Rebsamen 

et al., 2009; Upton et al., 2012). Necroptosis has also been suggested to 

be triggered by type I and II interferons, which activate JAK-STAT 

signalling. The RNA-activated protein kinase PKR has been suggested to 
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play a role in IFN-induced necroptosis (Thapa et al., 2013), although 

contradictory studies have been reported (McComb et al., 2014). Instead, 

more recent studies report that ZBP1 is required for IFN-induced 

necroptosis (D. Yang et al., 2020) 

 

Figure 1.5: Receptor signalling leading to necroptosis. Necroptosis can be triggered 

by the activation of several receptors, including DRs such as TNFR1, TLRs, 

TRAILR/Fas, IFNR or interaction with ds-DNA viruses. The necrosome components 

in response to each trigger varies, and non-canonical necrosomes have been 

described in following TLR, IFNR1 activation as well as in response to viruses. Non-

canonical necrosomes involve RHIM-containing proteins other than RIPK1: TRIF or 

ZBP1. 

Regardless of the upstream stimulus, RIPK3 oligomerization and 

phosphorylation lead to the recruitment of MLKL, via its pseudokinase 

domain (Davies et al., 2018; Petrie et al., 2018; L. Sun et al., 2012). MLKL 

is composed of an N-terminal four-helix bundle domain (4HB) and a C-

terminal pseudokinase domain (psKD), connected by a two-helix linker or 

brace (J. M. Murphy et al., 2013). RIPK3 phosphorylates MLKL at Thr-357 
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and Ser-358 in humans (L. Sun et al., 2012) and Ser-345, Ser-347 and 

Thr-349 in mice (J. M. Murphy et al., 2013). Phosphorylation of these 

residues, present in the activation loop of the psKD, induce a 

conformational change that uncovers the 4HB domain (Petrie et al., 2018), 

also termed “killer” domain. Prior to activation, MLKL is believed to exist 

as a dormant monomeric form (Figure 1.6), in which the 4HB domain is 

sequestered through engagement with the psKD (Petrie et al., 2018). 

Phosphorylation of MLKL (ph-MLKL) triggers its oligomerization into 

trimers in mouse MLKL (Cai et al., 2014; Davies et al., 2018; Hildebrand 

et al., 2014), while human MLKL forms tetramers in vitro (Petrie et al., 

2018). Oligomerized ph-MLKL translocates to the membrane (Figure 1.6), 

where it interacts with phosphatidylinositol lipids or cardiolipin to induce 

membrane permeabilization resulting in disruption of osmotic homeostasis 

(Xia et al., 2016). Calcium (Ca+2) influx has been suggested to play a role 

in the execution of necroptosis, although how critical is that role remains 

controversial (Cai et al., 2014; Nomura et al., 2014; Ros et al., 2017). 

Interestingly Ca+2-calmodulin–dependent protein kinase (CaMKII) has 

been recently described as a substrate of RIPK3, which can mediate 

myocardial necroptosis independently of RIPK1 and MLKL (Y. Yang et al., 

2021; T. Zhang et al., 2016; T. Zhou et al., 2021). 

Although oligomerisation plays a key role in MLKL activation, is not 

sufficient per se to induce necroptosis given that a specific mutation of the 

human MLKL domain a4 helix was able to abolish the deadly function of 

MLKL without disrupting its capacity to oligomerise (Petrie et al., 2018). 

Similar observations have been made in mouse MLKL (Hildebrand et al., 

2014; Tanzer et al., 2016), supporting necroptosis can also be regulated 

following necrosome formation, MLKL phosphorylation and 

oligomerisation (Figure 1.6).  
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1.1.3   Regulation of necroptosis 

Maintaining the correct frequency and balance between different types of 

cell death, including ensuring neither excessive or inefficient cell death 

occurs, is crucial to maintain tissue homeostasis and prevent diseases. 

Multiple mechanisms take place to control the initiation and execution of 

necroptosis, highlighting the complexity of these and other cell death 

pathways. 

RIPK1 can play opposing roles preventing or promoting cell death due to 

tight regulation of the balance between its kinase-dependent and -

independent functions. Ubiquitination of RIPK1 on lysine 63 (K63), K11, 

K48 and linear M1 ubiquitin chains prevent the formation of death inducing 

complexes, promoting its pro-survival role through NF-kB and MAPK 

pathways (see Figure 1.3). Ubiquitin ligases cIAPs and linear ubiquitin 

chain assembly complex (LUBAC) both negatively regulate RIPK1-

mediated cell death through the K63 ubiquitylation of RIPK1 and linear M1 

ubiquitylation of TRADD, respectively (Dondelinger, Darding, et al., 2016). 

The latter are removed by deubiquitylating enzyme cyclophilin D (CYLD), 

a necessary step to initiate RIPK1-dependent cell death. A20, on the other 

hand, is a complex ubiquitin-modifying enzyme that acts both 

deubiquitinating K63-linked chains from RIPK1 restricting NF-kB 

activation and ubiquitinating K48-linked ubiquitin chains targeting RIPK1 

for proteasomal degradation (Lork et al., 2017; Wertz et al., 2004). A20-

deficient mice, mice with impaired LUBAC components and mice bearing 

RIPK1 with mutations on K63 sites display severe inflammation or 

embryonic lethality that could be at least partially prevented by deletion 

of RIPK3, MLKL or Casp-8 (Kumari et al., 2014; E. G. Lee et al., 2000; 

Peltzer et al., 2014, 2018; Rickard, Anderton, et al., 2014; Yong Tang et 

al., 2019; Xixi Zhang et al., 2019), making evident the importance and 
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complexity of RIPK1 ubiquitin regulation. Similarly, ubiquitination of RIPK3 

at K5 has been reported to be required for necrosome formation while 

ubiquitin removal by A20 restricts necroptosis (Onizawa et al., 2015). 

Ubiquitination by other ubiquitin ligases such as C-terminus of Hsc70-

interacting protein (CHIP) and Pellino1 (Peli1) induce RIPK3 degradation 

and consequently negatively regulates necroptosis (Figure 1.6) (S.-W. 

Choi et al., 2018; Seo et al., 2016). 

Other than ubiquitination, the necroptotic cascade can be highly regulated 

through phosphorylation. Phosphorylation of RIPK1 on several residues by 

MK2 or IKK has been shown to restrain its kinase activity (Dondelinger et 

al., 2017; Jaco et al., 2017; Menon et al., 2017; Daichao Xu et al., 2018), 

negatively regulating RIPK1-induced cell death. Dephosphorylation of 

RIPK3 (S277 in humans, T231/S232 in mice) can be catalysed by the 

Ppm1b phosphatase, negatively regulating necroptosis, and absence of 

Ppm1b enhances TNF-induced tissue damage (W. Chen et al., 2015). 

Another key determinant of necroptotic cell death is the cellular levels and 

availability of RIPK3 in the cell. For example, RIPK3 is not normally 

expressed in the liver, although its expression can be induced following 

injury (Dara, 2018).  



CHAPTER 1: GENERAL INTRODUCTION 

 15 

 

Figure 1.6: The necroptosis pathway is highly regulated through ubiquitination, 

phosphorylation and other mechanisms. Necroptosis can be initiated through TNFR1 

activation at the plasma membrane. Inhibition of Casp-8, as well as deubiquitylation 

of RIPK1 (cIAPs, LUBAC, A-20, CYLD) is necessary for the initiation of necroptosis. 

Autophosphorylation of RIPK1 (inhibited by Nec-1s) is necessary for the recruitment 

of RIPK3 through RHIM domains. RIPK3 can also be targeted for ubiquitylation (A-

20, CHIP, Peli1). Its phosphorylation can be targeted by phosphatases (Ppm1b), and 

its kinase activity inhibited by GSK872 (among many others). Post-necrosomal 

checkpoints include disengagement from the necrosome, membrane trafficking and 

accumulation of oligomeric phosphorylated MLKL. Translocation to the membrane 

can be inhibited by NSA or MB37. Necroptosis can be further regulated through 

exocytosis (through ESCRT-III machinery) or endocytosis of oligomerised and 

phosphorylated MLKL.  

It is known that Casp-8 can cleave several proteins involved in the 

regulation of necroptosis including RIPK1, RIPK3, CYLD and cFLIP. Casp-

8 is known to negatively regulate necroptosis. In fact, a Casp-8 inhibition 

is required to induce necroptosis in vitro, together with a smac mimetic, 

that targets IAPs (Grootjans et al., 2017). Casp-8-/- mice die in utero 
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(E10.5) and are completely rescued by deletion of either RIPK3 or MLKL 

(Alvarez-Diaz et al., 2016; Kaiser et al., 2011; Oberst et al., 2011), which 

suggests that cleavage of RIPK1 by Casp-8 inhibits necroptosis. Several 

studies have shown that mice expressing RIPK1 bearing mutations that 

prevent caspase-8 induced cleavage also die in utero (Lalaoui et al., 2020; 

Newton et al., 2019; Xixi Zhang et al., 2019) However, this lethality was 

not fully rescued by the deletion of RIPK3 and MLKL and was only 

achieved by the combined deletion of FADD/Casp-8, RIPK3 and MLKL, 

showing that RIPK1 cleavage by Casp-8 acts preventing both apoptosis 

and necroptosis (Lalaoui et al., 2020; Newton et al., 2019; Xuhua Zhang et 

al., 2019). In addition, the catalytic activity of Casp-8 is closely controlled 

by cFLIP and IAPs (Irmler et al., 1997; C. Scaffidi et al., 1999), which 

regulate RIPK1-induced cell death by extension. Casp-8 cleavage of 

RIPK3 has also been proposed as a mechanism to restrict necroptosis (S. 

Feng et al., 2007; Oberst et al., 2011), although the mechanisms remain 

unclear. Of note, Casp-8 has also been reported to regulate pyroptosis, 

another form of regulated necrosis (Fritsch et al., 2019).  

In addition, several regulating mechanisms downstream MLKL 

phosphorylation have been described, in an attempt to maintain cell 

survival. These mechanisms target MLKL oligomerisation, disengagement 

from the necrosome (Garnish et al., 2021) as well as its translocation to 

the membrane (Petrie et al., 2020), mediated by the Golgi-/actin-

/microtubule-trafficking machinery (Samson et al., 2020). Trafficking and 

accumulation of MLKL at the plasma membrane has been reported to act 

as a threshold and control the kinetics of necroptosis (Figure 1.6) (Samson 

et al., 2020). Indeed, auxiliary proteins HSP-90 or HSP-70 have shown to 

regulate necroptosis by modulating the stability of MLKL, mediating its 

oligomerisation and translocation to the membrane (Jacobsen et al., 2016; 

X. M. Zhao et al., 2016) or facilitating for MLKL polymerization (Johnston 
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2020), respectively. The endosomal sorting complexes required for 

transport III (ESCRT-III) machinery, a regulator of endosome trafficking, 

modulates necroptosis regulating MLKL activity by promoting the 

formation of extracellular vesicle that remove ph-MLKL from the 

membrane following MLKL translocation and disruption of the plasma 

membrane (W. Fan et al., 2019; Y. N. Gong et al., 2017; Yoon et al., 2017). 

Similarly, the necroptosis-dependent cell membrane damage can be 

modulated through flotillin-mediated endocytosis of membrane-bound ph-

MLKL (Figure 1.6) (W. Fan et al., 2019). 

1.1.4   Physiological relevance of necroptosis 

The physiological relevance of necroptosis became obvious through the 

complete rescue of Casp-8-/- embryonic lethality by the deletion of RIPK3 

(Kaiser et al., 2011). In contrast to the well-defined role of apoptosis, the 

necroptotic core effectors are not essential to embryonic development. 

Indeed, whereas mutant mice lacking key components of the apoptotic 

machinery show severe developmental issues (Cecconi et al., 1998; Kuida 

et al., 1996, 1998), Ripk3-/- and Mlkl-/- mice do not exhibit any 

development consequences or obvious phenotype (Newton et al., 2004; J. 

Wu et al., 2013). Similarly, kinase-dead knock-in RIPK1 mutant mouse 

lines (carrying K45A, ΔG26F27 and D138N) show normal development 

(Yongbo Liu et al., 2017; Polykratis et al., 2014; Shutinoski et al., 2016).  

1.1.4.1 Consequences of membrane disruption 

As a lytic form of cell death, necroptosis releases DAMPs, which mediate 

inflammation (Kaczmarek et al., 2013). The concept of DAMP was first 

proposed by P. Matzinger in 1994 in an attempt to explain the strong 

inflammatory response in the absence of pathogens and their products, 

termed sterile inflammation (Matzinger, 1994). DAMPs are endogenous 
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molecules that play diverse non-inflammatory roles during cell 

homeostasis. In response to stressors, that include physical, chemical, 

metabolic and infectious factors, DAMPs can be passively released, 

actively secreted, or exposed in the surface (Aziz et al., 2019; Denning et 

al., 2019; Krysko et al., 2013). Hence, during necroptosis, the cell 

environment gains access to previously hidden surfaces that are generally 

recognised by pattern-recognition receptors (PRRs), such as Toll-like 

receptors (TLRs) and cytoplasmic Nod-like receptors (NLRs), as well as 

by non-PRRs such as suppression of tumorigenicity 2 (ST2) or receptor 

for advanced glycation end products (RAGE). Resident immune cells, as 

well as non-immune tissue cells, bearing these receptors are crucial 

initiators of a local inflammatory response. Recognition of DAMPs leads to 

the recruitment and activation of immune cells which, in turn, express pro-

inflammatory genes and secrete cytokines such as TNF or IFNs. These 

signals, together with released DAMPs, provide feed-forward signals that 

further reinforce regulated cell death in neighbouring cells (Figure 1.7). If 

inflammation is not resolved, continuous cell death can lead to damage of 

local tissue barriers such as the skin, intestine and lung, and the spread of 

inflammation to a systemic level, which may ultimately lead to organ 

necrosis and failure (Figure 1.7). Other than activating neighbouring cells, 

DAMPs can also exit the site of injury to promote inflammation in distal 

tissues (He & Wang, 2018; Sarhan et al., 2018; Silke et al., 2015). 
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Figure 1.7: Necroptosis leads to inflammation. Release of DAMPs and 

proinflammatory cytokines from necroptotic cells activate immune cells including 

dendritic cells, macrophages, mast cells and neutrophils, which provide feed-forward 

signals reinforcing necroptosis in surrounding cells. Continuing the vicious death 

cycle can lead to damage of barrier function, the spread of cytokines to a systemic 

level, which may ultimately cause devastating multi-organ failure 

Other than amplifying sterile inflammation, necroptosis can play an 

immunoregulatory role when triggered by an immunologically harmful 

event such as infection. It is now known that necroptosis has been 

conserved in mammals as a pathogen defence mechanism to adapt to 

viruses or bacteria that have developed mechanisms to evade extrinsic 

apoptosis (Kaiser, Upton, et al., 2013; Mocarski et al., 2011). Ripk3-/- mice 

fail to initiate a response against vaccina-virus (VV) infection, and show 

reduced tissue necrosis and inflammation, resulting in highly elevated viral 

replication and mortality (Cho et al., 2009). Similarly, Ripk3-/- mice are 

highly susceptible to murine cytomegalovirus (MCMV), Yersinia pestis and 
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herpes simplex virus 1 (HSV-1) infections (Nogusa et al., 2016; Upton et 

al., 2012; Weng et al., 2014).  

1.1.4.2 Studying necroptosis in vitro and in vivo 

Necroptosis is an important mechanism in innate immune responses 

against pathogens and during sterile injury. Therefore, the necroptotic 

pathway and its regulatory proteins have been associated with a wide 

range of diseases including cutaneous, pulmonary, cardiovascular, 

neurodegenerative, infectious, renal and hepatic diseases and cancer. The 

potential role of necroptotic signalling in these pathologies has been 

investigated using numerous animal models of tissue injury and have been 

extensively reviewed elsewhere (M. E. Choi et al., 2019; Khoury et al., 

2020) 

The kinase function of RIPK1 can be inhibited using Nec-1s (Figure 1.6), 

an inhibitor that has been widely used to study the contribution of 

necroptosis to the pathology of multiple diseases including neurological, 

cardiovascular, pulmonary, gastrointestinal, renal and infectious disease 

models (Khoury et al., 2020). However, the kinase function is also 

necessary for RIPK1-mediated apoptosis, indicating that Nec-1s-

dependent protection from cell death should not be taken as definite proof 

of necroptosis. This highlights that studies using this inhibitor should be 

supported by further research such as genetic studies targeting RIPK3 or 

MLKL in animal models of disease. Some of these studies have been 

reviewed in M. E. Choi et al., (2019) and Tonnus & Linkermann (2017) in 

detail.  

Other than genetic deletion, RIPK3 activity can be targeted through 

chemical inhibition using GSK′840, 843, and 872 (Figure 1.6), which were 

essential demonstrating the relevance of RIPK3 kinase function during 
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necroptosis (Dondelinger et al., 2014; Kaiser, Sridharan, et al., 2013; J.-

X. Li et al., 2014; Rodriguez et al., 2016). However, RIPK3 has been 

associated with necroptosis-independent inflammatory processes such as 

signalling functions in cytokine production (Armaka et al., 2018), 

inflammasome activation (Lawlor et al., 2015) and can contribute to 

apoptosis (N. Khan et al., 2014; Vince et al., 2012). Indeed, a study 

reported that MLKL-deficient mice are less protected from kidney IRI and 

inflammation associated with A20 deficiency than mice deficient in RIPK3 

or those expressing kinase-dead RIPK1 (Newton et al., 2014), supporting 

necroptosis-independent roles and RIPK3 in these models.  

MLKL inhibitor necrosulfamide (NSA) (Figure 1.6), has been successfully 

used to block necroptosis in vitro. However, NSA does not inhibit murine 

MLKL, limiting its relevance to human cells or rat in vivo models (L. Sun 

et al., 2012). Nevertheless, Mlkl-/- mice might represent the best tool to 

validate necroptosis contribution to the pathophysiology of diseases in 

vivo. An extensive review of the outcome of the knock-out of MLKL 

knock-down of MLKL in mice models of disease, including IRI, sterile 

inflammation, bacterial and viral infection, metabolic, neuromuscular and 

haematological disease, and neoplasia has been recently published 

(Crutchfield et al., 2021). Although not described in detail, some 

necroptosis-independent functions of MLKL have been recently 

described, including cross-linking with other RCD mediators and 

translocation to the nucleus to mediate gene expression (C. Zhan et al., 

2021). 

The association of necroptosis with a large number of animal disease 

models have led to increasing interest in the involvement of necroptosis 

in human diseases. Detection of increased expression or upregulation of 

RIPK1 and RIPK3 is often used as a marker of necroptosis in tissue of 

different human diseases. However, since the development of phospho-
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antibodies against MLKL, detection of this phosphorylated protein 

constitutes the best method to confirm necroptosis activation in tissue. 

MLKL phosphorylation has been detected in the skin of several 

inflammatory diseases (see section 1.2.3.4) as well as in tissue obtained 

from patients with chronic heart failure, unstable atherosclerosis, multiple 

sclerosis, several renal diseases (Molnár et al., 2019). Following the 

extensive evidence of necroptosis in animal models of disease and human 

diseases, the necroptotic signalling pathway has been established as an 

attractive target for clinical intervention. 

1.2   Introduction to the skin 

The work presented in this thesis focuses on investigating necroptosis in 

the skin. Therefore, a brief introduction to the skin has been included in 

the following section, attending to its structure, functions, and its 

immunological role.  

1.2.1   Skin structure and functions 

The skin is a complex and extensive organ that separates the body from 

the outside environment. It acts as a physical and chemical barrier, limiting 

the penetration of exogenous soluble compounds and preventing 

undesirable water and endogenous fluid loss (Montagna & Parakkal, 1974). 

Although subject to considerable body areas variations regarding 

thickness and melanocyte content (Wong et al., 2016), mammalian skin is 

structured as a stratified tissue, organised into three distinct 

compartments: epidermis, dermis and hypodermis (Figure 1.8). Each of 

these layers has unique structure, function and physiology. 
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Figure 1.8: General structure of the skin. The skin is structure in three distinct 

layers: the hypodermis, dermis and epidermis. Blood vessels and capillaries irrigate 

the skin and can be found in the hypodermis and the dermis respectively. Nervous 

terminations are also found in the dermis. Sweat and sebaceous glands, as well as 

hair follicles connect the dermis and the exterior, crossing the epidermis. Adapted 

from Lawton, S (2019). 

The hypodermis or the subcutaneous, mainly consists of loose connective 

tissue and adipose tissue which acts as an energy reservoir and 

thermoregulator. The dermis is mainly constituted by extracellular matrix 

(ECM), composed of collagen, fibronectin and elastin fibres synthesised by 

fibroblasts. This matrix provides tensile strength and mechanical 

resistance to the skin, as well as a matrix for immune cell migration (Wong 

et al., 2016). The dermis is highly vascularised by blood and lymph vessels 

that are distributed through the ECM, together with mechano- and 

thermoreceptors (Figure 1.8). During inflammation, postcapillary venules 

found in the dermis can increase their vascular permeability by loosening 

endothelial intercellular junctions. This change in permeability allows 

immunoglobulins, albumin and water to shift into the dermis, leading to 
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edema (Pasparakis et al., 2014). In addition to fibroblasts, several resident 

immune cells are present in the dermis (see section 1.2.2).  

The outermost layer of the skin is the epidermis, whose main function is 

to form a physical and biological barrier with the outside environment that 

protects the organism from mechanical, chemical, and microbial 

challenges. Physically, this barrier is compromised throughout the skin by 

appendages such as hair follicles, sebaceous glands and sweat ducts 

(Figure 1.8). These provide an inside route for small molecules and 

chemicals as well as an outside route for water loss (Chu & Loomis, 2017). 

The epidermis is a stratified squamous epithelium primarily formed by 

tightly connected keratinocytes, organised in four distinct layers as a 

consequence of the constant regeneration and differentiation of 

keratinocytes. The specific differentiation process that keratinocytes 

undergo is known as cornification.. Adhesion between keratinocytes is 

provided by specialised protein complexes known as desmosomes (Chu & 

Loomis, 2017). Keratinocytes are further linked through two different 

types of cell-to-cell junctions: tight junctions block the flow of fluids 

between keratinocytes, preventing fluid loss, while gap junctions are 

intercellular channels that allow the passage of water, ions, and small 

molecules (Bäsler & Brandner, 2017). Other cells found in the epidermis 

are melanocytes and specific immune cells (described in section 1.2.2). 

Melanocytes are highly differentiated cells that produce a pigment melanin 

inside melanosomes, responsible for the skin pigmentation (Montagna & 

Parakkal, 1974).  

1.2.1.1 Cornification, a regulated form of cell death 

Epidermal keratinocytes undergo a unique form of terminal differentiation 

and programmed cell death known as cornification. Keratinocytes 
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progressively differentiate and move from the basal layer to the skin 

surface, forming several morphologically distinct epidermal strata/layers.  

The deepest layer of the epidermis, the basal layer or stratum basale, is 

formed by stem cells which are attached through hemidesmosomes to the 

basal lamina, an extracellular matrix layer that separates the dermis from 

the epidermis (Figure 1.9). Stem cells in the skin express keratin 5 (KRT-

5) and KRT-14 (Figure 1.9) and are not restricted to the basal layer as 

they can also be found in hair follicles. Epidermal stem cells can divide 

symmetrically or asymmetrically by orienting their mitotic spindle in 

perpendicular or parallel to the underlying basal lamina, respectively. 

Symmetric division leads to self-renewal of epidermal stem cells, which 

remain in the basal layer, while asymmetric division give rise to a more 

differentiated cell that moves towards the following layer. This layer is 

the suprabasal layer or stratum spinosum, where keratinocytes are 

progressively flattened and express KRT-1 and KRT-10 (Figure 1.9). 

During the cornification process, the cytoplasm of epidermal keratinocytes 

forms keratin polypeptides which polymerise into keratin intermediate 

filaments (tonofilaments) in a process known as keratinisation. The major 

function of keratin filaments is to provide epithelial cells with mechanical 

resistance (Eckhart et al., 2013).  
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Figure 1.9: Proliferation and terminal differentiation of epidermal keratinocytes 

forms distinct layers. There are four layers of the epidermis, indicated on the left, 

which consist of keratinocytes in different stages of differentiation, tightly connected 

through desmosomes and tight junctions. The different layers express distinct 

keratins (indicated on the right) that can be used as markers of proliferation, early 

and late differentiation, The basal layer has the capacity to proliferate and constantly 

provide the epidermis with new cells. Keratinocytes in the spinous layer do not longer 

divide. Cells express insoluble proteins, lose their organelles, and flatten to form 

corneocytes, connected through corneocytes. These eventually degrade leading to 

desquamation. Adapted from Eckhart et al., (2013). 

Superficial to the suprabasal layer is the granular layer or stratum 

granulosum, characterised by the presence of keratohyalin granules in the 

cytoplasm of keratinocytes. At this stage, keratinocytes shed their 
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cytoplasmic organelles, lose their metabolic activity and begin to express 

large numbers of insoluble proteins, such as loricrin and pro-filaggrin, 

inside keratohyalin granules, and lipids in lamellar bodies (Matsui & 

Amagai, 2015). These are eventually extruded from the cell and 

crosslinked by transglutaminases along the exterior to form an insoluble 

structure, known as the cornified envelope. This compacted and highly 

hydrophobic keratinous layer is known as the cornified layer or stratum 

corneum. It is the outermost layer of the epidermis and sheds in a process 

of epidermal turnover called desquamation. The total epidermal renewal 

time is approximately two months (Eckhart et al., 2013).  

1.2.2   The skin as an immune organ 

The skin plays an essential role in protecting the host by providing 

physical, biochemical and immunological barriers. The correct functioning 

of the skin immune response requires careful collaboration and 

communication between keratinocytes, fibroblasts, and immune cells. 

Keratinocytes and fibroblasts express several different patter recognition 

receptors (PRRs) such as TLRs, NOD-like receptors (NLRs) or Rig-like 

receptors (RLRs) as well as other non-PRR receptors (Pasparakis et al., 

2014). Activation of these receptors can lead to the activation of MAPK or 

NF-kB pathways, which regulate multiple aspects of innate and adaptative 

immune functions. 

The most prevalent immune cells in human epidermis include Langerhans 

cells (LCs), which are professional antigen presenting cells (APCs) and 

CD-8+ tissue-resident memory T (TRM) cells (Figure 1.10), derived from 

antigen-specific effector T cells which previously infiltrated the tissue 

during inflammation (Nguyen & Soulika, 2019). CD-8+ TRM cells can act 

sensing the microenvironment for antigens and travel to the skin draining 

lymph nodes to promote tolerance during homeostasis or initiate an 
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adaptative immune responses (Romani, Koide, et al., 1989). Resident T-

cells are also distributed through the dermis. αβ T cells (CD-4+ or CD-

8+ TRM cells) are the dominant T-cell population in human skin and mainly 

reside within the hair follicle epithelium in steady state (Kabashima et al., 

2019) while γδ T cells are the main subtype of T-cells in murine skin. 

These can be found within the junctions of the epidermis and act 

identifying antigens and secreting a range of cytokines that trigger further 

immune responses (Ho & Kupper, 2019).  

Several other immune cells can also be found in the dermis, such as 

myeloid dendritic cells, macrophages, NK cells and B cells. Dermal 

dendritic cells (dDCs) have an immune surveillance role and rapidly 

migrate to lymph nodes to initiate pathogen-specific immune responses. 

Dermal macrophages have a role in wound healing and, when activated, 

they can recruit immune cells through production of pro-inflammatory 

cytokines (Kabashima et al., 2019). Human resident B cells play 

homeostatic functions in host defence, regulation of microbial communities 

and wound healing (Debes & McGettigan, 2019). NK cells, which can also 

reside in the skin, serve as anti- microbial immune sentinels and can 

contribute to contact hypersensitivity (Kobayashi et al., 2020; Nestle et 

al., 2009). Mast cells and eosinophils are also dermis-resident immune 

cells. They contain granules which enclose mediators such as histamine, 

proteoglycans, tryptase and chymase. They also produce large amounts of 

prostaglandin D2 (PGD2) and leukotrienes (LTs), lipid-derived 

inflammatory mediators involved in allergic responses and recruitment of 

immune cells (Kabashima et al., 2019).  

Skin inflammation has been extensively studied in relation to two skin 

inflammatory diseases, psoriasis and atopic dermatitis (AD), which involve 

distinct mechanisms and are associated to different types of immune 

response. Psoriasis is an immune-mediated disease that can affect the skin 
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and joints. Psoriasis is a systemic immune-mediated disease that can 

affect the skin and joints. It has a strong genetic predisposition and can be 

triggered by environmental factors. Genetic analyses have identified many 

putative associated loci, being HLA-Cw6 named psoriasis susceptibility 

locus 1 (PSORS1), the most prevalent allele. Other candidates include 

mutations include IL-36 receptor antagonist (IL-36RN) or caspase 

recruitment domain family member (CARD14) gain-of-function mutation 

(Boehncke & Schön, 2015). 

There are different forms of the disease: plaque psoriasis is the most 

common form and is also termed psoriasis vulgaris; other forms include 

pustular psoriasis (PP), psoriatic arthritis (PsA), as well as eruptive, 

inversive or erythrodermic psoriasis (Boehncke & Schön, 2015). 

Histologically, psoriatic hallmark features include epidermal acanthosis 

(thickening of viable layers), hyperkeratosis (thickened cornified layer), 

and parakeratosis (cell nuclei present in the cornified layer). Epidermal 

rete ridges (thickenings that extend down between dermal papillae) are 

markedly elongated in human psoriasis (Figure 1.10) (Boehncke & Schön, 

2015). The immune cell infiltrate recruited to the lesions includes T-

lymphocytes, macrophages, mast cells, and neutrophils. The later can 

accumulate in the epidermis to form Munro’s micro-abscesses (Figure 

1.10).  

Psoriatic skin lesions originate as a result of dysregulated interactions of 

innate and adaptive components of the immune system with resident 

cutaneous cell types, which leads to proliferation and cytokine production 

by epidermal keratinocytes (Boehncke & Schön, 2015). This is a result of 

multifactorial setting which includes genetics and environmental factors. 

Inflammation is mainly driven by type-17 (T17) immune responses, and 

therefore it is dendritic cell and T-cell-mediated disease with complex 

feedback loops from APCs, neutrophils and keratinocytes. Although 
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traditionally considered crucial the role of T1 inflammation has been 

greatly diminished in the last years and Th-1 cells are not considered to 

drive disease. Differentiation of Th1 and Th17 cells is stimulated by 

dendritic cells through IL-12 and IL-23, respectively. Immune cells 

facilitate the inflammatory response through their mediators in the skin 

and involve the production of TNF, IL-17A/IL17F and IL-23 (Figure 1.10) 

(Meephansan et al., 2012). A possible role for IL-33 in the pathogenesis 

of psoriasis has been recently suggested (see section 1.3.1.4) and has 

been addressed in this thesis.  

Atopic dermatitis skin displays crusted or excoriated itchy erythematous 

plaques, which are histologically characterised by marked intercellular 

edema (Bieber, 2010). It has a considerable heritability component as its 

major risk factor is a positive family history with AD. The strongest 

genetic risk factor is semi-dominant null mutation in FLG, which encodes 

the epidermal protein filaggrin. Other AD loci contribute to abnormalities 

in the innate immune signalling and T cell activation as well as Th-2 cell 

differentiation. AD has also been associated with the role of microbial 

flora, especially susceptibility to Staphylococcus aureus (S. aureus) 

colonisation. This colonisation is associated to decreased production of 

the normally produced antimicrobial peptides which act disrupting 

bacterial membranes and changes in the pH of the skin, which normally 

prevent pathogenic infections (Geoghegan et al., 2018; Kabashima et al., 

2019). S. aureus recognition through NLRs activates the NLRP3 

inflammasome, which leads to production of IL-1b and IL-18 through 

caspase-1 activation (Muñoz-Planillo et al., 2009). Impairment of the 

components of the stratum corneum, such as decreased levels of ceramide 

content can also contribute to inflammation in atopic dermatitis (Matsui & 

Amagai, 2015). 
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Figure 1.10: Resident cells found in normal skin and inflammation responses induced 

during psoriasis and atopic dermatitis. Psoriatic inflammation is mediated by Th-

1/Th-17 immunity, characterised by the release or secretion of TNF, IL-17A/IL-17F 

and IL-23, and the recruitment of dendritic cells, macrophages and neutrophils. In 

contrast, atopic dermatitis is mediated by a Th-2 response, in which are involved 

TSLP, IL-25, IL-4, IL-5 and IL-33, and activation of Th-2 lymphocytes, mast cells, 

eosinophils and ILC2s. A role of IL-33 in psoriasis has been suggested. 

The immune response in AD is skewed towards T helper 2 (Th-2) cell-

mediated pathways. The release of cytokines such as thymic stromal 

lymphopoietin (TSLP) result in migration of dermal DCs to lymph nodes to 

induce Th-2 polarization. The inflammatory reaction is conducted by the 

release of TSLP, IL-25, IL-4, IL-5 and IL-33 by mast cells, eosinophils 

and group 2 innate lymphoid cells (ILC2s) (Figure 1.10) (Weidinger et al., 

2018). ILC2s (also designated natural helper cells, nuocytes or innate 

helper 2 cells) are a recently described cell type crucial for the allergic 
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and infectious responses and the production of high amounts of Th2 

cytokines (Moro et al., 2010a).  

1.2.3   Inflammation in the skin: lessons from animal models 

Balance between apoptosis and necroptosis is essential to maintain tissue 

homeostasis and is closely regulated by the abundance of different 

signalling effectors of the pathway. Sensitivity to necroptosis can be 

modulated by the expression levels of necroptosis effectors (see section 

1.1.3) and is also inherent of specific cell types in tissues. Studies using 

mouse models have revealed that skin homeostasis is critically dependent 

on tight control of cell death pathways and found certain predisposition of 

the epidermis to necroptosis when compared with other tissues 

(Dannappel et al., 2014; Takahashi et al., 2014).  

Genetic models and, specifically, models that allow tissue-specific gene 

targeting, provide invaluable information to define the molecular 

mechanisms and pathways regulating tissue homeostasis and inflammation. 

In the epidermis, keratinocyte specific expression of proteins can be 

targeted using promotors such as KRT-14 or KRT-5, which are almost 

exclusively expressed in basal epidermal keratinocytes (Shetty & Gokul, 

2012). Expression of -Cre recombinase under these promoters can be 

combined with a large number of mouse models carrying loxP-flanked 

alleles to produce epidermal keratinocyte-specific knock-out mice (also 

epidermal knock-out, referred hereon as EKO). Generation of mice 

expressing transgenes in keratinocytes are now indispensable tools to 

study keratinocyte specific function in cell death and inflammation. This 

section focuses on some of the most relevant skin inflammation models, 

including necroptosis-dependent skin inflammation models that will be 

later used in Part II of this thesis to study the role of DAMPs in necroptosis 

in vivo. 
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1.2.3.1 NF-κB pathway in skin homeostasis and inflammation 

The NF-kB pathway controls the expression of pro-inflammatory 

mediators that orchestrate and sustain the inflammatory response but also 

plays an important role in the maintenance of physiological immune 

homeostasis and the prevention of inflammatory diseases in many tissues. 

NF- κB is composed of five subunits, Rel-A/p65, Rel-B, c-Rel, p50 and 

p52, and is maintained in a deactivated state through its association with 

the inhibitory protein of NF-kB (IkB). Upon activation by diverse of stimuli, 

IkB are phosphorylated by the IkB kinase (IKK) complex, composed of 

IKK1 (also known as IKKa) and IKK2 (also known as IKKb) catalytic 

subunits, and NEMO (also known as IKKg) regulatory subunit (Figure 1.3) 

(Wullaert et al., 2011). Phosphorylation of the IkB subunits targets them 

for polyubiquitination and proteasome degradation, resulting 

disassociation from NF-kB. Activated NF-kB is then translocated into the 

nucleus where it binds to specific DNA sequences, activating transcription 

of target genes such as cytokines chemokines, adhesion molecules, 

survival and death (Kumari & Pasparakis, 2015) 

A role for NF-kB in skin inflammation was first reported in 1995 and 1996, 

when several studies showed that increasing NF-kB activity through the 

ubiquitous deletion of IkB-a, a member of the IkB family, resulted in skin 

inflammation in mice that led to death within 7 to 10 days after birth 

(Klement et al., 1996), which was partially rescued by the deletion of p50 

(Beg et al., 1995). Deletion of IkB-a specifically in epidermal keratinocyte 

leads to epidermal hyperplasia and dermal immune cell infiltration, 

although of IkB-a needs to be additionally abolished from T-cells to 

recapitulate the Ikb-a-/- inflammatory phenotype (Rebholz et al., 2007). 

Targeted deletion of p65 completely rescues the Ikb-a-/- inflammatory 

phenotype, showing that increased NF-κB signalling in keratinocytes 

drives skin inflammation in this model (Rebholz et al., 2007).  
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Interestingly, specific inhibition of NF-kB in keratinocytes can also lead 

to inflammatory skin lesions in mice. Initial studies were performed 

overexpressing non-degradable IkB-a under the K5 promoter (van 

Hogerlinden et al., 1999) and were later corroborated by epidermal 

specific knock-out of IKK2 (Kumari et al., 2013; Pasparakis et al., 2002) 

and NEMO (Nenci et al., 2006). Similarly, RelAEKO c-RelEKO mice developed 

inflammatory skin lesions resembling the phenotype of IKK2EKO mice 

(Grinberg-Bleyer et al., 2015). Large numbers of apoptotic keratinocytes 

are detected in early lesions of NEMOEKO mice. Ablation of TNFR1 fully 

prevented IKK2EKO skin inflammation (Pasparakis et al., 2002) and 

drastically delayed the development of inflammatory lesions in NEMOEKO 

animals to 4-6 months of age (Nenci et al., 2006). Finally, mutations 

disrupting the expression of different LUBAC components trigger a severe 

proliferative dermatitis phenotype (Seymour et al., 2007; Sundberg et al., 

2020; Taraborrelli et al., 2018), which is at least partially dependent on 

TNFR1 signalling and driven by FADD, TRADD or Casp-8 dependent 

apoptosis (Berger et al., 2014; Kumari et al., 2014; Laurien et al., 2020; 

Patel et al., 2020; Taraborrelli et al., 2018) 

1.2.3.2 Necroptosis-dependent skin inflammation models 

Genetic mouse models have provided evidence that Casp-8 and FADD play 

roles in epidermal keratinocytes that are crucial for maintaining skin 

homeostasis. Keratinocyte-specific deletion of Casp-8 (Casp-8EKO) in 

mice triggers a severe skin inflammatory phenotype, first described by 

Lee et al. in 2009. These animals appeared slightly runted, with flaky skin 

by postnatal day 10 (P10), which presented increased epidermal thickness 

and keratinocyte proliferation. They proposed that the inflammatory 

lesions were caused by a p38-MAPK-mediated production of IL-1a and 

regulation of NLRP3 by keratinocytes. However, a later study using the 

Casp-8EKO skin inflammation model showed that IL-1a and IL-1b KO did 
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not prevent the development of inflammatory lesions (Kovalenko et al., 

2009). Instead, they suggested that Casp-8 acts restraining excessive 

activation of pathways that respond DAMPs or pathogens, such as the RIG-

I signalling complex. A role for the RIG-1 pathway in this model, however, 

could not be confirmed by a later study (Weinlich et al., 2013). 

A similarly severe skin inflammation phenotype was described by Bonnet 

et al., in 2011, through the specific deletion of FADD from epidermal 

keratinocytes (FADDEKO). The complete rescue of the FADDEKO phenotype 

was successfully accomplished through the deletion of RIPK3. FADDEKO 

Ripk3-/- animals were healthy and have normal skin until adulthood, 

providing experimental evidence that RIPK3-dependent necroptosis in 

FADD-deficient keratinocytes was responsible for triggering skin 

inflammation. Similarly, RIPK3 deficiency was shown to completely rescue 

the embryonic lethality of Casp-8-/- animals (Kaiser et al., 2011; Oberst 

et al., 2011) and prevent skin lesions caused by inducible Casp-8 knock-

out (Weinlich et al., 2013), supporting that keratinocyte necroptosis is be 

responsible for Casp-8EKO skin inflammation. Confirmation of necroptosis 

through the deletion of MLKL in these models has not been performed. 

However, Fadd-/- Mlkl-/- and Casp-8-/- Mlkl-/- animals do not present 

inflammatory lesions in the skin, suggesting that RIPK3-dependent 

necroptosis is the trigger of skin inflammation in FADDEKO and Casp-8EKO 

animals.  

The Casp-8EKO and FADDEKO models described by Kovalenko et al. and 

Bonnet et al., respectively, start showing psoriasis-like cutaneous lesions 

at an early age (P3) and had a more severe inflammatory phenotype than 

the initial model described by Lee et al. At P3, animals appeared runted, 

with unevenly thickened and hard skin showing extensive scaling, which 

led to death by P8. Histologically, the skin of these animals is 

characterised by marked epidermal hyperplasia and accompanied by 
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increased expression of KRT-14 and KRT-6, hyperkeratosis, and 

alteration of keratinocyte differentiation, evident from the loss of 

suprabasal and granular layers (Bonnet et al., 2011; Kovalenko et al., 

2009). Gene expression analysis of Casp-8EKO skin at different times 

suggested that the skin disease was initiated in the suprabasal layer of the 

epidermis before birth, point at which cornification starts (Kovalenko et 

al., 2009). However, epidermal formation, proliferation, or differentiation 

was not affected in FADDEKO animals at the time of birth (P0). Cell death 

was detected in the epidermis at P1, followed by an inflammatory reaction 

and the loss of epidermal differentiation (Bonnet et al., 2011).  

Common to these two models is a large infiltration of macrophages, 

granulocytes, and lymphocytes in the dermis. In contrast to the IKK2EKO 

model, depletion of macrophages from the dermis by subcutaneous 

injection of clodronate-containing liposomes did not affect the kinetics or 

extent of development of skin lesions in Casp-8EKO mice (Kovalenko et al., 

2009). The FADDEKO inflammatory phenotype was not affected by the 

deletion of recombinant activating gene 1 (RAG-1), needed for the 

maturation of B- and T-cells, indicating the adaptative immune response 

does not play a detrimental role in the inflammatory phenotype (Bonnet et 

al., 2011). RAG-1 or T-cell antigen receptor a (TCR-a) independence has 

also been observed in NEMOEKO and IKK2EKO models respectively (Nenci 

et al., 2006; Pasparakis et al., 2002). 

Both FADDEKO and Casp-8EKO skin inflammation were shown to be 

independent of IL-1 signalling (Bonnet et al., 2011; Kovalenko et al., 

2009). As seen with some skin inflammation models associated to 

activation or inhibition of NF-kB in keratinocytes, deletion of the Tnf and 

Tnfr1 gene led to a drastic delay in the development of skin lesions and 

increase of the survival of both FADDEKO and Casp-8EKO animals (Bonnet 

et al., 2011; Kovalenko et al., 2009). However, the inflammatory phenotype 
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was not completely rescued, and although gene induction was reduced, 

there was no evident change in pattern of the induced genes (Kovalenko 

et al., 2009). Although deletion of TRIF did not affect the rate or extent of 

development of the skin lesions nor the survival of Casp-8EKO animals 

(Kovalenko et al., 2009), a mild delay of the FADDEKO skin lesion 

development was achieved through MyD-88 deficiency (Bonnet et al., 

2011), suggesting that activation of TLRs and other MyD-88-related 

receptors could be implicated in disease development. Similarly, CYLD 

was shown to contribute to the induction of necroptosis in FADDEKO 

keratinocytes, as the lack of CYLD catalytic activity resulted in 

considerable delay of the phenotype (Bonnet et al., 2011) 

Recently, the IKK2EKO has been shown to be mainly driven by RIPK3-

MLKL-dependent necroptosis. IKK2EKO Ripk3-/-, IKK2EKO Ripk3EKO and 

IKK2EKO Mlkl-/- mice display strongly ameliorated skin inflammation and 

only develop mild skin lesions at the age of 2-5 months (Kumari et al., 

2021). Similarly, IKK2EKO mice expressing kinase inactive RIPK1 

(Ripk1D138N/D138N) were protected from skin inflammation until 5-9 months 

of age, indicating that RIPK1-dependent keratinocyte necroptosis and 

apoptosis trigger the development of IKK2EKO skin lesions (Kumari et al., 

2021). Deficiency in RIPK1 kinase activity was also able to rescue skin 

inflammation triggered through the combined epidermis-specific ablation 

of the NF-kB subunits RelA and c-Rel, indicating NF-kB inhibition can 

cause RIPK1-dependent keratinocyte necroptosis and apoptosis (Kumari 

et al., 2021). 

1.2.3.3 RIPK1 in skin homeostasis and inflammation 

Mice lacking RIPK1 specifically in epidermal keratinocytes start to develop 

skin lesions after 1 week of age, characterised by epidermal 

hyperproliferation, alteration of epidermal differentiation markers and 
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infiltration of myeloid cells (Dannappel et al., 2014). Constitutive deletion 

of RIPK3 or MLKL completely prevented the development of RIPK1EKO skin 

inflammation, indicating that RIPK1 acts preventing the activation of RIPK3 

in the skin and that other RHIM-containing proteins must be responsible 

for RIPK3 activation in the absence of RIPK1. Specific keratinocyte 

ablation of ZBP1 but not TRIF drastically rescued the skin inflammation of 

RIPK1EKO animals, (Dannappel et al., 2014). Interestingly, the skin 

pathology of mice expressing RIPK1 bearing mutations in its RHIM domain 

(Ripk1mRHIM/mRHIM), which die perinatally like Ripk1-/- mice, is different than 

that found in the skin of RIPK1EKO and RIPK1mRHIM/EKO, suggesting that 

necroptotic death of other cells contributes to the perinatal skin phenotype 

(J. Lin et al., 2016). 

1.2.3.4 Necroptosis in human skin inflammatory diseases 

Understanding the processes and molecular pathways that maintain skin 

homeostasis or drive inflammation provides valuable insight in the 

pathophysiology of human inflammatory skin diseases. Identification of 

keratinocyte necroptosis as a potent trigger of skin inflammation in mouse 

models led to investigate whether necroptosis could also be implicated in 

the pathogenesis of human inflammatory diseases. Indeed, RIPK3 

expression and elevated MLKL phosphorylation was found in skin tissue 

sections from patients suffering toxic epidermal necrolysis (TEN), a life-

threatening type of severe cutaneous adverse reaction (SCAR) (S. K. Kim 

et al., 2015). Other examples of human skin diseases that have been 

associated with keratinocyte necroptosis include Stevens-Johnson 

Syndrome (SJS) - another SCAR - (Saito et al., 2014), systemic lupus 

erythematosus (SLE) and Lichen Planus (LP) (Lauffer et al., 2018). More 

recently, certain association has been established between necroptosis 

and psoriasis. Increased expression of RIPK1 phosphorylation, RIPK3 and 

MLKL has been found in psoriatic biopsies (X. Duan et al., 2020; Honda et 



CHAPTER 1: GENERAL INTRODUCTION 

 39 

al., 2017). Necroptosis has also been suggested to drive inflammation in 

IMQ-induced psoriasis-like mouse models, which was strongly reduced 

by intradermal injection of RIPK1 inhibitor Nec-1s (X. Duan et al., 2020). 

Although an interesting and promising field of research, the molecular 

mechanisms and role of necroptosis in psoriasis remain unclear and need 

to be further studied.  

1.3   DAMPs in necroptosis 

DAMPs released during necrosis play a critical role activating the immune 

system and inducing an inflammatory response (Murao et al., 2021). My 

thesis focuses on the effect of two specific DAMPs, IL-33 and HMGB1, 

and their receptors ST2 and RAGE, and explores their contribution to 

necroptosis and necroptosis-dependent inflammation. This section briefly 

describes these DAMPs and their receptors as well as their implication in 

skin inflammation.  

1.3.1   IL-33 

1.3.1.1 IL-33, a brief introduction 

IL-33 was initially discovered as a nuclear protein abundantly expressed 

in high endothelial venules (HEVs) and initially called nuclear factor (NF)-

HEV (Baekkevold et al., 2003). However, the molecule was later reported 

to contain a similar three-dimensional structure to that described for IL-

1a, IL-1b and IL-18, and to function as a cytokine through activation of 

ST2, an orphan receptor of the IL-1 receptor superfamily (Schmitz et al., 

2005). The C-terminal IL-1-like cytokine domain is separated by a central 

domain from the N-terminal nuclear domain, which contains a chromatin-

binding motif (CBM) (Roussel et al., 2008) and a nuclear localisation 
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sequence (NLS) (Figure 1.11) (Baekkevold et al., 2003), necessary for its 

nucleus localisation (Carriere et al., 2007).  

 

Figure 1.11: Structure of the IL-33: domains, motives, and cleavage sites. IL-33 is 

structure in a nuclear domain containing a chromatin-binding motif, a central domain, 

which is the general target for cleavage of inflammatory proteases and a IL-1-like 

cytokine domain, which can be cleaved by caspases.  

Other than endothelial cells, IL-33 is specifically expressed in cells of 

barrier tissues such as nasal, lung, gut, vagina and skin epitheliums 

(Moussion et al., 2008). However, IL-33 expression and regulation are 

subject to strong species differences. In contrast to human endothelium, 

mouse endothelium does not express IL-33. Several mouse epithelium, 

like human, express constitutive IL-33, including in skin, stomach, 

intestine, salivary gland, vagina, and lung (Pichery et al., 2012). IL-33 

expression can be increased during inflammation, as reported in the lungs 

(Byers et al., 2013; Kearley et al., 2015), the gut (Reichenbach et al., 2015) 

or the skin (Savinko et al., 2012). In addition to epithelial and endothelial 

cells, activated fibroblasts are important sources of IL-33 during 

inflammation, particularly in diseases associated with tissue fibrosis 

(Manetti et al., 2010; Marvie et al., 2010) and wound repair (Gatti et al., 

2021). 

Initially, IL-33 was described to be a product of tissue cells, passively 

released by dying cells, rather than a product of activated leukocytes, 

which is the classical source of proinflammatory cytokines. However, 

mechanical stress or hypertension in cardiac endothelial cells and 

fibroblasts can lead to the release of bioactive IL-33 without cell death 
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(W.-Y. Chen et al., 2015; Kakkar et al., 2012; Sanada et al., 2007), 

suggesting a controlled secretion of IL-33. In addition, the fact that IL-33 

expression and release can be induced in different types of tissue cells 

and leukocytes (Martin & Martin, 2016), further supports controlled 

secretion of this cytokine, although additional studies are necessary in 

order to elucidate the mechanisms of IL-33 secretion. 

The accumulation of IL-33 in the nucleus and its association with histones 

and chromatin (Carriere et al., 2007; Roussel et al., 2008), as well as other 

transcription factors, suggest a role regulating gene expression. This was 

backed by the transcriptional repressor properties observed in IL-33 

overexpressing HEK293 cells (Roussel et al., 2008). However, studies 

using a global proteomic approach found that exogenous extracellular IL-

33 cytokine, and not endogenous nuclear IL-33, was able to induce the 

expression of proteins associated with inflammatory responses (Gautier et 

al., 2016). This study suggested that the main purpose of IL-33 nuclear 

localisation is the regulation of its extracellular cytokine activity through 

nuclear sequestration, rather than the regulation of gene or protein 

expression.  

IL-33 is produced as a full-length precursor form (IL-33FL). Contrary to 

what was initially proposed (Schmitz et al., 2005), this precursor does not 

require processing for biological activity (Cayrol & Girard, 2009; Lüthi et 

al., 2009; Talabot-Ayer et al., 2009). Caspases can cleave, and inactivate, 

IL-33FL through a specific cleavage site in the IL-1-like domain not found 

in other IL-1 family members (Cayrol & Girard, 2009). This suggests 

specific regulation of IL-33 during apoptosis, probably related to the high 

levels of constitutive expression of the cytokine in healthy tissues. The 

bioactivity of extracellular IL-33 can be regulated by the action of 

inflammatory proteases, such as neutrophil cathepsin G, elastase and 

proteinase 3 (PR3), as well as mast cell chymase, tryptase and granzyme 
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B, which cleave IL-33 to produce shorter N-terminally truncated forms of 

the cytokine. Some of these truncated forms show increased biological 

activity (Lefrançais et al., 2012, 2014), while others, such as chymase, 

inactivate IL-33 and limit the duration of the alarm signal (Roy et al., 

2014). The biological activity of extracellular IL-33 can also be rapidly 

terminated by the formation of two disulphide bridges through oxidation of 

critical cysteine residues (Cohen et al., 2015). In conclusion, released IL-

33 is biologically active but is subject to regulation through caspases, 

proteases or oxidation that can transiently enhance before termination of 

its bioactivity. 

1.3.1.2 ST2 signalling and expression 

Once in the extracellular space, IL-33 interacts with its only receptor, ST2 

(also known as IL-33R, IL-1R4, T1, DER-4 and Fit-1). Initially identified 

in fibroblasts (Tominaga, 1989), it remained an orphan receptor until 2005, 

when IL-33 was identified as its ligand by Schmitz et al. No other ligands 

have been described to interact with ST2. Like most members of the IL-

1/TLR receptor family, the intracellular part of the receptor contains a 

Toll/Interleukin-1 receptor (TIR) domain. Binding of IL-33 to ST2 allows 

the latter to undergo a conformational change and interact with IL-1R 

accessory protein (IL-1RAcP, also known as IL-1R3), a co-receptor 

shared with other IL-1 family members (Figure 1.12) (Chackerian et al., 

2007; Palmer et al., 2008). The ST2/IL-1RAcP complex mediates the 

heterodimerisation of transmembrane proteins and TIR domains allowing 

the recruiting of adaptor proteins. MyD88 is recruited to TIR dimers by 

homotypic protein-protein interaction, leading the N-terminal death 

domain of MyD88 to oligomerise and recruit the serine-threonine kinases 

IL-1R-associated kinase 1 and 4 (IRAK1 and 4) and the adaptor protein 

TNF receptor-associated factor 6 (TRAF6) (Figure 1.12). Activation of the 

MyD88-IRAK-TRAF6 signalling pathway culminates in the activation of 
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MAP kinases (JNK, p38 or ERK) and NF-kB transcription factors (Figure 

1.12) (T. Liu et al., 2017). 

 

Figure 1.12: Structure and intracellular signalling of ST2. Upon interaction of IL-33 

with ST2, co-receptor IL-1RAcP undergoes a conformational change that allows its 

interaction with ST2. The ST2/ IL-1RAcP complex recruits MyD88 which, in turn, 

recruits IRAK1 and 4 together with TRAF6 to activate MAPK (JNK, p38 or ERK) and 

NF-kB transcription factors. 

A soluble form of the ST2 receptor (sST2) has also been described. Both 

forms are generated from a single mRNA through differential expression 

of two distinct promoters and alternative splicing (Bergers et al., 1994; 

Yanagisawa et al., 1993). This shorter form is a secreted protein which 

acts as a decoy receptor to sequester free IL-33, preventing IL-33/ST2 

signalling (Hayakawa et al., 2007). Production of sST2 can be enhanced 

by pro-inflammatory cytokines in vitro (Kumar et al., 1997), and high 

levels of serum sST2 have been found in several inflammatory diseases 

(Oshikawa et al., 2001). In fact, sST2 has been shown to predict mortality 

and clinical outcome in acute myocardial infarction, revealing its 

importance as a potential biomarker of clinical cardiovascular disease 

(Shimpo et al., 2004).  
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ST2 was initially described to be expressed in type 2 helper T (Th2) cells 

(Löhning et al., 1998; D Xu et al., 1998). Stimulation of Th2 cells by IL-33 

promotes cell proliferation and survival, leading to a strong production of 

type 2 immune mediators (Guo et al., 2009). ST2 has also been described 

to be constitutively expressed at the surface of ILC2s, which produce high 

amounts of Th2 cytokines in response to IL-33 (Moro et al., 2010b; Neill 

et al., 2010) and play a critical role in allergic inflammation and infections 

(Neill et al., 2010; Stehle et al., 2016). Mast cells also constitutively 

express ST2 and have reported to be responsive to ST2/IL-33 signalling, 

which promotes survival, activation and maturation (Allakhverdi et al., 

2007; Sabatino et al., 2012), as well as production of type 2 cytokines 

(Saluja et al., 2015).  

To a lesser extent, ST2 can also be constitutively found in regulatory T 

cells (Tregs), neutrophils, dendritic cells or macrophages. Several animal 

studies have suggested the ability of IL-33 signalling to increase the 

immunomodulatory and protective roles of regulatory T-cells, through 

their expansion (Schiering et al., 2014). ST2/IL-33 signalling can also 

enhance macrophage activation through upregulation of LPS receptor 

components such as TLR4, MD2, soluble CD-14 and MyD88 (Espinassous 

et al., 2009). Additional studies have reported a role of IL-33 in other 

immune cells such as invariant natural killer T (iNKT) cells, natural killer 

(NK) cells, T helper 1 (Th1) cells, eosinophils and basophils (reviewed in 

Griesenauer & Paczesny, 2017).  

1.3.1.3 IL-33/ST2 signalling in health and disease 

The signalling model of IL-33, through ST2, corresponds to a typical 

DAMP function. Given its increased expression in epithelial and endothelial 

cells, IL-33 has been proposed to act as a barrier guardian (N. T. Martin 

& Martin, 2016).  



CHAPTER 1: GENERAL INTRODUCTION 

 45 

The first evidence for a role of IL-33 in host defence was found in 

response to a worm infection (Humphreys et al., 2008). Since then, it has 

been shown that IL-33 signalling is essential for worm elimination (Hung 

et al., 2013; Yasuda et al., 2012), as well as enhancing clearance of several 

fungal (Le et al., 2012; Nelson et al., 2011), bacterial (Hazlett et al., 2010) 

and viral (Bonilla et al., 2012) infections in mice. Release of IL-33 upon 

breach of barrier activates mast cells, ICL2s, DCs or macrophages and, 

typically, type 2 proinflammatory cytokines such as IL-4 and IL-5 would 

be released, favouring the recruitment of eosinophils and basophils to the 

site of inflammation (Martin & Martin, 2016). Deletion of the N-terminal 

nuclear domain of IL-33 in a knock-in mouse model resulted in elevated 

levels of IL-33 in the serum with profound ST2-mediated Th-2-biased 

inflammation, eosinophilia and fatal multiorgan failure, suggesting an 

autoregulatory circuit of IL-33 self-production and release (Bessa et al., 

2014).  

Although most research on ST2/IL-33 signalling has been focused on type 

2 signalling, several recent studies have described that type 1- and type 

17-mediated responses can also be activated by IL-33. Blocking of IL-

33/ST2 signalling ameliorates the severity of murine models of rheumatoid 

arthritis (Leung et al., 2004; Palmer et al., 2009). Furthermore, high levels 

of IL-33 in tissue or serum and presence of sST2 in serum have also been 

reported to be associated with rheumatoid arthritis. Similar observations 

have been associated with cancer, cardiovascular diseases, obesity or 

disorders of the central nervous system (reviewed in Griesenauer & 

Paczesny, 2017; Jiang et al., 2021).  

To study IL-33/ST2 signalling in disease, several knock-out mice have 

been generated to abrogate IL-33 or ST2. Il-33-/- (Hardman et al., 2013; 

Oboki et al., 2010; Pichery et al., 2012) and St2-/- mice (Hoshino et al., 

1999; Senn et al., 2000; Townsend et al., 2000) develop normally, are 
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healthy and fertile and show no obvious phenotypic abnormalities under 

pathogen-free conditions. However, if challenged, mice lacking or unable 

to respond to IL-33 show differences in immune responses compared to 

wild-type animals, such as a reduced Th-2-dependent responses and Th-

2 cytokine production, as well as reduced CD-8+ T cell responses and 

antiviral Th-1 lymphocytes (N. T. Martin & Martin, 2016). 

1.3.1.4 IL-33 in the skin 

IL-33 is abundantly expressed in the nucleus of epithelial cells of tissues 

in contact with the environment, like the skin, where pathogens, allergens 

and other environmental agents are frequently encountered. The 

expression pattern is slightly different in humans and mice. While high 

levels of IL-33 can be detected in normal murine skin, constitutive levels 

of IL-33 in human epidermis are low but can be strongly induced (Pichery 

et al., 2012). Furthermore, a significant variability of IL-33 expression in 

human skin between different cell types and different individuals has been 

reported (Moussion et al., 2008), suggesting modulation of IL-33 

expression by local environmental cues.  

As a traditional type 2 cytokine, IL-33 has been associated with Th-2 

driven diseases, including AD. Increased IL-33 and ST2 expression have 

been detected through immunohistochemistry in AD patients skin (Dajnoki 

et al., 2016; Savinko et al., 2012) and IL-33 and ST2 have been found to 

be upregulated in AD skin after allergen or staphylococcal enterotoxin B 

(SEB) exposure (Savinko et al., 2012). Skin lesions of AD patients are 

enriched with ST2 positive ILC2 cells (Salimi et al., 2013) and serum levels 

of IL-33 are significantly higher AD patients (Nygaard et al., 2016), which 

correlates with disease severity (Tamagawa-Mineoka et al., 2014). 

Increased expression of IL-33 and ST2 or sST2 has also been found in 

several AD mice models, including BALB/c mice receiving topically applied 
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OVA, house dust mites, SEB or in filaggrin-deficient BALB/c mice 

(Savinko et al., 2012). Furthermore, C57BL/6 transgenic mice expressing 

IL-33 specifically in epidermal keratinocytes develop spontaneous AD-

like inflammation. The inflammatory phenotype was shown to be almost 

fully dependent on ILC2s, partially dependent on basophils and B- and T-

cell independent (Imai et al., 2013, 2019). These findings propose IL-33 

as a potential biomarker of disease severity. Two different clinical trials 

have investigated the efficacy of IL-33 targeting biologic in chronic atopic 

dermatitis (Etokimab from AnaptysBio and REGN3500 from Regeneron 

Pharmaceuticals). However, although initially promising after relatively 

successful results of the phase IIa study, Etokimab did not show significant 

improvement in a phase IIb, randomised, double-blinded, placebo-

controlled, multi-dose study. Similarly, REGN3500 failed to significantly 

alleviate the AD score compared to the placebo group in a phase II study. 

In the last few years, the traditional definition of IL-33 as a pure type 2 

cytokine has been challenged. The IL-33/ST2 axis has been shown to 

participate in the Th17 response in allergic airway diseases (Vocca et al., 

2015) and several studies have revealed the ability of IL-33 to stimulate 

type 1 and 17 immune cells, such as Th1 cells, Th17 cells, CD-8+cells, B 

cells, NK cells, NKT cells, as well as Treg cells (reviewed in Peine et al., 

2016). In line with this, several studies have shown increased IL-33 or 

ST2 expression in psoriatic skin compared to healthy skin patients (Balato 

et al., 2012; Duan et al., 2019; Hueber et al., 2011; Zeng et al., 2021, P. di 

Meglio's lab BSID 2021), although a contradictory result has been reported 

(Batista et al., 2013). Serum IL-33 levels in patients with PV, PP or PsA 

have been found to be significantly higher than those in healthy controls 

(Mitsui et al., 2016). Furthermore, IL-33 levels correlated with serum 

TNF-α levels and decreased after anti-TNF-α therapy (Mitsui et al., 

2016).  
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Some contradictory results on psoriasis-like mice models have been 

observed regarding IL-33/ST2 signalling, which are suggested to be due 

to strain-dependent immune response predisposition. An initial study using 

Imiquimod (IMQ)-induced psoriasis-like inflammation was shown to 

develop independently of IL-33 when using C57BL/6 mice (Athari et al., 

2016). In contrast, a later study reported IL-33 to be essential and 

aggravate psoriasis-like lesions in the IMQ-induced model on BALB/c 

background mice (Y. Duan et al., 2019). A more recent study, however, 

has shown that IL-33 or ST2 deficiency ameliorated the inflammatory 

phenotype and markedly decreased number of neutrophils and mast cells 

the IMQ-induced psoriasis-like model on a C57BL/6 background (Zeng et 

al., 2021).  

Moreover, injection of IL-33 in the ears of BALB/c mice has shown to 

induce ST2-dependent cutaneous fibrosis (Rankin et al., 2010) and 

psoriasis-like ST2-dependent inflammation which was shown to be 

partially dependent on mast cells, and also induced neutrophil infiltration 

(Axel J. Hueber et al., 2011). In line with these studies, IL-33 has also 

been reported to induce ST2-dependent psoriasis-like dermatitis, when 

injected in C57BL/6 mice (Zeng et al., 2021). Furthermore, deficiency of 

ST2 in BALB/c mice leads to reduced cutaneous inflammatory response 

compared to WT in a phorbol ester-induced murine model of psoriasis-

like skin inflammation (Axel J. Hueber et al., 2011).  

IL-33 has also been described to play a role in wound healing responses. 

Dysregulation of the wound healing process is, in part, responsible for 

maintaining chronic inflammation and multiple cellular and mechanisms are 

active during the immune response (Eming et al., 2007). IL-33 is released 

after cell injury, and therefore is found to be upregulated in incisional 

wound skin (Yin et al., 2013). Interestingly, Il-33-/-mice and St2-/-mice 

show delayed wound healing (J. S. Lee et al., 2016; Oshio et al., 2017), 
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which was accompanied by diminished ILC2 responses, and abrogation of 

these also resulted in impairs in re-epithelization and efficient wound 

closure (Rak et al., 2016). Similarly, keratinocytes from Il-33-/- animals 

showed delayed wound closure in an in vitro scratch wound assay (Oshio 

et al., 2017).  

1.3.2   HMGB1 

1.3.2.1 Expression and release of HMGB1 

HMGB1, also known as HMG1, is a highly conserved DNA-binding protein 

that has been reported to act as a prototypical DAMP when present in the 

extracellular environment. HMGB1 is expressed by all cells that contain a 

nucleus (thus excluding erythrocytes or cornified epithelial cells). As a 

member of the HMGB family, it contains two DNA-binding domains 

(Bianchi et al., 1992) (Figure 1.13). It can normally be found in the nucleus 

due to two nuclear-localisation signals (NLS) but also contains nuclear 

export signals that allow HMGB1 to exit the nucleus (Bonaldi et al., 2003). 

In the nucleus, HMGB1 binds to DNA with structure-specificity but not 

sequence-specificity (S. S. Yu et al., 1977). HMGB1 acts as a chaperone, 

bending DNA and facilitating binding of regulatory protein complexes 

(Ferrari et al., 1994; Pasqualini et al., 1989; Prendergast et al., 1994; Stros 

et al., 2004; C. C. Zhang et al., 1999). HMGB1 is therefore implicated in 

the regulation of gene transcription, DNA repair, DNA replication, gene 

delivery and transfer. It is also involved in nucleosome stability and 

number as well as nuclear catastrophe and telomere homeostasis (R. Kang 

et al., 2014). 
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Figure 1.13: Structure or HMGB1: domains and oxidation sites. HMGB1 is composed 

of two DNA-binding domains (Box A and Box B) and an acidic tail. HMGB1 is 

susceptible of oxidation in several residues, marked in the figure, together with the 

binding domains to RAGE and TLR-4. 

Even though HMGB1 is mainly localised in the nucleus, several cell types 

have normal cytosolic HMGB1 expression (Einck et al., 1984; Guillet et al., 

1990), which has been linked to autophagy (D. Tang et al., 2010) and 

unconventional protein secretion (H. Lee et al., 2010). Membrane-bound 

HMGB1, initially called amphoterin, has been also described and has shown 

to be involved in neuronal sprouting in vitro (Merenmies et al., 1991). 

Release of HMGB1 into the extracellular space can occur passively, 

through cell death, or actively, by immune or endothelial cells. As a 

traditional DAMP, HMGB1 release has been widely associated with 

necrosis and specific programmed necrotic processes. HMGB1 can be 

cleaved by Casp-1 and released in response to pyroptosis in immune cells 

(Kamo et al., 2013; Lu et al., 2012). Necroptosis has also implicated in the 

release of HMGB1 in response to diverse stimuli (Wen et al., 2017; Yoo et 

al., 2021; Zemskova et al., 2020).  

On the other hand, HMGB1 can be actively secreted by macrophages, 

mature DCs and activated NK cells (G. Chen et al., 2004; Kalinina et al., 

2004). Active release of HMGB1 by macrophages and DCs seems to be 

controlled by a crucial acetylation step (Bonaldi et al., 2003). 

Hyperacetylation on lysine residues distributed throughout the molecule 

occurs in the nucleus and prevents HMGB1 from interacting with nuclear-

importer protein complex, which blocks its re-entry to the nucleus 
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(Bonaldi et al., 2003). HMGB1 lacks the leader peptide that normally 

determines the classic route to export extracellular proteins via the 

endoplasmic reticulum (ER)-Golgi pathway. Cytoplasmic HMGB1 is 

instead packed into specialized non-classical secretory vesicles in 

response to inflammatory stimuli (Gardella et al., 2002). The kinetic for 

HMGB1 secretion is delayed in comparison to other pro-inflammatory 

mediators such as TNF and IL-1 (Milev et al., 1998), prototypical early 

pro-inflammatory cytokines. 

1.3.2.2 RAGE, a multiligand receptor 

The first identified and main receptor of HMGB1 is the receptor for 

advanced glycation endproducts (RAGE), also called AGER. RAGE is a 

transmembrane receptor with a ligand-binding extracellular domain, a 

short transmembrane domain and a cytoplasmic tail responsible for 

intracellular signalling transduction (Figure 1.14). Unlike most receptors 

that recognise DAMPs, RAGE is not a PRR. It recognises tertiary 

structures rather than amino acid sequences and therefore, has the ability 

to engage classes of molecules rather than individual ligands (Schmidt et 

al., 2001; Yan et al., 2003). It was first described to recognise advanced 

glycation endproducts (AGEs), which are products of nonenzymatic 

glycation/oxidation of proteins/lipids induced by hyperglycaemia and 

accumulate in diabetes. The AGE/RAGE axis induces oxidative stress and 

endothelial cell dysfunction, contributing to vascular hyperpermeability in 

diabetes (Wautier et al., 1996).  

However, RAGE is now known to be a multi-ligand receptor as it can also 

bind to HMGB1, S100 proteins (S100s), amyloid-b peptide (Ab) and DNA 

to regulate multiple physiological and pathological processes. S100s are a 

family of pro-inflammatory cytokine-like mediators with intracellular and 

extracellular properties. Generally, they have been shown to promote the 
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expression of pro-inflammatory genes, as well as cell migration, 

proliferation and apoptosis (T. Gong et al., 2020). RAGE signalling is very 

complex and depends not only on the identity of the ligand but also on the 

cell type. It can initiate multiple signalling pathways, including the PI3K-

AKT, MAPK and JAK-STAT pathways that, in turn, activate transcription 

factors such as NF-kB, activator protein 1 (AP-1) and STAT3 (Figure 

1.14) (T. Gong et al., 2020).  

RAGE is expressed at low levels in normal tissues and vasculature and it 

becomes upregulated at sites where its ligands accumulate (Schmidt et al., 

2001; Yan et al., 2003). Specifically, extracellular HMGB1 can stimulate 

RAGE expression in several cell types (Jianfeng Li et al., 1998). HMGB1, 

AGEs and S100s have been reported to upregulate RAGE expression, 

suggesting a positive feedback loop in the RAGE-induced inflammatory 

response (Y. Chen et al., 2015; L. Feng et al., 2005; Tanaka et al., 2000). 

1.3.2.3 HMGB1 signalling 

For many years, numerous and diverse HMGB1 extracellular functions 

could not be attributed to interaction with RAGE. More recently, several 

new binding partners have been described: HMGB1 can interact with 

TLRs, integrins, proteoglycans, CD-24, T-cell immunoglobulin and mucin-

domain containing-3 (TIM-3), C-X-C chemokine receptor type 4 (CXCR4, 

also known as fusin or CD-184), N-methyl-D-aspartate receptor 

(NMDAR, also known as NMDA) and triggering receptor expressed on 

myeloid cells 1 (TREM-1).  

Which receptor HMGB1 binds to largely depends on whether HMGB1 acts 

on its own or in complex with partner molecules. HMGB1 is prone to bind 

other proinflammatory molecules including DNA, RNA, histones, 

nucleosomes, LPS, C-X-C motif chemokine 12 (CXCL-12), IL-1α and IL-
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1β. These complexes act in synergy via cognate receptors to the HMGB1-

partner molecules. In fact, many of the receptor systems claimed to 

perform as HMGB1 receptors are actually receptors for complexes of 

molecules bound to HMGB1. For example, TLR-9 is mainly responsible 

for HMGB1-DNA complex-induced nucleotide immunity, which can be 

enhanced by RAGE (R. Kang et al., 2014). Other HMGB1-interacting 

molecules include leukocyte integrin Mac-1 (also known as CD-11b/CD-

18) which has been reported to mediate neutrophil recruitment through 

HMGB1 and RAGE (Orlova et al., 2007). Similarly, the proteoglycan 

heparan sulphate can bind to RAGE and might be essential for 

HMGB1/RAGE interaction (Ding Xu et al., 2011).  

HMGB1 is a redox-sensitive protein: cysteine 23 (C23) and C45, in the A 

box, can form a disulphide bond, and the unpaired C106, in the B box, is 

also susceptible of oxidation (Figure 1.14). Notably, the redox state of 

these cysteines modulates the extracellular activities and determines its 

binding to different receptors. In a quiescent cell, HMGB1 is always fully 

reduced, with all three cysteines expressing thiol groups. Extracellularly, 

the fully reduced form of HMGB1 acts forming a complex with CXCL-12 

to interact with CXCR4, which leads to inflammatory cell recruitment to 

damaged tissues (Schiraldi et al., 2012). Formation of a disulfide bond 

between C23 and C45 enables HMGB1 to bind to TLR-4/MD-2 complex 

or RAGE and determines its cytokine activity and proinflammatory function 

(Figure 1.13) (Ferrara et al., 2020). Finally, further cysteine oxidation by 

reactive oxygen species abrogates both activities and is associated with 

the resolution phase of inflammation (Figure 1.14) (Yiting Tang et al., 

2016). These redox modifications are reversible processes, which enable 

HMGB1 to shift from its different forms and activities (Yiting Tang et al., 

2016). 
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Even if the list of reported HMGB1 binding partners is quite extensive, 

only RAGE and TLR-2 and 4 are fully confirmed to act as established 

HMGB1 receptors. HMGB1 can interact with TLR-2, TLR-4 to activate 

the NF-kB and IRF pathways to produce inflammatory cytokines and 

activate the immune response (Figure 1.13). The disulphide form of 

HMGB1 activates TLR-4 and binds to MD-2, forcing two TLR-4 chains to 

form a complex that can bind intracellular signal transduction molecules 

(H. Yang et al., 2015). MD-2/TLR-4 interaction has been widely described 

in response to LPS (Shimazu et al., 1999). However, the binding site for 

HMGB1 on the MD-2 molecule is distinct from that of LPS (H. Yang et al., 

2020). Signalling through TLR-2 and TLR-4 induces several responses 

including tissue injury cell migration and adhesion, and inflammation (R. 

Kang et al., 2014). 
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Figure 1.14: HMGB1 redox state determines its signalling function. (A) The three 

different redox forms of extracellular HMGB1 have distinct functions. These also 

determine the receptor which HMGB1 interacts with, and the molecular cascade 

initiated by this interaction.  
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1.3.2.4 HMGB1/RAGE signalling in disease 

Since the discovery, almost two decades ago, of the immunogenic 

properties of HMGB1, numerous studies have focused on investigating its 

role in the pathophysiology of diseases. Constitutive deletion of HMGB1 

in mice leads to lethal hypoglycaemia and late embryonic death (Calogero 

et al., 1999). Hence, genetic studies designed to investigate the role of 

HMGB1 in different pathologies target its receptors or HMGB1 specifically 

in tissues. Alternatively, several HMGB1 antagonists, polyclonal and 

monoclonal antibodies against HMGB1 or its receptors can be used to 

inhibit the functions of HMGB1. Studies using these approaches have 

shown HMGB1 to occupy a central role in the pathogenesis of both 

infectious and sterile inflammation. 

During sepsis, HMGB1 acts as a late mediator of inflammation that can be 

sustained for several days and correlates with unfavourable prognosis (H 

Wang et al., 1999). Upon infection, the early release of conventional 

proinflammatory cytokines (TNFa or IL-1b) is followed by the late release 

of HMGB1 that often leads to lethality. Treatment with HMGB1 neutralising 

antibodies or the HMGB1 antagonist, HMGB1 A box, provides protection 

even if administered several hours after the peak secretion of the early 

cytokines (Abeyama et al., 2005; Nagato et al., 2009). Signalling through 

RAGE is known to be at least partially responsible for the development of 

acute inflammation during sepsis given that genetic ablation of the 

receptor or anti-RAGE antibodies provides protection from the lethal 

effects of septic shock caused by cecal ligation and puncture (CLP) 

(Liliensiek et al., 2004; Lutterloh et al., 2007). In addition to RAGE, the 

effects of HMGB1 are believed to be also mediated through TLR-4 (H. 

Yang et al., 2015; Youn et al., 2008).  
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In contrast to its role during sepsis, HMGB1 acts mediating early 

inflammatory responses in the context of sterile tissue damage and cell 

death. High levels of circulating HMGB1 are detected following major 

events such as stroke, myocardial infarction or haemorrhagic shock, 

during which ischemia-reperfusion injury leads to passive release of 

HMGB1 (Bertheloot & Latz, 2017). Indeed, neutralising HMGB1 through 

polyclonal antibodies has a protective role in animal models of ischemia-

reperfusion and haemorrhagic shock (Venereau et al., 2016). Both TLR-4 

and RAGE play roles in these settings. HMGB1 also has a central role in 

the development and aggravation of chronic inflammation. Rheumatoid 

arthritis (RA) was one of the first setting in which this role was 

demonstrated convincingly. Increased levels of HMGB1 can be found in 

blood, synovial tissue and fluid of arthritis patients and arthritis animal 

models (Harris et al., 2012). In accordance with this, HMGB1 injection 

leads to destructive arthritis in mice and treatment with agents that 

antagonise expression or activity leads to disease attenuation in models of 

disease (Harris et al., 2012). 

1.3.2.5 HMGB1 and RAGE in the skin 

As previously described, extracellular HMGB1 generally functions 

propagating inflammation, alerting and initiating immune responses. 

HMGB1 and HMGB1-induced inflammatory factors, such as IL-18, have 

been shown contribute to the development of IMQ-derived psoriatic 

inflammatory lesions (W. Zhang et al., 2017). Specifically, keratinocyte-

derived HMGB1 is suggested to induce Th-17-type inflammatory factors 

in an autocrine manner and promote the development of psoriasis in this 

model (W. Zhang et al., 2017). Furthermore, in vivo knock-down of HMGB1 

in mice, through subcutaneous injection of a lentivirus containing a small 

harpin RNA (shRNA) against HMGB1, or specific deletion of HMGB1 from 

epidermal keratinocytes significantly ameliorates psoriasis severity and 
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reduces dermal inflammatory cell infiltration in the IMQ-induced 

psoriasis-like model (Z. Wang et al., 2021). Selective ablation of HMGB1 

from DCs, myeloid cells or T-cells (expressing -Cre under Itgax, Lyz2 

and Lck promoters respectively), did not affect the outcome of IMQ-

induced psoriasis-like severity (Z. Wang et al., 2021). This study also 

associated HMGB1 secretion with keratinocyte autophagy, which was at 

least partially dependent on crosstalk between keratinocytes and gdT-

cells. Furthermore, injection of HMGB1 intradermally in mice leads to 

epidermal thickening and cell infiltration and induces the expression of 

psoriasis-associated inflammatory chemokines and anti-microbial 

peptides as well as cytokines associated with innate immunity and the IL-

23-IL-17A axis (Z. Wang et al., 2021).  

An association between psoriasis and HMGB1 has also been found in 

humans. HMGB1 serum levels have been found to be significantly higher 

in patients with psoriasis compared to healthy controls, which correlate 

with the severity of the disease (Bergmann et al., 2016; T. Chen et al., 

2013). Immunohistochemistry and immunofluorescence stainings, as well 

as Western blot data, confirmed that HMGB1 was detected in the 

cytoplasm of keratinocytes found in psoriatic lesions while control skin 

showed HMGB1 restricted to the nucleus (T. Chen et al., 2013). In line 

with these results the expression of TLR-2, TR-4 and RAGE is enhanced 

both in human psoriasis lesions and in skin lesions found in the IMQ-

induced psoriasis-like model (W. Zhang et al., 2017).  

RAGE signalling has also demonstrated to be key sustaining inflammation 

in the skin. Although not essential for the initiation of the inflammatory 

process (Riehl et al., 2010), RAGE is required for the upregulation of pro-

inflammatory mediators, maintenance of immune cell infiltration and 

epidermal hyperplasia following treatment with phorbol ester TPA, a 

carcinogenic and inflammation inducer (Gebhardt et al., 2008). Several 
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studies have shown, using this model, that RAGE modulates the strength, 

maintenance and kinetics of skin inflammation and protects from tumour 

development in the skin (Gebhardt et al., 2008; Leibold et al., 2013; Riehl 

et al., 2010). RAGEEKO and wild type animals have similar inflammatory 

responses up to 24 hours after TPA treatment, but RAGEEKO mice show no 

signs of inflammation after 48 hours (Leibold et al., 2013), suggesting that 

specific expression of RAGE in keratinocytes is responsible for the 

modulation of TPA-induced inflammation. A role of RAGE in the regulating 

the expression of pro-inflammatory cytokines such as TNF has also been 

suggested (Leibold et al., 2013; Wolf et al., 2010). 

A role for HMGB1 in atopic dermatitis has not been clearly defined: the 

presence of HMGB1 in serum is contradictory (T. Chen et al., 2013; 

Cuppari et al., 2016), although HMGB1 expression was detected through 

Western blot in the cytoplasmic fraction of skin cells (T. Chen et al., 2013). 

Epidermal keratinocyte-derived HMGB1 has been shown to play a role in 

chronic inflammation and wound healing by regulating NET formation 

(Hoste et al., 2015, 2019) and neutralisation of RAGE or TLR-4 in chronic 

skin inflammation in mice results in enhanced wound healing (Hoste et al., 

2019). Moreover, local delivery of HMGB1 derives in marked hypertrophic 

scar formation in rabbit hypertrophic scar models, while its blockade 

causes anti-scaring effects (Jingling Zhao et al., 2018). Other studies, 

however, have reported opposing results showing that inhibition of 

HMGB1 impairs wound healing in normal mice (Straino et al., 2008). 

HMGB1 has also been studied for its role in SLE, a multisystemic 

autoimmune disease. HMGB1 levels have been found to be increased in 

the serum and in epidermis and dermis infiltrate of patients with SLE, 

which correlated with disease activity (Barkauskaite et al., 2007; Popovic 

et al., 2005). The cellular source of HMGB1 has not been identified and 

could be result of either activation or the death of keratinocytes or 
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infiltrating immune cells. A role of RAGE in SLE has also been reported 

given that sRAGE levels were significantly higher in the skin of patients 

compared to healthy controls (Nienhuis et al., 2008). 

In conclusion, a clear role of HMGB1 in inflammatory skin conditions has 

been established by signalling through different receptors by itself or in 

the company of other molecules. RAGE has shown to be essential in 

sustaining inflammation in the skin and other inflammatory diseases, 

although other ligands than HMGB1 might contribute to this role. 

Nevertheless, targeting the HMGB1/RAGE axis is promising experimental 

strategy to reduce inflammation in the skin.  
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1.4   Project aims 

Necroptosis is an inflammatory form of regulated cell death that has been 

shown to play a role in pathophysiology of infectious and sterile 

inflammatory diseases through the release of DAMPs. The role of 

necroptosis in the skin has been a major focus of interest after the 

description of several necroptosis-dependent skin inflammation animal 

models. DAMPs released during necroptosis, such as HMGB1 and IL-33, 

can trigger an innate immune response, which might contribute to skin 

inflammation. This thesis focuses on studying the role of HMGB1 and IL-

33 in skin necroptosis in vitro and in vivo. 

The first part of this thesis will address the possible role of HMGB1 in 

inducing keratinocyte necroptosis in vitro. The work is based on several 

previous work that show HMGB1 can induce MLKL phosphorylation in 

epidermal keratinocytes in vitro and ex vivo (personal communication, MC 

Bonnet). 

- Chapter 3 focuses on detecting necroptosis-associated proteins 

upon HMGB1 treatment of normal human epidermal keratinocytes 

(NHEKs) and the optimisation of such detection. Furthermore, it 

investigates the composition of the HMGB1-induced necrosome in 

NHEKs. 

- The aim of Chapter 4 is to optimise a sensitive and specific method 

to detect necroptosis in NHEK, which allows the detection of 

HMGB1-induced cell death. 

The second part of this thesis focuses on studying the role of IL-33, ST2 

and RAGE signalling in skin necroptosis in vivo. The necroptosis-

dependent skin inflammation model, Casp-8EKO, is used to study the effect 

of these DAMPs and receptors:  
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- Chapter 5 investigates the role of IL-33/ST2 signalling in Casp-8EKO 

skin inflammation by studying the skin inflammatory phenotype of 

Casp-8EKO Il-33-/-, Casp-8EKO St2-/-. 

- The aim of Chapter 6 is to study the role of RAGE signalling in Casp-

8EKO animals by deleting RAGE constitutively or specifically from 

epidermal keratinocytes.  

the skin inflammatory phenotype and animal survival has been assessed 

for each line, together with the expression of skin proliferation and 

differentiation markers, necroptosis and apoptosis markers, immune cell 

infiltration and cytokine profile. 

2     
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Chapter 2 

Materials and methods 

2.1   General information 

2.1.1   General laboratory equipment 

Information regarding reagent concentrations and suppliers are provided 

below in the relevant methods sections and can also be found listed in 

Appendix I. General laboratory plastic-ware was purchased from Grenier 

Bio-one (tips, filtered tips, microcentrifuge tubes) and Thermo Fisher 

Scientific (conical centrifuge Falcons). Centrifugation for general molecular 

biology work was performed using an Eppendorf 5415R refrigerated 

centrifuge. PCMT Thermoshaker was used as a benchtop incubator to shake 

and heat samples. 

2.1.2   Buffers and stock solutions 

RIPA lysis buffer: 150 mM NaCl, 5mM EDTA (pH 8), 50 mM Tris (pH 8), 1% 

(v/v) NP-40, 0.5% (w/v) sodium deoxycholate (DOC), 0.1% (w/v) SDS. 1X 

cOmplete ULTRA protease inhibitor cocktail (Roche) and 1X PhosStop 

phosphatase inhibitor cocktail (Roche). 

IP lysis buffer: 20 mM Tris-HCl pH 7.5, 1 mM Na2EDTA, 1% (v/v) NP-40, 

10% (v/v) Glycerol, 1X cOmplete ULTRA protease inhibitor cocktail (Roche) 

and 1X PhosStop phosphatase inhibitor cocktail (Roche). 
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LDH storage buffer: 200 mM Tris-HCl (pH 7.3), 10% (v/v) Glycerol, 1% 

(w/v) BSA. 

SDS running buffer (10X): 0.25 M Tris base, 1.9 M Glycine, 0.34 M SDS, 1X 

solutions were prepared by diluting 10X solutions 1:10 with distilled water. 

Glycine transfer buffer: 25 mM Tris base, 192 mM Glycine pH 8.3, 20% (v/v) 

methanol. 

Mild stripping buffer: 0.2 M Glycine, 3.5 mM SDS, 1% (v/v) Tween-20, 

Adjust pH to 2.2. 

DNA lysis buffer: 100 mM Tris-HCl pH 8.5, 5 mM EDTA, 200 mM NaCl, 

0.2% (w/v) SDS. 

Tris-acetate-EDTA, TAE (10X): 0.4 M Tris Base, 1.15% (v/v) glacial acetic 

acid, 10 M EDTA (pH 8). 

Citrate buffer: 10 mM Tri-sodium citrate, 0.05 % (v/v) Tween-20, Adjust 

pH to 6. 

Preparation of 1X cOmplete ULTRA protease inhibitor and 1X PhosStop 

phosphatase inhibitor cocktails (both from Roche) were achieved by 

dissolving one tablet per 10 ml of lysis buffer. 

2.1.3   Antibodies 

Name Host Blocking & 

concentration 

Provider 

Anti- RIP3 Polyclonal 

(ab56164) 

Rabbit (WB) 1:1000 NFDM Abcam 

RIPK1 (BD 610459) 

(38/RIP) 

Mouse (WB) 1:1000 NFDM 

(IP) 1:200 

BD Biosciences 

α-MLKL (phospho S358) 

(ab187091) (EPR9514) 

Rabbit (WB) 1:1000 BSA 

(IP) 1:200 

Abcam 
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Human Phospho-MLKL 

(T357) (MAB9187) 

(954702) 

Mouse (WB) 1:1000 BSA R&D Systems 

Recombinant MLKL 

(ab243142) (3H1) 

Rat (WB) 1:1000 NFDM Abcam 

Recombinant anti-

GSDMD (ab210070) 

(EPR19829) 

Rabbit (WB) 1:100 NFDM Abcam 

b-Actin (sc-47778) Rabbit (WB) 1:1000 NFDM Santa Cruz 

RIPK3 (NBP2-45592) 

(OTI1B3) 

Mouse (IP) 1:200 Novus Bio 

Human RIPK3 

(MAB7604) (780115) 

Mouse (IP) 1:1000 

(IHC) 1:1000 GS; 

Citrate B AR 

R&D Systems 

Human RIP3 Polyclonal 

(PA1-41533) 

Rabbit (WB) 1:1000 NFDM 

(IP) 1:100 

Invitrogen 

Anti-RIP3 (B-2) (SC-

374639) 

Rabbit (IP) 1:200 Santa Cruz 

Anti-Mouse HRP 

Polyclonal 

Goat (WB) 1:1000  Dako 

Anti-Rat HRP Polyclonal Rabbit (WB) 1:1000 Abcam 

Anti-Rabbit HRP 

Polyclonal 

Goat (WB) 1:1000 Dako 

Anti-Mouse RIP3 

Polyclonal (ab62344) 

Rabbit (IHC) 1:1000 GS; 

Citrate B AR 

Abcam 

Purified mouse keratin 

6A Polyclonal (905701) 

Rabbit (IHC) 1:1000 GS 

Citrate B AR 

BioLegend 

Keratin 14, LL002 (MS-

115-P 

Rabbit (IHC) 1:50 GS 

Citrate B AR 

NeoMarkers 

Ki-67 Polyclonal 

(ab15580) 

Rabbit (IHC) 1:100 GS 

Citrate B AR 

Abcam 

Keratin 10 Polyclonal 

(905401) 

Rabbit (IHC) 1:1000 GS 

Citrate B AR 

BioLegend 

Loricrin Polyclonal 

(905101) 

Rabbit (IHC) 1:100 GS 

Citrate B AR 

BioLegend 
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Cleaved Casp-3 

(AF835) 

Rabbit (IHC) 1:100 GS R&D Systems 

Mouse MLKL (phospho 

S345) ab196436 

(EPR9515) 

Rabbit IHC) 1:100 GS; 

Trypsin AR 

Abcam 

Anti-Mouse F4/80 

(MCA497GA) (A3-1) 

Rat (IHC) 1:100 GS AbD Serotec 

Anti-Human CD3 

(A0452) 

Rabbit (IHC) 1:100 GS Dako 

Anti-Mouse Ly-6G and 

Ly-6C (557445) (RB6-

8C5) 

Rat (IHC) 1:20 FSG BD Biosciences 

Purified anti-Mouse 

TNF (559064) (MP6-

XT22) 

Rat (IHC) 1:25 FSG BD Biosciences 

Mouse IL-33 AF3626 Goat (IHC) 1:100 FSG R&D Systems 

Anti-Rabbit IgG – Alexa 

Fluor 488 (Poly4054) 

Goat (IHC) 1:1000 BioLegend 

Anti-Rabbit IgG – Alexa 

Fluor 594 (Poly4054) 

Goat (IHC) 1:1000 BioLegend 

Anti-Rat IgG – Alexa 

Fluor 594 (Poly4054) 

Goat (IHC) 1:1000 BioLegend 

Anti-Mouse IgG – Alexa 

Fluor 594 (Poly4054) 

Goat (IHC) 1:1000 BioLegend 

Table 2.1: Information on commercial antibodies including host, provider, concentration 

and blocking used. For Western blot (WB), the concentration ratio is shown (volume) 

as well as the blocking solution for the antibody incubation, which can be either 5% 

(w/v) non-fat dried milk (NFDM) or 5% (w/v) bovine serum albumin (BSA). For 

immunohistochemistry (IHC), the concentration and blocking used are indicated: goat 

serum (GS) or fish skin gelatine (FSG). Additionally, the type of antigen retrieval (AR) 

used is indicated, if necessary. HRP-conjugated and Alexa Fluor secondary antibodies 

are incubated in the same blocking solution as the primary antibody. For 

immunoprecipitation (IP), the ratio of antibody per protein (mass) is indicated. 
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2.1.4   Statistical data analysis 

Figures and statistical analysis were made using GraphPad Prism 9 software 

(GraphPad Software Inc., La Jolla, USA). For in vitro data, for which data 

was generally collected from technical replicates, normal distribution was 

assumed for sample sizes of 3 replicates (n=3). For larger sample sizes 

(which were always smaller than 10), the Shapiro-Wilk test was used to test 

normality as this is a powerful test designed for small sample sizes (n<50). 

Similarly, data obtained from in vivo experiments was also checked for using 

the Shapiro-Wilk test.  

If normally distributed (or if normality is assumed), the one-way ANOVA 

test was used to determine statistical significance when comparing two or 

more experimental groups followed by Turkey’s multiple comparison test. 

Two-way ANOVA was used where experimental groups were compared 

across multiple timepoints, followed by followed by Turkey’s multiple 

comparison test or Sidák’s multiple comparison test. If not normally 

distributed, data was statistically analysed using non-parametric tests: the 

Mann-Whitney U test was used when comparing two populations while the 

Kruskal-Wallis test was used when comparing more than two samples. When 

data was not normally distributed, Dunn’s test was used to compare between 

multiple groups.  

2.2   Tissue culture 

2.2.1   Equipment and tissue culture plastics 

All tissue culture was performed in a MICROFLOW Advanced Bio Safety 

Cabinet Class II (Bioquell). Cells were incubated in New Brunswick Galaxy 

170S CO2 incubator, Thermo Scientific BB15 CO2 incubator or Nuaire 

Autoflow IR CO2 incubator at 37 °C with 20% O2 and 5% CO2. Centrifugation 
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of cell suspensions was performed using an Eppendorf 5810R refrigerated 

centrifuge. Culture medium was always warmed to 37 °C before use, using 

a WB22 Phoenix water bath. 

Nunc EasYFlask cell culture T75-175 cm2 flasks with filtered caps 

(ThermoFisher) were used to culture HT-29 cells. NHEK cells were cultured 

in 60-, 100- and 150-mm diameter Falcon Standard tissue culture dishes 

(Fisher Scientific) coated with collagen. For coating, the total dish surface 

was covered with a 0.1 mg/mL PureCol® (Advanced Biomatrix) solution 

diluted in sterile water and kept at 37 °C for a minimum of 8 hours before 

use. 

2.2.2   HT-29 cell line maintenance 

Human colon adenocarcinoma cell line HT-29 were a kind gift of Dr. Carmen 

van den Berg (Cardiff University). HT-29 cells were cultured in DMEM high 

glucose GlutaMAX growth medium supplemented with 10% (v/v) foetal calf 

serum (FCS) and antibiotics (100U/mL Penicillin and 100 µg/mL 

streptomycin). This formulation is herein termed “complete DMEM”. Cells 

were maintained at 40-80% confluency in T75 or T175 culture flasks. For 

routine maintenance, culture medium was discarded every 2-3 days and 

renewed with fresh complete DMEM. To passage cells, growth medium was 

removed, and cells were washed twice with room temperature PBS. Next, 

cells were incubated with 0.05% (w/v) trypsin-EDTA for 5 minutes at 37 °C. 

Complete DMEM was then added to neutralise the trypsin and the cell 

suspension was harvested and centrifuged. Cell pellets were resuspended in 

complete DMEM and replated at between 1:4 and 1:6 ratios.  

For cryopreservation, HT-29 were harvested as described above and, after 

centrifugation, resuspended in 1 mL of 90% (v/v) complete DMEM and 10% 

(v/v) dimethyl sulfoxide (DMSO). Cell suspension was transferred to 
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cryovials and placed in Nalgene Cryogenic freezing container 

(ThermoFisher) at -80 °C for short-term storage. For long-term storage, 

vials were transferred to liquid nitrogen containers. Regular mycoplasma 

testing was undertaken using Mycoplasma PCR ELISA (Sigma Aldrich) 

following manufacturer’s instructions.  

2.2.3   NHEK isolation and maintenance 

Keratinocytes were cultured using culture medium described by J. G. 

Rheinwald & Green (1975), and referred herein as “complete keratinocyte 

culture medium” or “Green’s medium”. Complete NHEK culture medium was 

made of 1:4 DMEM high glucose GlutaMAX (Gibco) supplemented with: 2.5% 

(v/v) FCS, 0.4 µg/mL hydrocortisone (HC), 8.4 ng/mL Cholera toxin (CT), 5 

µg/mL insulin, 24 µg/mL adenine, 10 ng/mL human epidermal growth factor 

(hEGF) and Antimycotic/Antibiotic solution (Gibco) plus 3:4 F-12 Nutrient 

Mix GlutaMAX (Gibco). 

2.2.3.1 Isolation from human skin samples 

Skin samples were obtained from abdominoplasties and breast reductions of 

healthy adult donors (various ages) after informed consent (NREC 

08/WSE04/17). Information regarding the sex, age or ethnicity of the donors 

was not accessible as the Ethics Protocol did not allow the recording of 

details from the surgery patients. Primary keratinocytes were isolated using 

an adapted methodology described by J. Rheinwald (1989), briefly detailed 

here. After surgery, skin pieces were placed aseptically in bottles containing 

DMEM plus Antibiotic-Antimycotic solution (Gibco) to transport immediately 

from the clinical setting to the research laboratory, where they were 

processed within 2 hours after surgery. PBS supplemented with Antibiotic-

Antimycotic solution (Gibco), hereon referred as PBS + A/A, was used to 

wash the sample thoroughly. With the aid of fine forceps, scissors and 
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scalpels, the subcutaneous fat and deeper portion of the dermis were 

removed from the sample. The cleaned skin was then cut in 1x1 cm portions 

and placed in 6-well plates containing 1 mL of 2.5% (v/v) Trypsin-EDTA, 

no phenol red (Gibco). Skin samples were positioned so only the dermis and 

not the epidermis was in contact with the trypsin. After trypsin incubation at 

4 °C for 72 hours, the epidermis was carefully separated from the dermis 

using fine forceps. The obtained epidermal sheet was then mechanically 

disrupted using two scalpels and placed in a 1.5 mL centrifugation tube 

containing complete keratinocyte culture medium. This process was 

repeated for every 1x1 cm portion of skin. Centrifugation tubes were then 

placed on a shaker at 1000 rpm at 25 °C for 1 hour to complete mechanical 

disruption of the tissue. The obtained solution was transferred to a 5 mL 

centrifuge tube containing 3 mL of complete keratinocyte culture medium 

and this was passed through a 5 mL polystyrene pipette 10-15 times. The 

resulting solution was then plated in 60 mm collagen-coated culture dishes. 

After 24 hours, the supernatant from each culture dish, containing un-

attached cells was transferred to new a collagen-coated dish. The initial 

dish was washed once with PBS + A/A and filled with fresh Green’s medium. 

2.2.3.2 Passage and maintenance 

Normal human epidermal keratinocytes (NHEK) were passaged when cells 

reached 60-70% confluency. Cells were washed twice with room 

temperature PBS + A/A and incubated with 0.5% (v/v) trypsin-EDTA for 15 

minutes at 37 °C. Detachment of the NHEK from the culture plate was 

confirmed using a light microscope and cells were incubated for longer if 

needed. When complete detachment was achieved, complete keratinocyte 

culture medium was added to the cells to neutralise the trypsin activity. 

NHEK suspension was collected and centrifuged at 300 xg for 5 min, after 

which the supernatant was carefully discarded. The remaining pellet was 

washed twice and resuspended in complete keratinocyte culture medium. 
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After thorough mixing with additional medium, the cells were plated in 

collagen-coated culture dishes in a 1:2 to 1:3 ratio.  

After plating the keratinocytes for the first time after isolation, NHEK can 

take up to 1 week to attach effectively and grow forming characteristic 

patches. The growth rate of the keratinocytes was assessed by eye using a 

light microscope, by which confluency and passage ratio was determined. 

NHEK were not counted before plating, thus, a trained eye for the growth 

rate and differentiation stage of the cells was needed to make this 

assessment. The differentiation stage of the keratinocytes was monitored 

regularly to ensure differentiated cells were not used for experiments. The 

growth and differentiation rate, as well as the efficiency of the isolation was 

dependent on the skin sample obtained.  

2.2.4   Commercially obtained NHEK 

Commercially obtained NHEK were purchased from PromoCell. NHEK were 

isolated from adult skin from pooled donors. Cells were received in T25 

flasks at high confluency and were immediately passaged and maintained as 

described above.  

2.2.5   Cell count  

HT-29 cells were counted using a haemocytometer coupled with Trypan 

Blue at 0.1% (v/v) to assess viability prior to plating and approximately 

10,000 cells per well were plated when using a 96 well plate. As mentioned, 

NHEK were not counted and the number of cells was assessed by eye 

depending on the growth rate and differentiation stage of the cells.  
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2.3   Induction of cell death 

HT-29 or NHEK were seeded in appropriate flasks or plates 24-36 hours 

before stimulation, depending on cell density (HT-29) or the level of 

differentiation and growth rate of the cells (NHEK). Complete growth 

medium was changed before stimulation.  

Necroptosis was induced in HT-29 and NHEK by the addition of 20 ng/mL 

human recombinant TNF (PeproTech) in combination with the Smac mimetic, 

Birinapant (1 µM), and pan-caspase inhibitor Z-VAD-FMK (20 µM) (both 

from SelleckChem). The combination of these three reagents is abbreviated 

as TSZ. Apoptosis was induced by the addition of 20 ng/mL human TNF and 

1µM Birinapant. Combination of these reagents is abbreviated as TS. The 

time of incubation depends on the cell type used and the specific experiment 

performed and is indicated in the results text and figure legends. 

Stimulation of NHEK with HMGB1 was performed with endotoxin-free 

purified disulfide HMGB1 (IBL-Tecan) at 50 µM unless stated otherwise. 

The time of incubation depends on the specific experiment performed and is 

clearly indicated in the results text and figure legends.  

2.3.1   Necroptosis inhibitors 

The necroptotic inhibitors used during this project are: Necrostatin 1s (Nec-

1s), Necrosulfonamide (NSA), GSK872 and GW806742X. Their mode of 

action of each inhibitor, together with the concentration information is 

detailed in Table 2.2. HT-29 or NHEK were incubated with the indicated 

inhibitor 1 hour prior to the addition of TSZ, TS or HMGB1. 

  



CHAPTER 2: MATERIALS AND METHODS 

 73 

Inhibitor Description Concentration 

Necrostatin 1s (Nec-

1s) 

ATP-competitive allosteric inhibitor 

of RIPK1. Blocks RIPK1/RIPK3 

interaction in vitro without affecting 

TNFR-induced apoptosis 

20 µM 

Necrosulfonamide 

(NSA) 

Binds to N-terminal MLKL, 

covalently modifying Cys86 of human 

MLKL and preventing necrosome 

from interacting with its downstream 

effectors 

1 µM 

GSK-872 (GSK) 

Inhibits RIPK3 kinase activity, 

preventing MLKL phosphorylation 

and necrosome formation 

1 µM 

GW806742X (GW) 
Inhibits MLKL pseudokinase domain 

targeting its 4HB domain 
5 µM 

Table 2.2: Necroptosis inhibitors, target and concentrations used. 

2.4   Cell toxicity and viability assays 

2.4.1   Materials and equipment 

Clear 96-well plates, for LDH and WST-1 assays, were coated with collagen 

as described in section 2.2.1. White opaque Collagen Type I-coated 96-well 

plates (Gibco) were used for PI-based assays. Fluorescence, luminescence 

and absorbance were read using CLARIOstar microplate reader (BMG 

LABTECH).  

2.4.2   PI-based cell death assay 

PI is a fluorescent intercalating agent that binds to DNA when taken into the 

cell. As an impermeant dye, it can only reach DNA when membrane 

permeability and integrity has been compromised. It is, therefore, a well-
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established marker of necrosis and widely used, often together with annexin 

V negative stain (an apoptosis marker) to detect necrotic processes.  

All PI-based experiments were performed using collagen coated 96-well 

opaque plates. Following compound treatment at 37 °C, cells were stained 

with 10 µg/mL of PI (Sigma-Aldrich), which consisted in the addition of 1 µL 

of PI (stock solution at 1 mg/mL) to each well at the end of the stimulation. 

Prior to PI addition, supernatant was not removed, and cells were not washed 

to avoid losing detached dead cells. All following steps are performed in the 

dark and using tin foil to cover the plate at all times. The plate was gently 

shaken for 1-2 minutes and kept in the incubator at 37 °C for 20-30 minutes, 

after which fluorescence (520/630 nm) was read using a microplate reader. 

Next, 10 µL of 10% (v/v) Triton-X100 in complete DMEM were added to 

each well to achieve total cell lysis. The plate was gently shaken for 5 

minutes and incubated for 20-30 minutes at 37 °C. Fluorescence was read, 

again, to obtain the maximal fluorescence value. Background fluorescence 

was calculated as an average of the fluorescence obtained from wells 

containing untreated cells. Percentage of cell death was calculated as 

follows:  

100	 ∗ 	 induced	fluorescence	 − 	background	fluorescencemaximal	fluorescence	 − 	background	fluorescence 

2.4.3   LDH-based cell death assay 

LDH is a soluble cytoplasmic enzyme present in many cell types and is 

rapidly released into extracellular space when the plasma membrane is 

disrupted. To detect the leakage of LDH into cell culture medium, a 

tetrazolium salt is used in this assay. In the first step, LDH produces reduced 

nicotinamide adenine dinucleotide (NADH) when it catalyses the oxidation of 

lactate to pyruvate. In the second step, a tetrazolium salt is converted to a 

coloured formazan product using newly synthesized NADH in the presence 
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of an electron acceptor. The amount of formazan product can be quantified 

by standard the reading of luminescence.   

The LDH-based assay used was LDH-Glo Cytotoxicity Assay (Promega) and 

was performed following manufacturer instructions. Briefly, 5 µL of 

supernatant were recovered from each well at the desired timepoints and 

transferred to a new clear plate. Supernatants were mixed with 45 µL of 

LDH Storage Buffer (see section 2.1.2). Next, 50 µL of LDH detection 

reagent (provided with the assay) is added to each well and plate is shaken 

for 2 minutes in the plate shaker. After 1 hour incubation at room 

temperature, luminescence is read using a plate reader. The sensibility of 

assay was unexpectedly high and maximal luminescence (3.5) was reached 

when cells were incubated with 10% (v/v) Triton-X100 in complete DMEM 

for total cell lysis. Hence, the percentage of cell death was not calculated 

considering the total number of cells for each condition and a standardised 

number was used as maximal luminescence. The formula used in to calculate 

the percentage of LDH release is: 

100	 ∗ 	 induced	luminescence	 − 	background	luminescence3	 − 	background	luminescence  

2.4.4   WST-1 cell viability assay 

The WST-1 viability assay is based on the cleavage of the tetrazolium salt 

WST-1 to form formazan dye, which is a slight darker colour. The 

conversion only occurs in metabolically active cells through the 

mitochondrial succinate-tetrazolium-reductase system (RS). An expansion 

in the number of viable cells results in an increase of the overall activity of 

mitochondrial dehydrogenases, leading to an increase in formazan dye, 

which can be directly quantified through spectrophotometry in a plate 

reader. 
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Cell viability was assessed using the cell proliferation reagent WST-1 

(Roche) according to manufacturer’s instructions. Briefly, after stimulation 

of the cells, 20 µL of WST-1 reagent are added to each well, mixed 

thoroughly and incubated at 37 °C for 1 hour. The plate was shaken for 1-2 

minutes on a shaker and absorbance was read using a plate reader at 420 to 

480 nm. Background absorbance is calculated through an average of the 

absorbance measured in wells containing untreated cells. Percentage of 

death is calculated using this formula: 

100	 ∗ 	 Induced	absorbance
background	absorbance 

2.4.5   Assessment of morphological changes in NHEK  

Assessment of major morphological changes can reveal useful information 

on the overall health of the cells. Traditionally, morphologic detection of 

death refers to membrane alterations, alterations of the nucleus, and 

changes in the cytoplasmic contents (Schweichel & Merker, 1973). Under 

the experimental conditions used here, cultured keratinocytes associate and 

grow forming tightly packed patches that spread over the culture plate. 

Changes in the size of these patches and in the overall confluency of the 

wells are determinant indicators of overall health of NHEK cells. 

2.4.6   Culture medium optimisation 

For culture medium optimisation in Chapter 4, preparation of the different 

mediums was performed progressively, separating batches of medium 

before adding the proportional amount of the next ingredient. NHEK were 

passaged as described above, using Green’s medium, and were cultured in 

the “new” medium for at least 24 hours before initiation of the experiment 

to allow cells to adapt to the new conditions. 
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2.5   Protein extraction and detection 

2.5.1   Protein extraction 

Following stimulation or at the end of the experiment, HT-29 or NHEK were 

washed twice with ice-cold PBS and scraped using CELLTREAT cell scraper 

(Fisher Scientific) in the appropriate volume of freshly made cell lysis buffer, 

which differed depending on the protein detection protocol that followed: i) 

cells were lysed with RIPA buffer (see section 2.1.2) if they were to be used 

for Western blot analysis, unless stated otherwise; ii) if protein samples 

were to be used for immunoprecipitation (IP) of proteins, IP lysis buffer was 

used (see section 2.1.2). The scraped cell suspension was transferred to a 

1.5 mL microcentrifuge tube and incubated on ice for 20 minutes during 

which time the lysates were mixed several times using a vortex. The cell 

lysate was then cleared by a 20-minute centrifugation at 17700 xg at 4 °C. 

The supernatant, containing the proteins, was transferred to a new 1.5 mL 

microcentrifuge tube for determination of protein concentration.  

2.5.2   Determination of protein concentration 

The protein concentration was determined using Bio-Rad Protein Assay 

(Bio-Rad) or Pierce BCA Protein Assay Kit (ThermoFisher) according to 

manufacturer’s instructions. Bio-Rad Protein Assay is based on the method 

of Bradford and involves the addition of an acidic dye, containing Coomassie 

Blue which binds to basic aromatic amino acid residues. Binding of this dye 

to proteins shifts the absorbance maximum and allows the subsequent 

measurement of absorbance at 595 nm with a microplate reader. First, the 

reagent was diluted 1:5 with dH20 and 200 µL were added to the desired 

wells of a 96-well plate. Human Serum Albumin (HSA) protein standard 

(Sigma) was used to prepare a standard curve of serial concentrations within 

the linear range of the assay (0.05 to 0.5 mg/mL). Next, 10 µL of each 
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standard and sample were added to the diluted dye reagent in each well, in 

duplicate. The plate was briefly mixed using a plate shaker and, after a 10-

minute incubation at room temperature, the absorbance was read using a 

plate reader (595 nm).  

Given that some chemical reagents found in the lysis buffers, such as 

detergents, cause interference in the chemical-protein interaction, BCA 

Protein Assay Kit was occasionally used to ensure correct quantification of 

proteins. This assay is a more detergent-compatible option for protein 

quantification than Bradford assays. It is based on bicinchoninic acid (BCA), 

which interacts with peptide bonds to form a purple-coloured product that 

can be quantified through colorimetric detection. The protocol procedure is 

similar to the Bradford-based assay just described, though the working 

range of this assay is considerably higher (0.02-2 mg/mL). The protein 

standard used was Bovine Serum Albumin (BSA), provided with the 

commercial kit. The working reagent (WR) was prepared by mixing 50 parts 

of BCA Reagent A with 1 part of BCA Reagent B. In a plate, 200 µL of WR 

were mixed with 10 µL of the different protein standard concentrations and 

unknown samples, in duplicates. The plate was briefly mixed in a shaker and 

incubated at 37o C for 30 minutes. When the plate had cooled down, 

absorbance was read on a plate reader at 562 nm. 

Two dilutions of the samples were always used (ratio depended on the initial 

cell number), given that protein concentrations obtained were generally high 

and out of the linear range. Dilutions of the sample, as well as of the protein 

standard, were made using the same lysis buffer that had been used to obtain 

the samples. After either of the assays, the average measurement of the 

blank standard replicates was subtracted from standard and unknown sample 

replicate measurements. Next, a standard curve is prepared by plotting the 

absorbance measurement of each protein standard (HSA or BSA) versus its 
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concentration (µg/mL). The standard curve was used to determine the 

protein concentration of each unknown sample.  

2.5.3   Immunoprecipitation of proteins 

 

Figure 3.8: Schematic view of the immunoprecipitation protocol. A specific antibody 

was incubated with the protein lysate for 3 hours at 4 °C. Next, agarose beads were 

added and incubated overnight at 4 °C. Non-interacting proteins were washed through 

gentle centrifugation and the desired protein, together with interacting proteins, were 

eluted from the beads through acidic elution (see section 2.1.2). 

For immunoprecipitation of proteins, cells were washed, harvested and 

protein concentration quantified as described above. During all subsequent 

steps, samples were kept on ice and all procedures were performed at 4 °C 

(incubation, centrifugation, etc.). Final volumes of cell lysates were adjusted 

to obtain the amount of protein for each condition. For each condition 

studied, 50 µg of extract were set aside to use as a crude control. The 

remaining lysate was incubated with the desired antibody or correspondent 

IgG control (see section 2.1.3). Antibody or IgG control concentration 

depended on the quality of the antibody, although, generally, a ratio of 1 µg 

antibody per 200 µg of protein extract was used. Incubation was carried out 

for 2 hours with constant rotation at 4 °C. Next, Sepharose Protein A/G 

beads (Rockland) or Protein A/G Plus-Agarose immunoprecipitation reagent 

(Santa Cruz) were added to the sample-antibody solution, generally as 10 
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µL of beads per 1 µg of antibody. Incubation of the A/G beads with the sample 

was carried out overnight, with constant rotation at 4 °C. The next day, 

beads were pelleted by centrifugation at 300 xg (4 °C) and 50 µl of 

supernatant were set aside to use as supernatant control. Beads were then 

washed four times with ice-cold IP lysis buffer by gently mixing and 

centrifugating. After the last wash, supernatant was discarded and the 

targeted proteins were eluted from the beads through incubation with 50 µL 

of low pH Glycine buffer (50 mM, pH 2.8) for 40 minutes at room 

temperature. After gently mixing and centrifugation, the eluates 

(supernatants) were transferred to new microcentrifuge tubes and 2 µL of 

1M Tris pH 8 buffer were added. All eluated samples, together with 

supernatants and crude controls were then prepared for Western blot 

analysis as described below.  

2.5.4   Preparation of samples for Western blot 

The crude cell lysates or immunoprecipitation eluates were mixed with 

loading buffer containing 20% (v/v) b-Mercaptoethanol and 80% (v/v) 

NuPAGE LDS Sample Buffer (ThermoFisher), in a 1:4 ratio, and protein 

concentrations were corrected to the new volume. Samples were mixed 

using a vortex, boiled at 95 °C for 10 minutes and then briefly centrifuged. 

Samples were used immediately or kept at -20 °C for later use. Total 

concentrations of protein vary depending on the size of plate or flask used 

for the experiment (60-150mm or T175). 

2.5.5   SDS polyacrylamide gel electrophoresis (SDS-PAGE)  

Gels used for protein separation and Western blotting were either acquired 

commercially: Bolt 4-12% (w/v) acrylamide (ThermoFisher); or cast in-

house: (4% (w/v) acrylamide stacking gel and 10% (w/v) acrylamide 

resolving gel. Table 2.3 depicts the components and concentrations used for 
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in-house cast gels. Gels were cast using a Mini-Protean Tetra cell casting 

stand and clamps (Bio-Rad). Prepared solutions were added between two 

glass plates to form 1.5 mm thick gels. After polymerisation of the resolving 

gel, the stacking gel solution was added on top of the resolving gel and a 

comb was inserted to create the wells. Gels were either used immediately 

or kept at 4 °C wrapped in wet tissue to prevent them from drying out. 

 Resolving gel 

(20 mL) 

Stacking gel 

(8 mL) 

dH20 7.9 mL 5.5 mL 

30% (v/v) Acrylamide/Bis 

(Bio-Rad) 

6.7 mL 1.3 mL 

1.5 M Tris-HCl (pH 8.8) 5 mL 1 mL 

10% (w/v) SDS 0.2 mL 0.08 mL 

10% (w/v) Ammonium 

persulfate (APS) 

0.2 mL 0.08 mL 

TEMED (Sigma Aldrich) 0.02 mL 0.008 mL 

Table 2.3: Concentrations used to cast SDS polyacrylamide electrophoresis gels 

At the time of use, in-house cassettes were placed in a Mini-PROTEAN 

Tetra vertical electrophoresis tank (Bio-Rad), filled with either 

Tris/Glycine/SDS running buffer (see section 2.1.2) or Bolt MES SDS running 

buffer (ThermoFisher). Commercial Bolt gels were placed in Mini Gel Tank 

(ThermoFisher), filled with Bolt MES SDS running buffer. Samples were 

boiled 10 minutes at 95 °C and briefly centrifuged before loaded in the gel. 

The volumes loaded were adapted according to the protein concentration in 

order to load 30-50 µg of proteins per well. Amersham ECL Rainbow Marker 

(5 µL) (Sigma Aldrich) or Spectra Multicolor Broad Range (Thermo Fisher) 

were loaded as protein molecular weight markers. Gels were subjected to 

electrophoresis using a Powerpac power supply (Bio-Rad) at a constant 



CHAPTER 2: MATERIALS AND METHODS 

 82 

voltage of 100 V for 90 minutes or until visualisation of adequate protein 

marker separation.  

2.5.6   Membrane transfer and blocking  

Once the SDS-PAGE run was completed, proteins were transferred to a 

0.45µm PVDF membrane (ThermoFisher) using either a semidry or wet 

system. For the semi-dry transfer, two different pieces of equipment were 

used during the duration of this project: Thermo Scientific Pierce Power 

Blotter semi-dry station (ThermoFisher) and Trans-Blot SD semi-dry 

transfer cell (Bio-Rad). The equipment for the wet transfer included a Mini 

gel holder cassette (Bio-Rad) and a Mini trans-blot cell (Bio-Rad). Two 

different transfer buffers were used during the optimisation of the different 

protocols: Glycine transfer buffer (see section 2.1.2) and Pierce 1-step 

transfer buffer (ThermoFisher). The general steps of these protocols are 

described below.  

PVDF membrane, cut to the same size as the resolving gel, was activated in 

methanol for 1 minute and then equilibrated in transfer buffer for 5 minutes. 

In addition, three pieces of Whatman filter paper (Sigma Aldrich) were 

soaked in transfer buffer. One of these filter papers was placed onto the 

bottom graphite base electrode of the semidry transfer machine (or closer 

to the red panel of the cassette for the wet transfer). Next, the PVDF 

membrane was placed on top of the filter paper ensuring no air bubbles were 

retained between the two. The SDS-PAGE gel was then carefully removed 

from the cassette and the stacking gel discarded. The resolving gel was 

gently rinsed in transfer buffer and placed on top of the PVDF membrane, 

followed by a last soaked filter paper. Air bubbles were removed from the 

sandwich by using a roller and electroblotting was carried out. For wet 

transfers, extra soaked sponges were added before the first and after the 

last filter papers. The transfer sandwich assembled in the Thermo Scientific 
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Pierce semi-dry station was run at constant amperage of 1.3 Amps for 20 

minutes. The Bio-Rad Trans-Blot SD semi-dry transfer cell was subjected 

to electrophoretic transfer for 30 minutes at 20-25 V; wet transfer in the 

Mini trans-blot cell was carried out for 1 hour at 110 V, both using a 

Powerpac HC power supply (Bio-Rad). 

Once the transfer was complete, membranes were briefly washed in PBS 

and transferred to a 50 mL conical centrifuge tube. Membranes were then 

incubated with blocking solution (30-50 mL) on a rotator tube roller (Star 

lab) at room temperature for at least 1 hour to block possible non-specific 

binding of the primary antibody. Blocking solution was either 5% (w/v) non-

fat dry milk (NFDM) (Sigma Aldrich) or BSA (Sigma Aldrich) in 0.05% (v/v) 

PBS-T (see section 2.1.2). 

2.5.7   Immunoblotting of proteins 

Following blocking, the membrane was incubated with the primary antibody 

at 4 °C overnight with constant rotation. A list containing relevant 

information on the antibodies used, including antibody concentration and the 

blocking solution used in each case can be found in section 2.1.3. After 

primary antibody incubation, membranes were washed three times for 5 

minutes using 0.05% (v/v) PBS-Tween with constant rotation. The 

horseradish peroxidase (HRP)-conjugated secondary antibody was chosen 

according to the animal source of the primary antibody and diluted in the 

same blocking solution as the primary antibody. Information regarding 

secondary antibodies, including concentration and source can be found in 

section 2.1.3. Secondary antibody incubation was performed at room 

temperature for 1 hour with constant rotation, after which membranes were 

washed three times for 5 minutes using 0.05% (v/v) PBS-Tween with 

constant rotation. 
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Chemiluminescence was performed using luminol/peroxide enhanced 

chemiluminescence (ECL) Supersignal West Pico or Supersignal West Femto 

Maximum Sensitivity assay (both from Thermo Fisher). ECL reagent enables 

the detection of antigen by oxidizing luminol in the presence of HRP and 

peroxidise. The probed membrane was incubated for 5 minutes with the 

reagent and the chemiluminescent signal was detected using G:BOX 

Chemiluminescence and GeneSys software (Syngene).  

Re-probing of blots after chemiluminescent detection was performed by 

washing each membrane for 1-2 hours with 0.05% (v/v) PBS-Tween at room 

temperature with constant rotation followed by incubation with the new 

primary antibody and subsequent steps. When proteins with a similar size 

needed to be analysed on the same membrane, a mild stripping buffer (see 

section 2.1.2) was used to remove any previously bound primary or 

secondary antibodies that could confuse interpretation. This was especially 

the case when some primary antibodies had the same animal source and 

therefore needed the same secondary antibody. Once all antibodies of 

interest had been investigated, membranes were incubated with a protein 

loading control, such as a-actin or a-GAPDH. 

2.5.8   Protein quantification 

The intensity of the signals (bands) obtained through chemiluminescence 

were quantified using Radames Software. To compare the expression of 

proteins of interest, the absolute intensity value of a specific band was 

obtained using the Radames software and used to generate a ratio relative 

to the intensity of the loading control for that specific blot. The obtained 

quantification was analysed graphically using GraphPad. 
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2.6   Genetically modified animals 

2.6.1   Husbandry information 

Animals were housed in the Joint Biological Services Facilities (JBIOS) at 

Heath Park, Cardiff University. An individually ventilated caging (IVC) 

scantainer system was used, and animals were maintained individually or in 

small groups (< 5 per cage), with a 12-hour light / 12-hour dark cycle and 

ad libitum access to food and water. All work on animals was carried out in 

accordance with the United Kingdom Animals (scientific procedures) act 

(1986) and European Directive EC 86/609, under the authority of UK Home 

Office experimental project licence P6177CDBB. 

2.6.2   Background and general breeding strategy 

Casp-8EKO animals were obtained by crossing KRT-14-Cre males with 

Casp-8fl/fl females (kind gift from Pr. Stephen Hedrick, UCSD, USA). Il-33-

/- animals were obtained from MacLaren J. (Cardiff University) and were also 

a backcross on C57BL/6J background mice. St2-/- animals were a kind gift 

of Pr. Daniel Pinschewer (U. Basel, Switzerland) and were on a mixed 129sv 

and C57BL/6J genetic background (Liliensiek et al., 2004; Senn et al., 2000). 

Rage-/- and Ragefl/fl animals were mixed 129sv and C57BL/6J background 

and were a kind gift from Pr. Angelika Bierhaus (DKFZ, Heidelberg, 

Germany). 

Specific epidermal keratinocyte deletion of Casp-8 (Casp-8EKO) was 

achieved by the expression of floxed alleles under the KRT-14 promotor. 

Males carrying Cre under the KRT-14 promoter were crossed with females 

carrying the floxed allele of Casp-8 (Casp-8fl/fl). This allowed the generation 

of K14+Casp-8fl/+ males that were then crossed with St2-/-, Il-33-/-, Rage-

/- or Ragefl/fl animals to obtain the double KO mouse lines of interest (Figure 
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2.1). The KRT-14-Cre allele must always come from males, as the KRT-14 

promoter is active in oocytes and breeding a KRT-14-Cre female would 

generate animals with a full body deletion of Casp-8, which is lethal at the 

embryonic level. 

 

Figure 2.1: General breeding strategy to obtain Casp-8EKO St2-/- Casp-8EKO Il-33-/- 

Casp-8EKO Rage-/- Casp-8EKO RAGEEKO animals. The strategy is represented for St2-/- 

animals as an example and the same procedure was followed to obtain all other lines. 

2.7   Genotyping  

2.7.1   DNA extraction 

Genomic DNA was purified from ear biopsy tissue. After collection, samples 

were either kept at -20 °C or immediately incubated for 3 hours or overnight 

in 500 µL of DNA lysis buffer (see section 2.1.2 plus 15 µL Proteinase K 

(Roche). All centrifugation steps were carried out at 18900 xg for 5 min at 

room temperature. Any remaining tissue was pelleted by centrifugation and 



CHAPTER 2: MATERIALS AND METHODS 

 87 

the supernatant mixed with 500 µL of isopropanol to precipitate the genomic 

DNA. Samples were then centrifuged, and the supernatant discarded 

carefully. The pellet, containing the precipitated DNA, was then washed 

twice by centrifugation with 70 % (v/v) ethanol. After discarding the 

supernatant, the centrifugation tubes were left at room temperature for 10 

minutes to allow the remaining ethanol to evaporate. Next, 100 µL of purified 

distilled DNase-free water were used to resuspend the DNA. The obtained 

DNA was left for 2 hours at room temperature or at 4 °C overnight before 

being analysed by PCR. 

2.7.2   Primer design  

The primers for the genotyping of Rage+/+ Rage-/-, Ragefl/fl, Il-33-/- Il-33+/+ 

and St2+/+ animals were provided with the animals (see section 2.5.2). 

Detection of KRT-14-Cre, Casp-8fl/fl and wild type alleles was possible 

thanks to primers designed by Bonnet MC from genomic DNA sequences 

available through Ensembl and primer design software. 

For the design of primers for the genotyping of St2-/- animals, the sequence 

of the murine gene of interest, was obtained from the online-available 

Ensembl software (https://www.ensembl.org). Although the exact sequence 

of the disrupted gene was unknown, the St2 targeting strategy could be 

accessed (Senn et al., 2000). An analysis of the overall organization of 

introns and exons showed the presence of a lacZ vector included in exon 2. 

This allowed the design of a forward primer at the end of exon 2 and a 

reverse primer at the beginning of the lacZ vector. Primers were designed 

using Primer3Plus (https://www.primer3plus.com). All primers were 

purchased from Invitrogen (ThermoFisher), and their sequence and 

information are included in Appendix II.  
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2.7.3   Polymerase chain reaction  

Polymerase chain reaction (PCR) protocols were used to discriminate 

between wild type (wt) and null alleles of Rage, Il-33 and St2, between wild 

type and floxed alleles of Casp-8 and Rage, and between wild type and -Cre 

alleles of Krt-14. PCR was performed using KAPA Mouse Genotyping kit 

(Merck). The KAPA2G Fast Genotyping Mix with dye includes all reagents 

required, including DNA polymerase. A PCR master mix was prepared 

according to manufacturer’s instructions Table 2.4 shows the general 

ingredients included in the PCR. Some PCRs were performed using a 

combination of three primers (see Appendix II) 

Component 
Per 25 ul 

reaction 

Final 

concentration 

PCR-grade water Up to 25 ul N/A 

2X KAPA2G Fast Genotyping 

Mix with dye 
12.5 ul 1X 

10 µM Forward primer 1.25 uM 0.5uM 

10 µM reverse primer 1.25 uM 0.5uM 

Template DNA 2 ul N/A 

Table 2.4: General composition of 1X master mix used for PCR.  

After mixing thoroughly and centrifugating the tubes briefly, PCR was 

performed using the cycling protocol described in Table 2.5, with 

modifications to the annealing temperature, which is listed in Appendix II for 

each primer combination. In order to determine the optimal annealing 

temperature, a gradient PCR was sometimes performed using 12 different 

temperatures with an increase of 0.9 °C per column. After reaction cycling 

was completed, samples were kept at 4 °C until the time of analysis.   
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Step Temp Duration Cycles 

Initial denaturation 95 °C 3 min 1 

Denaturation 95 °C 15 sec 

35-40 Annealing 60 °C * 15 sec 

Extension 72 °C 15 sec/kb 

Final extension 72 °C 1 min/kb 1 

Table 2.5: General cycling protocol with amplification steps for PCR. Annealing 

temperature varied depending on the primer pair used, information is included in 

Appendix II. 

2.7.4   Analysis of PCR products by agarose gel electrophoresis 

PCR products were analysed by agarose gel electrophoresis. Agarose gels 

(1,5%) (w/v) were prepared by heating agarose, in Tris-acetate-EDTA 

(TAE) (see section 2.1.2) using a microwave until fully dissolved. The 

nucleic acid intercalating stain Ethidium Bromide (20 µM) (Fisher Scientific) 

was added to the gel prior to setting to allow visualisation of the DNA 

products under UV light. 10 µL of each PCR product, as well as 100 bp DNA 

ladder (Invitrogen), were loaded into the gel. Standard horizontal agarose 

electrophoresis was carried out in electrophoresis tanks connected to a 

Powerpac power supply (Bio-Rad) at 110 V for 20 min or until samples were 

resolved sufficiently. MyECL imager (ThermoFisher) was used to visualize 

the DNA bands under UV light and to acquire images of the results. An 

example of Casp-8, KRT-14-Cre, IL-33 (wt/KO), RAGE (wt/KO) and ST2 

(wt) PCRs is shown in Figure 2.2. 
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Figure 2.2: Analysis of PCR products for the animal genotyping. Images of PCR 

products: Casp-8, KRT-14Cre, IL-33 (wt/KO), RAGE (wt/KO), RAGE floxed, IL-33R 

(wt) and IL-33 (KO) analysed in a 1.5% (w/v) agarose gel. 

2.8   Skin lesions assessment  

2.8.1   Macroscopical analysis and scoring system 

Lesion development in experimental animals was assessed macroscopically 

daily or every other day depending on the severity of the lesions observed. 

The evolution of the phenotype was recorded by keeping photographic and 

written documentation. Animals with lesions were housed individually after 

weaning age to avoid any interaction with other animals that might affect the 

lesion areas. Lesions can be present in any area of the body, thus 

assessment of the back, head and neck, abdominal area and tail was 

necessary. If animals reached weaning age, their weight was measured 

weekly using a Ohaus Scout lab scale (Fisher Scientific). 
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Lesion development was assessed using a scoring system based on the total 

percentage of skin affected by lesions. Scoring of the animals was performed 

whenever possible in a blinded fashion, without knowledge of the genotype 

of the animal. In order to calculate the percentage of skin affected by the 

lesions, the body surface was divided in two: abdominal surface area (ASA) 

and back surface area (BSA) which includes back, sides, head, neck and tail. 

A diagram of the distribution of the total body surface area (TBSA) is 

represented in Figure 2.2. 

 

Figure 2.3: Distribution of the TBSA in the body of the animal.  

The different parameters taken into account for lesion assessment include 

(i) the number of lesions present in each area, (ii) the size and (iii) severity 

of these. The number and size of the lesions can easily be recorded and 

calculated as the percentage of total body surface affected. Lesion severity, 

however, could vary from a hairless or scaly patch of skin to a deeper 

scabbed area. It is crucial to take this parameter into consideration, 

especially when recording scores in pups and adults. Pups are considerably 

more vulnerable, and lesions can easily affect their mobility and, 

consequently, their access to food. This had to be considered when 

assessing the severity of the phenotype in terms of general animal welfare, 

and thus, the severity threshold was different when assessing pups and 

adults. An example of the different severity of the lesions is showed in 

Figure 2.4. 
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Another aspect to consider when recording the severity of the lesions was 

the inevitable access of the adults to scratch the lesion area. It was noticed 

that lesions affecting the lower neck (under ears) would be persistent and 

less likely to heal due to scratching and self-grooming. For this reason, 

keeping track of the development of these lesions as well as comparing them 

to lesions in other parts of the body was crucial. 

 

Figure 2.4: Lesion severity examples in pups and adults. Examples of low (left) and 

high (right) lesion severity in pups (up) and adults (down). 

The mentioned parameters were carefully assessed by eye and quantified 

into a percentage. TBSA percentage was then calculated applying the 

following equation: 

9:;<	% = 100 × (0.7 × :;<) + (0.3 × <;<) 

TBSA percentage was then used to determine the score of the lesions for 

each animal (see Table 2.6). A representative example of each score in P12 

animals is in Figure 2.5. The maximum severity in this scoring system (very 

high) corresponds to the maximum severity specified in the PPL (moderate).  
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Score Severity TBSA % 

0 None 0 

1 Faint 1 – 10 

2 Low 11 – 20 

3 Moderate 21 – 35 

4 High 36 – 45 

5 Very high (endpoint) 46 + 

Table 2.6: Scoring system used to quantify the number and severity of lesions. 
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Figure 2.5: Representative examples of the different Casp-8EKO skin inflammation 

scores in pups at P12.  



CHAPTER 2: MATERIALS AND METHODS 

 95 

2.8.2   Experimental endpoint 

All experimental animals were monitored regularly to evaluate skin lesions 

and general wellbeing. The maximum severity level of the PPL under which 

the experiments were performed was “moderate” and established animals 

could only be kept to the point at which lesions covered a maximum of 50% 

of the body surface. Hence, the experimental endpoint was reached when 

lesions covered 50% of the total animal body surface. When assessing 

younger animals, an additional endpoint is reached when these are unable to 

get back onto their legs by themselves after being placed lying on their back. 

When either of these endpoints are reached, animals were culled by 

decapitation (pups only) or schedule 1 method.  

2.9   Immunohistochemistry  

2.9.1   Collection and preparation of mice skin samples for 

histology 

Skin samples were collected for immunohistochemistry at the endpoint of 

the experiments. Samples were taken from both the upper back and upper 

abdominal area of each animal. One half of each sample was fixed in 4% 

(w/v) paraformaldehyde (PFA) overnight at 4 °C and later transferred to 70% 

(v/v) ethanol at 4 °C. The second half of the sample was embedded in OCT 

Embedding Matrix for Frozen Sections (CellPath) using histology molds and 

stored at -80 C. Formalin fixed samples were later processed and embedded 

in paraffin using HistoCore PEARL and Arcadia H instruments from Leica 

Biosystems or externally in the Histology Department in the School of 

Biosciences (Cardiff University). Serial sections of 7 µm thickness were cut 

using a Leica RM2235 rotatory microtome. To ensure strong adherence to 

the glass slides, samples were baked at 60 °C overnight. Frozen samples 
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were cut using Epredia Cryostar cryostat (Fisher Scientific) into 7 µm 

sections, placed on SuperFrost microscope slides (ThermoFisher). 

2.9.2   Haematoxylin/eosin staining of skin sections  

Formalin fixed paraffin embedded (FFPE) samples were dewaxed in three 

consecutive baths of xylene and rehydrated in decreasing concentrations of 

absolute ethanol – 100%, 90% and 70% (2 min each) before placing in 

distilled water. For cryosections, slides were thawed at room temperature, 

fixed in 4% (w/v) PFA for 15 minutes and placed in distilled water. Both 

FFPE samples and cryosections were then placed in Mayers Haematoxylin 

(Fisher Scientific) for 1 minute. Excess stain was removed under running tap 

water. Slides where next rinsed in 70% (v/v) ethanol and stained with eosin 

(Sigma Aldrich) for 45 seconds. After staining, sections were dehydrated 

briefly in 95% (v/v) ethanol and then in two changes of 100% (v/v) ethanol 

for 2 minutes. Finally, samples were cleared in two changes of xylene and 

coverslips were placed onto the stained slides using DPX Mounting Medium 

(Sigma Aldrich). 

2.9.3   Epidermal thickness measurement and histological 

assessment of skin pathology 

Tissue sections stained with haematoxylin and eosin (H&E) were used to 

determine the histological score of each sample. Lesions were easily 

identifiable throughout the samples due to the characteristic histology of the 

skin such as the presence of cellular infiltration of the dermis and epidermal 

thickening. Observation of each sample by brightfield microscopy (LM) 

allows determination of the percentage of the total sample affected by 

lesions. This parameter is used for comparison with the macroscopical score 

of the animals and to determine the representability of the samples. Figure 



CHAPTER 2: MATERIALS AND METHODS 

 97 

2.5 shows an example of the histology of a skin sample containing lesional 

and non-lesional areas. 

For epidermal thickness measurement, images of the samples were taken at 

magnification 5X objective using Zeiss Apotome Axio Observer microscope 

and stitched using the “tile” option of Zeiss Zen software. This allowed me 

to visualise the totality of the sample in one go. The freely available Java-

based image processing programme ImageJ was used for the analysis of 

these images using a method described by Turin et al., (2018). Briefly, the 

method uses the “polygon” function of ImageJ to draw the outline of the 

epidermis, considering all the different indentations (yellow line, Figure 2.6). 

To calculate the epidermal thickness, the area of the drawn shape is divided 

by the length of the epidermal surface included in the shape (blue line, Figure 

2.6). The epidermal thickening of non-lesional areas is calculated similarly. 

However, given that epidermal thickness these areas do not vary 

substantially, two to three measurements are taken as an average. A 

weighted average of each section measured defines the total epidermal 

thickness of the sample. 

 

Figure 2.6: Measurement of epidermal thickness. Sample containing a lesion and non-

lesional area. A polygon is drawn surrounding the epidermal thickening area (yellow) 

and its area is divided by the length of its base, which is the extensity of the lesion 

(blue line). Image obtained using Zeiss Apotome Axio Observer microscope, 

magnification 5X. 
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Methods based on ocular micrometres, which take measurements either 

perpendicular to the base of the membrane or vertically across the epidermis 

can lead to sampling error. By contrast, this method treats the skin as a 

folded rectangle and can compensate for the contours in the 

epidermal/dermal junction responsible for the lack of reliability of other 

methods. Given that the direction of the object is assumed to be horizontal, 

if the object is curved, several non-over-lapping areas with small curvature 

can be assessed in order to reduce the “curvature error” to a minimum. The 

totality of the sample, including both lesional and non-lesional areas, is 

considered to calculate epidermal thickness. As a consequence, the standard 

deviation of these measurements was often very high. 

2.9.4   Immunofluorescent staining of skin samples 

For immunofluorescence staining, slides containing skin sample 

cryosections were brought to room temperature and fixated with 4% (w/v) 

PFA for 15 min followed by three washes in PBS. To facilitate staining with 

certain antibodies, an antigen retrieval step was required that consisted in 

incubation of the slides with citrate buffer solution (see section 2.1.3) at 95 

°C for 20 minutes with the use of a water bath, after which slides were 

cooled down and washed twice with PBS. Protein cross-links could also be 

targeted by antigen retrieval with a trypsin-based solution using Trypsin 

tablets (Sigma Aldrich), diluted in dH2O, and used at 1:100 ratio. Information 

on which antibodies require antigen retrieval is included in section 2.1.3. 

Next, samples were incubated for 1h at room temperature with blocking 

reagent: 10% (v/v) goat serum (Sigma Aldrich) in PBS-0.05% (v/v) Tween 

or 0.02% (v/v) fish skin gelatine (Sigma Aldrich) in PBS-0.05% (v/v) Tween. 

To facilitate incubation, skin samples were circled with water repellent pen 

(Dako) that provides a hydrophobic barrier around the sample. After 

blocking, samples were incubated with the appropriate primary antibody 



CHAPTER 2: MATERIALS AND METHODS 

 99 

overnight at 4 °C, diluted in the same blocking reagent as the previous 

blocking step (see section 2.1.3 for concentrations). The following day, 

slides were washed three times in PBS-0.05% (v/v) Tween and incubated 

with the appropriate fluorescent secondary antibody for 1 h at room 

temperature, protecting the slides from exposure to light. The slides were 

then washed three times in PBS-0.05% (v/v) Tween and incubated with 

nuclear counterstain DAPI at 1:1000 in PBS-0.05% (v/v) Tween for 10 min 

at room temperature, protecting the slides from exposure to light. The 

counterstain was washed once in PBS and mounted using Thermanox plastic 

coverslips (ThermoFisher) and Vectashield mounting medium (Vector 

Laboratories). Slides were sealed using a transparent nail polish, to ensure 

coverslip immobilisation. Slides were kept at 4 °C, protected from light, for 

at least 1 hour prior to analysis.  

2.9.5   Image acquisition 

Imaging was performed on a Zeiss LSM 880 scanning confocal microscope 

using 405 nm, 488 nm, 647 nm lasers. To obtain the best signal for each 

specific staining, setup configuration was slightly adjusted, always 

maintaining pinhole aperture to 1 AU, laser powers calibrated at 0.2-0.4% 

and 600-800 W gain. All setups remained consistent between experimental 

replicates. Images were acquired using the Z-stack function of the 

microscope in order to detect signal from all sample layers or fields of view. 

Acquired images were then stacked using the “Orthogonal Projection” 

function of the ZEN software to obtain a clear focused image of the sample. 

Images were processed and exported for analysis.  

Regarding the immunofluorescence stainings of skin samples, whenever 

possible, images of positive staining were acquired, which in most cases 

meant selecting an area of the sample that was affected by lesions. As 

sample size was generally large and the Z-stack function was used (which 
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is highly time consuming), acquisition of good quality images of the totality 

of the sample was unattainable. Instead, the areas selected to acquire images 

were chosen by a trained eye to represent the highlights and main 

observations made in each sample. However, no specific criteria were 

selected prior to the acquisition of this images, such as randomised selection 

or selecting the totality of lesional areas. For that reason, quantification of 

the stainings has not been performed.  
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Part I: In vitro analysis of 

necroptosis in normal human 

epidermal keratinocytes in 

response to HMGB1 
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Introduction and aims 

Necroptosis leads to loss of plasma membrane integrity and the release of 

intracellular DAMPs that can elicit an immune response from neighbouring 

cells, playing a key role in local amplification of the inflammatory response 

(Vénéreau et al., 2015). Consequently, necroptosis has been widely 

implicated in innate immunity and has been suggested to be linked to 

several human diseases in which tissue damage is associated with 

inflammation (Petrie et al., 2019). 

In the skin, necroptosis has been shown to occur in Toxic Epidermal 

Necrolysis (TEN), a life threatening severe cutaneous adverse reaction 

(SCAR) (S. K. Kim et al., 2015). Interestingly, research from Bonnet’s lab 

regarding this condition has revealed increased expression of HMGB1 

around infiltrating immune cells in the dermis of non lesional skin samples 

from TEN patients (Bonnet MC, personal communication), suggesting that 

the DAMP function of HMGB1 might play a role in the early development 

of skin lesions. These findings led my group to investigate the possible 

role of HMGB1 in the regulation of the necroptotic cascade. Ex-vivo 

treatment of human skin explants with increasing doses of HMGB1 induced 

phosphorylation of MLKL in keratinocytes in the epidermis, detected by 

immunohistochemistry (Bonnet MC, Bonnet C, personal communication). 

In line with these results, treatment of cultured primary normal human 

epidermal keratinocytes (NHEK) with HMGB1 resulted in phosphorylation 

of MLKL, as detected through Western blot (Figure P1.1). In light of these 

data, it was hypothesised that HMGB1 could play a role inducing 

necroptosis in NHEK.  
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Figure P1.1: Treatment of NHEK with 50 nM HMGB1 results in the phosphorylation 

of MLKL. detected by Western Blot (courtesy of M. Bonnet). NHEK were treated with 

0, 1, 5, 10 and 50 nM of HMGB1 for 4 hours. Western blot analysis of the lysates 

allowed the detection of MLKL phosphorylation (54 kDa) upon treatment with 50 nM 

HMGB1. Total MLKL (T-MLKL) expression levels were also shown, together with a 

loading control (actin).  

Ligands of the TNFR family are the best studied necroptosis triggers and, 

despite other receptors having shown to activate this form of cell death 

(TLRs, IFNR), most of the information available regarding the necroptotic 

molecular cascade focuses on TNFR1 activation (Pasparakis & 

Vandenabeele, 2015). In this regard, little is known about necroptosis 

signalling following other stimuli and how it might differ from TNF-induced 

necroptosis. Furthermore, in vitro research on necroptosis has been 

mostly performed using well-described necroptosis-sensitive cell lines 

such as human HT-29, Caco-2 and Jurkat or mouse L929, which provide 

us with useful tools to further dissect necroptosis mechanisms.  

The first part of this thesis has been divided into two chapters with the 

aim of achieving a better understanding of the molecular mechanisms 

induced by HMGB1 treatment of NHEK. In order to test the hypothesis that 

HMGB1 plays a role inducing NHEK necroptosis, a molecular analysis of 

necroptotic markers (Chapter 3) and necroptotic cell death (Chapter 4) has 

been carried out using HMGB1-treated NHEKs. Given that HMGB1-

induced necroptosis has not been described before, optimisation of 
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treatment dosage as well as the kinetic response of the cells to this 

stimulus has also been assessed. 

3    
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Chapter 3 

Molecular analysis of HMGB1-

induced necroptosis 

3.1   Background and aims 

Necroptosis was initially defined as being dependent on the kinase activity 

of RIPK1 (Hsu et al., 1995, 1996). However, RIPK1 has been shown to 

contribute to both apoptosis and necroptosis (Kaiser et al., 2014; Xuhua 

Zhang et al., 2019). RIPK3 was then identified as the key initiator molecule 

in this form of programmed cell death (Newton et al., 2014), given that the 

pathway can be activated in the absence of RIPK1 (Kaiser et al., 2014; 

Moujalled et al., 2013). Identification of MLKL as a substrate for RIPK3 (L. 

Sun et al., 2012; Jie Zhao et al., 2012) shone further light on the 

mechanisms of necroptosis. Trimerization and subsequent translocation of 

phosphorylated MLKL to the membrane has been shown to be essential 

for the execution of necroptosis (Cai et al., 2014; Dondelinger et al., 2014; 

Huayi Wang et al., 2014) and MLKL is now considered a crucial mediator 

of necroptosis (L. Sun et al., 2012). Based on these findings, the 

development of specific antibodies that recognise phosphorylated MLKL 

(ph-MLKL) has been crucial and the use of these is now considered to be 

an effective method for detecting active necroptosis in vitro and in vivo 

(He et al., 2016; X. Liu et al., 2016). For this reason, detection of MKL 
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phosphorylation upon HMGB1 treatment of NHEK clearly suggests the 

execution of the necroptotic cascade. This chapter will first focus on 

reproducing this data and investigating the kinetics in which HMGB1 

induces MLKL phosphorylation in NHEK.  

Necroptosis following the activation of death receptors leads to the 

formation of a RIPK1-RIPK3 complex through RHIM-dependent 

interactions that, together with MLKL, form what is referred to as the 

canonical necrosome (Tom Vanden Berghe et al., 2016). Non-canonical 

necrosomes have been described following activation of other receptors 

such as some TLRs and DNA sensors by LPS, viruses or dsRNA (Grootjans 

et al., 2017). Signalling through these receptors can activate RIPK1-

independent necroptosis which depend on RHIM-mediated recruitment of 

TRIF (He et al., 2011) or ZBP1 (Upton et al., 2012) to activate RIPK3. 

Given that HMGB1-induced phosphorylation of MLKL has only been 

recently described by my group, the molecular cascade and possible 

necrosome composition following HMGB1 treatment of NHEK is unknown.  

Co-immunoprecipitation of proteins is a useful and widely used method for 

the detection of protein complexes, including the necrosome. Previous 

knowledge of necrosome composition has been obtained by targeting 

RIPK1 through immunoprecipitation or by immunoprecipitating over-

expressed RIPK3 or MLKL, which had been tagged with an epitope (Ali & 

Mocarski, 2018; Dillon et al., 2014; Rodriguez et al., 2016; L. Sun et al., 

2012). However, although it facilitates the experimental procedure, usage 

and detection of overexpressed proteins lacks true biological relevance, 

as these do not recreate physiological conditions. Considering that RIPK1 

might not be necessary for the recruitment of the HMGB1-induced 

necrosome, and with the purpose of investigating the necrosome 

composition following HMGB1 treatment, endogenous RIPK3 and 
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phosphorylated MLKL have been immunoprecipitated from HMGB1-

treated NHEK. 

Post translational modifications, especially phosphorylation events, are 

crucial signalling switches in the necroptotic cascade (X. Liu et al., 2016). 

Other than the detection of targeted proteins through Western blot, lysates 

obtained from HMGB1-treated NHEK can also be used for a variety of 

large-scale proteomic analysis. Phospho-proteomic analysis of HMGB1-

treated NHEK would allow better understanding of the potential changes 

in protein phosphorylation networks and cell death.  

Chapter aims: 

I. Confirm the detection, through Western blot, of MLKL 

phosphorylation upon HMGB1 treatment of NHEK cells at different 

timepoints.  

II. Investigate the expression of necroptosis-associated proteins upon 

treatment of NHEK with HMGB1. 

III. Obtain protein lysates from HMGB1-treated NHEK for mass-

spectrometry based phospho-proteomic analysis.  

IV. Investigate the HMGB1-induced necrosome by immunoprecipitating 

endogenous RIPK3 and phosphorylated MLKL upon HMGB1 

treatment of NHEK and co-detecting associated proteins.  
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3.2   Results: Analysis of HMGB1-treated NHEK 

3.2.1   Optimisation of ph-MLKL Western blots 

The first step in the detection of ph-MLKL was to validate the cell lysis 

and Western blot protocol that would allow us to identify this necroptotic 

marker. Necroptosis was induced in necroptosis-sensitive HT-29 cells 

through stimulation with TNF in combination with the Smac mimetic 

Birinapant, and the pan-caspase inhibitor Z-VAD-FMK (TSZ) (see section 

2.3 for details). 

Necroptosis was induced in HT-29 cells by culturing these in presence of 

TSZ for 0, 2, 4 and 6 hours, as previous studies have shown TSZ-induced 

MLKL trimerization or phosphorylation after 4 and 8 hours of stimulation 

(Cai et al., 2014; Huayi Wang et al., 2014). These timepoints are further 

supported by experiments detailed in Chapter 4. An additional condition 

included cells stimulated with the RIPK1 inhibitor Nec-1s and TSZ for 6 

hours. Protein extracts obtained from these cells were then analysed by 

Western blot. As shown in Figure 3.1A, TSZ stimulation of HT-29 cells led 

to the phosphorylation of MLKL, detected at the expected molecular 

weight (MW) of 54 kDa, 4 and 6 hours after treatment. MLKL 

phosphorylation was successfully inhibited by the presence of RIPK1 

inhibitor, Nec-1s. TSZ stimulation resulted in a decrease in RIPK1 levels 

from 2 h after treatment, this was blocked by Nec-1s. Total MLKL levels 

were increased at 4 and 6 hours, while RIPK3 expression levels, on the 

other hand, were relatively constant throughout the experiment, excepting 

a slight increase after 4 hours treatment. This initial experiment allowed 

us to validate the different steps of the protocol and the efficiency of the 

antibody. Also, it provided us with valuable positive controls of ph-MLKL 

lysates that would help us optimise this protocol later.  
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The next step was to optimise this protocol using my cell type of interest, 

NHEKs. For this purpose, a kinetic experiment using HMGB1 and TSZ was 

performed. NHEK were treated with 50 nM HMGB1 for 0, 2, 4, 6, 8 and 12 

hours, based on the results shown in Figure P1.1, or with TSZ for 0, 8, 18 

or 24 hours, based on previous research on TSZ-stimulated NHEK and 

other keratinocyte cell lines (S. K. Kim et al., 2015; Shlomovitz et al., 2019) 

and experiments conducted which are detailed in Chapter 4.  

 

Figure 3.1: Detection of necroptotic markers by Western blot in HT-29 and NHEK. 

(A) HT-29 cells were treated with TSZ for 0, 2, 4, and 6 hours. Additionally, cells 

were treated with 20 µM Nec-1s for one hour before 6-hour TSZ treatment (6+N). 

The obtained cell lysates were separated by SDS-PAGE using two 10% (w/v) 

acrylamide in-house cast gels in parallel. Proteins were transferred to a PVDF 

membrane using Pierce Power Blotter semi-dry station and Pierce 1-step transfer 

buffer (both from Thermo Fisher). Membranes were blotted for necroptotic markers 
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RIPK3 and RIPK1 (left) or ph-MLKL and total MLKL (right) along with ß-actin as 

loading control. Incubation of the antibodies was done successively, without striping 

of the membrane. (B) NHEK isolated from D1 were treated with 50 nM HMGB1 for 

0, 2, 4, 6, 8 and 12 hours or with TSZ for 0, 8, 18 and 24 hours. Whole cell lysates 

were separated by SDS-PAGE using two 10% (w/v) acrylamide and transferred using 

Trans-Blot semi-dry Transfer Cell (Bio-Rad) and Tris-Glycine transfer buffer. Ph-

MLKL blot was incubated in 5% (w/v) BSA blocking buffer. 

Western blot analysis of lysates obtained from TSZ- and HMGB1-

stimulated NHEK showed high background and what appeared to be non-

specific bands given that both untreated samples (0 hours - HMGB1 and 

TSZ) displayed an unexpected band at the estimated size of ph-MLKL 

(Figure 3.1B). Phosphorylation of MLKL should not occur in the absence 

of stimuli in any cell type, and has not been observed previously in TSZ-

stimulated HT-29 (Figure 3.1A) or HMGB1-stimulated NHEKs (Figure 

P1.1), which led to conclude that the observed bands were non-specific. 

These results led to an in-depth optimisation of the stimulation and ph-

MLKL Western blot protocol. A summary of the different parameters 

examined during the optimisation is shown on Table 3.1. 

Given that the purpose of this optimisation process is to reduce the non-

specific background obtained in ph-MLKL blots rather than quantify 

expression levels of proteins in relation to the total amount of protein, 

loading controls were not performed. However, total protein 

concentrations of each sample were always measured through Bradford 

protein assay and adjusted before Western blot analysis (see section 

2.5.2). 
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Protocol step Optimisation Shown in Figure 

Cell type HT-29 vs. NHEK Fig. 3.3A, 3.5A 

NHEK source  NHEK isolated from donors 1-5 (D1-5) Fig. 3.1B, 3.4A-B 

Lysis buffer IP lysis buffer vs. RIPA lysis buffer Fig. 3.4A 

Transfer method Semi-dry (Trans-Blot SD, Bio-Rad) vs. 

wet transfer 

Fig. 3.2A 

Transfer Buffer Glycine buffer vs. 1-step Buffer 

(Thermo Fisher) 

Fig. 3.3A 

Blocking method 5% (w/v) NFDM in PBS-T vs. 5% (w/v) 

BSA in PBS-T 

Fig. 3.2, 3.3, 3.4 

Primary antibody 

- dilution 

1/1000 vs. 1/500 Data not shown 

Primary antibody 

- batches 

α-MLKL (phospho S358) (Abcam, 

ab187091) lot numbers: GR271516-1, 

GR322706-1, GR212667-35, 

GR212667-37 

Fig. 3.5A 

Primary antibody 

- brand 

α-MLKL (phospho S358) (Abcam, 

ab187091) vs. ph-MLKL (T357) (R&D, 

MAB9187) 

Fig. 3.5B 

Secondary 

antibody - brand 

α-rabbit IgG-HRP (Life Sciences) vs α-

rabbit IgG-HRP (Jackson Laboratories) 

Data not shown 

Table 3.1: Summary of steps studied during the optimisation of ph-MLKL Western 

blot.  
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3.2.1.1 Optimisation of running, transfer and blocking method 

The first step of the optimisation focused on the transfer method of the 

protocol. The successful experiments performed in HT-29 (Figure 3.1A) 

were performed using a Thermo Scientific Pierce Power Blotter semi-dry 

station, (which, unfortunately, had to be replaced) together with Pierce 

Thermo 1-step transfer buffer (Thermo Fisher). Subsequent protocols 

used a Bio-Rad Trans-Blot SD semi-dry Transfer Cell and Pierce Thermo 

1-step (Thermo Fisher) or Tris-Glycine transfer buffer (see section 

2.1.2). In order to determine if the transfer method was responsible for 

the unexpected high background and unspecific bands in the ph-MLKL 

blots, HMGB1- and TSZ-stimulated samples were run on an SDS-PAGE 

gel and transferred through wet transfer using Tris-Glycine transfer 

buffer and maintaining all other protocol steps unchanged (blocking and 

probing using 5% (w/v) BSA in PBS-T). 

The ph-MLKL blot resulting from this experiment displayed a high level 

of non-specific background (Figure 3.2A), which led us to conclude that 

the transfer equipment used was not affecting the outcome of the 

experiment. The membrane from this blot was then stripped with a mild 

stripping buffer and blocked and probed using 5% (w/v) non-fat dried milk 

(NFDM) in PBS-T. NFDM blocking successfully got rid of the non-specific 

background, as seen in Figure 3.2B. However, some strong non-specific 

bands at 260 kDa were still present. Cutting the membrane underneath 

these bands achieved the detection of a strong ph-MLKL band, 

corresponding to the positive control load (TSZ-stimulated HT-29 cells) 

(Figure 3.2C). A few weaker bands were also noticeable in the lanes 

corresponding to TSZ-stimulated NHEK for 18 and 24 hours. These 

results indicated that NFDM blocking was effective blocking non-specific 

background in ph-MLKL blots. 
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Figure 3.2: Transfer method and blocking optimisation of ph-MLKL blot. NHEK were 

treated with 50 nM HMGB1 for 0, 2, 4, 6, 8 and 12 hours or with TSZ for 0, 8, 18 and 

24 hours. Obtained whole cell lysates, along with a TSZ-treated HT-29 positive 

control (TSZ-HT-29), were separated by SDS-PAGE using 10% (w/v) acrylamide 

in-house cast gels and transferred to a PVDF membrane by wet transfer in Tris-

Glycine transfer buffer. (A) The obtained membrane was blocked with 5% (w/v) BSA 

in PBS-T and blotted for ph-MLKL. (B) After visualisation of the results, the 

membrane was stripped using a mild stripping buffer, blocked with 5% (w/v) NFDM 

in PBS-T and blotted for ph-MLKL. The dotted line shows the place the membrane 

was cut in order to eliminate high molecular weight unspecific bands. (C) The 

resulting membrane was re-incubated with chemiluminescent substrate obtain the 

blot in, where ph-MLKL was successfully detected. 
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Comparison of BSA and NFDM blocking was performed in another 

experiment using TSZ-stimulated HT-29 lysates that had previously 

shown specific ph-MLKL band by Western blot (Figure 3.3A). Membranes 

blocked with 5% (w/v) BSA (Figure 3.3, panels 2 and 4) displayed higher 

background than membranes blocked with 5% (w/v) NFDM (Figure 3.3, 

panels 1 and 3). This same experiment also compared different transfer 

buffers: no appreciable difference was observed between Tris-Glycine 

buffer (panels 1 and 2) and Thermo 1-step buffer (panels 3 and 4). 

However, a considerable reduction of high molecular weight bands was 

detected in NFDM-blocked membranes that had been transferred using 

Thermo 1-step transfer buffer (panel 3). For this reason, further 

experiments were performed using Thermo 1-step transfer buffer. 

It was observed that the strength of HMGB1-induced ph-MLK band was 

considerably weaker than that obtained from TSZ-treated HT-29 cells 

(highly sensitive to necroptosis). When the lane corresponding to the 

positive control (TSZ-stimulated HT-29) was cut out of the membrane, a 

ph-MLKL band was detected at the 8-hour HMGB1-stimulation condition, 

and very weak bands for 4-hour HMGB1 and 18-hours TSZ timepoints 

(Figure 3.3B). Despite blots displaying less background after NFDM 

blocking, the casein present in NFDM can react with phospho-antibodies, 

weakening or obstructing it completely the signal (Bass et al., 2017). In 

order to avoid decreasing ever further the HMGB1-induced ph-MLKL 

signal NFDM blocking was not used in following experiments. 
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Figure 3.3: Transfer buffer and blocking optimisation of ph-MLKL blot. (A) HT-29 

cells were treated with TSZ for 0 or 4 hours. The obtained whole cell lysates were 

separated through SDS-PAGE and transferred to a PVDF membrane using Trans-

Blot semi-dry transfer (Bio-Rad) and Tris-Glycine transfer buffer (panels 1 and 2) 

or Pierce 1-step transfer buffer (Thermo Fisher) (panels 3 and 4). Next membranes 

were blocked using 5% (w/v) NFDM in PBS-T (panels 1 and 3) or 5% (w/v) BSA in 

PBS-T (panels 2 and 4). All membranes were then blotted for ph-MLKL, diluting the 

antibody in the solution they were blocked in. (B) NHEK were treated with 50 nM 

HMGB1 for 0, 2, 4, 6, 8 and 12 hours or with TSZ for 0, 8, 18 and 24 hours. Obtained 

whole cell lysates, along with a TSZ-treated HT-29 positive control (TSZ-HT-29), 

were separated by SDS-PAGE using in-house cast gels and transferred to a PVDF 

membrane using Trans-Blot SD semi-dry transfer (Bio-Rad) and Pierce 1-step 

transfer buffer (Thermo Fisher). The obtained membrane was blocked with 5% (w/v) 

NFDM in PBS-T and blotted for ph-MLKL. After visualisation of the results, the 

membrane was cut by the dotted line in order to eliminate the strong signal generated 

by the TSZ-HT-29 positive control. The resulting membrane was re-incubated with 

chemiluminescent substrate obtain the blot in the lower panel, where ph-MLKL was 

successfully detected after 4 and 8 hours of HMGB1 treatment. 
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3.2.1.2 Optimisation of cell source and lysis method 

As described in section 2.2.3, NHEK cells were obtained from skin from 

healthy donors after plastic surgery. Due to the fast differentiation process 

of these primary cells once they’ve been isolated from the tissue, each 

stimulation was performed using cells from different donors. For this 

reason, and for a better understanding of how the experiments were 

designed, stimulations along the chapter are labelled with a number (D1-

D5), each letter representing an independent stimulation experiment using 

cells obtained from a different donor. In order to keep the source of the 

cells constant, the optimisation process was done using samples from the 

same stimulation (D1), unless stated otherwise. However, this raised an 

obvious question: in that was the variability and background found in the 

ph-MLKL blots specific to the cells used for that specific stimulation. Two 

additional stimulations with different donors (D2 and D3) were performed, 

with similar results (Figure 3.4 A and B, respectively). Non-specific ph-

MLKL bands were also detected using untreated HT-29 lysates (Figure 

3.3A), in contrast with my previously obtained results (Figure 3.1A), which 

have been extensively reported in the literature by others (Ali & Mocarski, 

2018; Rodriguez et al., 2016). These observations indicated that the cell 

source or cell type was not responsible for the high background observed 

in ph-MLKL blots.  

To investigate whether the lysis buffer used could be determining factor 

regarding this issue, RIPA lysis buffer was compared to a different lysis 

buffer, used for immunoprecipitation protocols (IP lysis buffer), both 

described in section 2.1.2. NHEK cells were stimulated with HMGB1 for 4 

and 8 hours and lysed with RIPA lysis buffer or 2, 4, 6 and 8 hours and 

lysed with IP lysis buffer. The resulting ph-MLKL blot (Figure 3.4A) 
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displayed high background and unexpected bands at 54 kDa in non-treated 

samples, in line with previous obtained results. 

 

Figure 3.4: Optimisation of lysis method and cell source variability in ph-MLKL 

blots. NHEK obtained from two different donors (D2 and D3) were treated with 

50 nM HMGB1 for 0, 2, 4, 6 and 8 hours or for 0, 4 and 8 hours. Whole cell lysates 

were obtained straight after stimulation and prepared for SDS-PAGE. SDS-PAGE 

was performed using in-house cast gels, and proteins were transferred to a PVDF 

membrane using Trans-Blot SD semi-dry transfer (Bio-Rad) and Pierce 1-step 

transfer buffer (Thermo Fisher). In (A), cell lysates were obtained using IP lysis 

buffer or RIPA lysis buffer (see section 2.1.2), both were supplemented with 

PhoSTOP phosphatase inhibitor cocktail (Sigma Aldrich) and cOmplete ULTRA 

protease inhibitor cocktail (Roche). After transfer, the resulting membrane was 

blocked with 5% (w/v) BSA in PBS-T and blotted for ph-MLKL. In (B), cell 

lysates were obtained using RIPA lysis buffer and, after transfer, the membrane 

was blocked with 5% (w/v) NFDM in PBS-T and blotted for ph-MLKL. 

3.2.1.3 Optimisation of antibody dilution, batch and brand 

Once all the previous steps in the Western blot protocol had been 

investigated, we focused in exploring the efficacy of the primary antibody. 

During the optimisation process, different dilutions of the antibody were 

tested, both in BSA and NFDM blocking, with no appreciable difference in 

the results (data not shown). Even though the primary antibody had been 

previously validated in TSZ-stimulated HT-29 cells (Figure 3.1A), new 

batches of the antibody had been purchased since that initial experiment. 
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Four different batches of α-MLKL (phospho S358) (Abcam, ab187091) 

with lot numbers GR271516-1, GR322706-1, GR212667-35 and 

GR212667-37 were tested in TSZ-treated and untreated HT-29 samples 

(previously validated and used as positive and negative controls). As 

shown in Figure 3.5A, the four blots displayed bands around 54 kDa in the 

treated and non-treated samples. However, a higher weak band around 60 

kDa was present only in the TSZ-treated samples (Figure 3.5A, red 

arrow), suggesting these antibodies could be detecting both 

phosphorylated and non-phosphorylated MLKL.  

Further optimisable steps of the Western blot protocol included the 

secondary antibody and the chemiluminescent (ECL) horseradish 

peroxidase (HRP) substrate. The secondary antibody used for α-MLKL 

(phospho358) antibody was a donkey α-rabbit IgG HRP-conjugated 

antibody (Life Sciences, NA934V), which was successfully being used in 

parallel in Western blot protocols using other primary antibodies. 

Unfortunately, incubation of a ph-MLKL probed membrane with a different 

α-Rabbit-HRP conjugated antibody (Jackson Lab) antibody had no effect 

in the results (Bonnet MC, personal communication). Similarly, the ECL-

HRP substrate used to develop the membrane, West Pico PLUS 

Chemiluminescent Substrate was compared to SuperSignal West Femto 

substrate (both from Thermo Fisher), with no impact in the previously 

observed non-specific bands (data not shown). 

After studying every step in the protocol, the causes of the high 

background and non-specific bands were still unclear. A new ph-MLKL 

antibody, R&D phospho-MLKL (T357), was purchased and used to probe 

blots of HMGB1-treated NHEK samples from previously tested donors 

(D3). This new antibody was able to successfully detect a strong ph-MLKL 

band around 54 kDa after 4 and 8 hours of treatment (Figure 3.5B). 
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Although non-specific bands at different molecular weights were also 

present, no bands were detected in untreated samples. This was the 

expected result, which put an end to the optimisation process. 

 

Figure 3.5: ph-MLKL antibody batch and brand optimisation. (A) HT-29 cells were 

treated with TSZ for 0 or 4 hours. The obtained whole cell lysates were separated 

by SDS-PAGE and transferred to a PVDF membrane using Trans-Blot semi-dry 

transfer (Bio-Rad) and Pierce 1-step transfer buffer (Thermo Fisher). Next, 

membranes were blocked using 5% (w/v) BSA in PBS-T and probed using four 

different batches of α-MLKL (phospho S358) (Abcam, ab187091): GR271516-1 (1), 

GR322706-1 (2), GR212667-35 (3), GR212667-37 (4). (B) NHEK isolated from D3 

were treated with 50 nM HMGB1 for 0, 4 and 8 hours. Obtained whole cell lysates 

were separated by SDS-PAGE using 10 % (w/v) acrylamide in-house cast gels and 

transferred to a PVDF membrane using Trans-Blot semi-dry transfer (Bio-Rad) and 

Pierce 1-step transfer buffer (Thermo Fisher). The obtained membrane was blocked 

with 5% (w/v) BSA in PBS-T and probed for ph-MLKL using R&D phospho-MLKL 

(phospho T357) antibody.  

3.2.2   Detection of necroptosis-associated proteins 

A time course of HMGB1 and TSZ stimulation of NHEK allowed the study 

of necroptosis-related proteins RIPK1, RIPK3 and MLKL by Western blot 

(Figure 3.6). Bands corresponding to ph-MLKL after HMGB1 treatment for 

4 and 8 hours, and a faint band after 8- and 18-hour treatment with TSZ 
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were observed. Interestingly, total MLKL levels at 4 and 8-hour HMGB1 

treatment were slightly lower compared to other timepoints. In the case of 

TSZ-stimulated NHEK, MLKL expression is reduced at the 8-hour time 

point, after which it goes back to normal levels, or increases slightly. On 

the other hand, RIPK1 and RIPK3 levels are maintained during HMGB1 

stimulation, but increased during TSZ stimulation, unlike what has been 

previously observed upon TSZ-induced necroptosis in HT-29 cells 

(Figure 3.1A).  

 

Figure 3.6: Analysis of necroptosis-related proteins by Western blot upon HMGB1 

or TSZ stimulation kinetic of HMGB1. NHEK isolated from D1 were treated with 50 

nM HMGB1 for 0, 2, 4, 6, 8 and 12 hours or with TSZ for 0, 8, 18 and 24 hours. 

Obtained whole cell lysates were separated by SDS-PAGE using 10% (w/v) 

acrylamide in-house cast gels and transferred to a PVDF membrane using Trans-

Blot semi-dry transfer (Bio-Rad) and Pierce 1-step transfer buffer (Thermo Fisher). 

The membrane was blocked with 5% (w/v) BSA in PBS-T and probed for ph-MLKL 

using α-MLKL (phospho S358) (Abcam, ab187091). After visualisation of the results, 
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the same was membrane was stripped if necessary and incubated with total MLKL, 

RIPK3 and RIPK1, Gasdermin-D and b-actin antibodies.  

Crosstalk between the different forms of cell death, including necroptosis, 

apoptosis, pyroptosis and autophagy happens within cells, through 

integrated molecular pathways (Tom Vanden Berghe, Kaiser, et al., 2015). 

The relationship between pyroptosis and necroptosis has been recently 

described and it is based on the ability of RIPK3 and MLKL to promote 

NLRP3-caspase-1 mediated IL-1β secretion (S. A. Conos et al., 2017; T.-

B. Kang et al., 2013; Vince et al., 2012). In order to determine if HMGB1 

treatment of NHEK could be activating this cell death pathway, cleavage 

of Gasdermin D, the pore-forming effector protein of pyroptosis, was 

studied. Treatment of NHEK with HMGB1 did not impact the expression 

of Gasdermin D (53 kDa) nor induce its cleavage (30 kDa terminal 

fragment) . TSZ was also not able to induce the cleavage of Gasdermin D. 

However, a slight increase in the expression of Gasdermin D is observed 

after TSZ treatment of NHEK after 18 and 24 hours (Figure 3.6). 

3.3   Results: HMGB1-induced necroptosis and 

  donor variability 

Once the detection protocol of ph-MLK by Western blot had improved, 

large quantities of HMGB1-treated NHEK lysates were produced to later 

perform further large-scale proteomic analysis. NHEK obtained from two 

different donors (D4 and 5) were treated with HMGB1 for 0, 2, 4, 6 and 8 

hours. In order to strengthen the future statistical analysis and provide 

more robust results, two technical duplicates of the same experiment were 

performed. Technical duplicates were performed side by side using cells 

in the same passage in separate culture dishes. Identified targets would be 
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later validated through Western blot using cells obtained from different 

donors, giving us an estimate of the consistency of the results.  

The obtained lysates were first analysed by Western blot aiming to confirm 

the presence of ph-MLKL at the expected timepoints. NHEKs obtained 

from donor 4 and treated with HMGB1 showed an increase in the intensity 

of the ph-MLKL band 6 and 8 hours after stimulation (Figure 3.7A). This 

was observed in both of the technical duplicates of the experiment 

(duplicates 1 and 2, Figure 3.7A). Protein lysates obtained from donor 5, 

on the other hand, did not show the same consistency between duplicates 

(Figure 3.7B). There is a substantial increase in the expression of ph-

MLKL on duplicate 2 (lower panel), which is not so obvious on duplicate 1 

(upper panel). ß-actin was used as loading controls for all blots shown in 

Figure 3.7. An estimation of the ph-MLKL expression as a ratio relative 

to the loading control is shown to the side of each blot. The graphs confirm 

that treatment of NHEK with HMGB1 for 8 hours leads to an increase in 

MLKL phosphorylation in one of the donors used (donor 4, Figure 3.7A). 

These results, however, were only observed in one of the duplicates 

loaded and analysed through Western blot when a different donor was used 

(donor 5, Figure 3.7B), confirming high variability both between donors 

and between the response of the NHEK to HMGB1 within technical 

duplicates. In conclusion, the variability of the assay between different 

donors as well as between technical duplicates of the same donor led to 

decide against using these samples for further phospho-proteomic 

analysis.  
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Figure 3.7: Western blot detection and quantification of ph-MLKL in kinetics of 

HMGB1-treated NHEK. NHEK obtained from two different donors - (A) donor 4, (B) 

donor 5 - were treated with 50 nM HMGB1 for 0, 2, 4, 6 and 8 hours. Two technical 

duplicates of each stimulation were performed side by side for each experiment. 

Obtained whole cell lysates were separated by SDS-PAGE using 10% (w/v) in-house 

cast gels and transferred to a PVDF membrane using Trans-Blot SD semi-dry 

transfer (Bio-Rad) and Pierce 1-step transfer buffer. The obtained membrane was 

blocked with 5% (w/v) BSA in PBS-T and blotted for ph-MLKL using R&D phospho-

MLKL (T357) antibody. A blot with a b-actin loading control, is shown under each 
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ph-MLKL blot. MLKL phosphorylation levels were quantified in relation to total 

amount of protein (LC) and are shown in graphs on the right of each blot. 

Quantifications of the blots were made using Radames software.  

3.4   Results: Immunoprecipitation of endogenous  

  HMGB1-induced necrosome 

3.4.1   Immunoprecipitation of TSZ-induced necrosome in  

  HT-29 

The optimisation of the immunoprecipitation protocol was performed using 

HT-29 cells and a RIPK1 antibody previously described in the literature 

(Ermolaeva et al., 2008). 60- or 100-mm dishes with 70% confluent HT-

29 cells were lysed using IP lysis buffer (see section 2.1.2) and lysates 

were incubated with mouse a-RIPK1 antibody and a mouse IgG isotype 

control with A/G Agarose beads. A ratio of 1 µg antibody per 200 µg of 

protein was maintained. A fraction of the total cell lysate, before 

incubation, was always set aside for analysis (crude). After incubation with 

the RIPK1 antibody or IgG isotype control, a fraction of the supernatant, 

containing the proteins that have not bound specifically -RIP1 supernatant 

(Sup) and Ms IgG Sup, respectively- was also set aside for posterior 

analysis. After elution from the beads, immunoprecipitated proteins, 

together with the crude and saved supernatants were analysed by Western 

blot. Confirmation of RIPK1 immunoprecipitation was detected by probing 

the membrane with RIPK1 antibody (Figure 3.8). No RIPK1 was detected 

after incubation of cell lysates with the IgG isotype control, proving the 

immunoprecipitation was specific. Furthermore, incubation of the cell 

lysates with RIPK1 antibody was able to efficiently retrieve RIPK1 

completely (Figure 3.8), confirming the efficacy of the antibody.  
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Figure 3.8: Immunoprecipitation of RIPK1 in unstimulated HT-29 cells. 

Immunoprecipitation using RIPK1 polyclonal mouse antibody (BD 610459) in non-

treated HT-29 cells. RIPK1 Western blot of the immunoprecipitation using RIPK1 

antibody (RIP1 IP) and an isotype IgG control (Ms IgG IP). The specificity of the 

immunoprecipitation is based on the absence of RIPK1 in the isotype 

immunoprecipitation The blot also shows the presence of RIPK1 in the whole cell 

lysate (crude), and supernatants recovered from the immunoprecipitation using the 

isotype IgG control antibody (Ms IgG Sup). The absence of RIPK1 in the supernatant 

recovered after incubation of the lysate with the RIPK1 antibody (RIP1 Sup) shows 

the immunoprecipitation is highly efficient. IP: immunoprecipitation; Sup: 

supernatant.  

The optimised protocol followed using the RIPK1 antibody (described in 

detail in section 2.4.3) was used for all subsequent immunoprecipitation 

experiments. Given that most published literature at the time focused on 

over-expressed RIPK3 immunoprecipitations, up to six different 

antibodies had to be tested before successfully immunoprecipitating 

endogenous RIPK3. Figure 3.9A shows the attempts at 

immunoprecipitating endogenous RIPK3 with five different antibodies: 

R&D mouse RIPK3 (MAB7604), Novus Biotechnology rabbit RIPK3 

(NBP1-77299), Santa Cruz mouse RIPK3 (SC-374639), Abcam rabbit 

RIPK3 (ab56164) and Novus Biotechnology mouse RIPK3 (NBP1-45592). 

Successful immunoprecipitation of endogenous RIPK3 was achieved using 
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Thermo Fisher RIPK3 (PAI-4533) (Simoes Eugénio et al., 2021) (Figure 

3.9B). Incubation of untreated or TSZ-stimulated (4 hours) HT-29 cell 

lysates with PAI-4533 RIPK3 antibody led to immunoprecipitation of 

endogenous RIPK3, detected by Western blot (Figure 3.9B).  

 

Figure 3.9 Immunoprecipitation of endogenous RIPK3 in HT-29 cells. (A) 

Endogenous RIPK3 immunoprecipitation in untreated HT-29 was not achieved using 

five different RIPK3 antibodies: R&D mouse RIPK3 (MAB7604), Novus Biotechnology 

rabbit RIPK3 (NBP1-77299), Santa Cruz mouse RIPK3 (SC-374639), Abcam rabbit 

RIPK3 (ab56164) and Novus Biotechnology mouse RIPK3 (NBP1-45592). (B) 

Successful RIPK3 immunoprecipitation of endogenous RIPK3 in untreated and TSZ-

stimulated (4 hours) HT-29 cells. Immunoprecipitations, supernatants recovered 

after antibody incubation and whole cell lysates were loaded and analysed by 

Western blot using RIPK3 antibodies. IP: immunoprecipitation; Sup: supernatant. 

Immunoprecipitation of endogenous RIPK3 in TSZ-stimulated HT-29 cells 

allowed the co-immunoprecipitation of MLKL and RIPK1 (Figure 3.10), 

which are known to be part of the TNF-induced necrosome (Pasparakis & 

Vandenabeele, 2015). Similarly, immunoprecipitation of MLKL pooled 
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down interacting protein RIPK3 (Figure 3.10). MLKL was not co-

immunoprecipitated with RIPK3 and RIPK3 was not co-immunoprecipitated 

with MLKL when using untreated HT-29 cells (Figure 3.10), validating the 

co-immunoprecipitation of necrosome components upon necroptosis 

induction.  

 

Figure 3.10: Co-immunoprecipitation of necrosome components using RIPK3 and 

MLKL antibodies in TSZ-treated HT-29 cells. HT-29 cells were stimulated with TSZ 

for 0 or 4 hours, lysed and incubated with beads and RIPK3 or MLKL. Eluates were 

analysed by SDS-PAGE followed by Western Blotting with the indicated antibodies. 

Whole cell lysate extracts (crude) were also loaded and blotted for necroptotic 

markers RIPK1, RIPK3, MLKL and loading control (actin).  

Optimisation of the immunoprecipitation protocol allowed the successful 

immunoprecipitation of phosphorylated MLKL from TSZ-stimulated HT-

29 cells (antibody: a-MLKL ph S358, ab187091) (Figure 3.11). Here, the 

Clean-blot IP (Thermo Fisher) detection kit was used during the Western 

blot procedure to facilitate detection of target proteins after 

immunoprecipitation without interference of antibody fragments. As 

expected, no ph-MLKL was immunoprecipitated in untreated HT-29 cells, 

validating the specificity of the antibody for later experiments. A lower 

band was detected when blotting untreated HT-29 cell lysates (crude) with 
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the ph-MLKL antibody, in line with results described in the previous 

section of this chapter (Figure 3.11). However, a higher band, not present 

in untreated HT-29 cells, was detected in TSZ-stimulated cell lysates. 

The size of this higher band corresponded to the band detected in the 

immunoprecipitation product. Blotting for total MLKL confirmed that the 

lower band corresponded to non-phosphorylated MLKL (Figure 3.10). 

 

Figure 3.11 Immunoprecipitation of phosphorylated MLKL in TSZ-stimulated HT-29 

cells. Lysate obtained from HT-29 cells either untreated or stimulated with TSZ for 

4 hours were incubated with ph-MLKL antibody (ab187091) or an isotype control for 

immunoprecipitation. Crude lysates together with eluates obtained from the 

immunoprecipitations were subjected to Western blotting and probed with the same 

ph-MLKL antibody used for the immunoprecipitation using Clean-blot IP detection 

kit (Thermo Fisher) (upper panel) or with a MLKL antibody (lower panel). 

3.3.2 Immunoprecipitation of RIPK3 and ph-MLKL in NHEK 

The optimised protocol was next used to immunoprecipitate RIPK1 from 

NHEK cells (Figure 3.12A). Thermo Fisher RIPK3 (PAI-4533) antibody 

was also used to immunoprecipitate RIPK3 (Figure 3.12B). A specific band 

for RIPK3 was detected at the expected size, which was not present in the 

IgG control (Figure 3.12B). However, incubation of NHEK lysates with the 

beads and RIPK3 antibody did not result in a decrease of RIPK3 in the 

supernatant, indicating an inefficient recovery of endogenous RIPK3. In 
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order to obtain a more efficient immunoprecipitation, increasing 

concentrations of RIPK3 antibody were used (1, 2 and 5 µg per 200 µg of 

protein lysate). Figure 3.12C shows an increase in the total amount of 

immunoprecipitated RIPK3 when higher concentrations of antibody were 

used. Although total depletion of RIPK3 from total cell lysates (RIP3 Sup) 

was not achieved, a reduction of RIPK3 protein levels was observed from 

the supernatant analysis when higher antibody concentrations were used 

(Figure 3.12C, RIP3 Sup 5). 

 

Figure 3.12: Analysis by Western blot of immunoprecipitated RIPK1 and RIPK3 in 

NHEKs. Elution from immunoprecipitation using (A) RIPK1 polyclonal mouse antibody 

(BD 610459); (B) and (C) Thermo Fisher rabbit RIPK3 (PAI-4533) antibody. In (C), 

different concentrations of antibody were used (1, 2 and 5 µg). All 

immunoprecipitations were performed using an IgG control from the same species as 

the antibody used. Lanes represent the proteins immunoprecipitated with the 

antibody or isotype control (IgG IP); whole cell lysate (crude); and supernatants 

collected after incubation of the lysate with the antibody and beads (Sup).  

To investigate the association of the different necroptotic markers in 

HMGB1-stimulated NHEK, RIPK3 and ph-MLKL immunoprecipitations 

were carried out after 0-, 4- and 8-hour stimulations with HMGB1. A weak 
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RIPK1 band was detected by Western blot when RIPK3 was 

immunoprecipitated in untreated NHEK (Figure 3.13A, IP: RIPK3), 

suggesting RIPK1-RIPK3 preassembly in NHEK cells. However, HMGB1 

stimulation of NHEK did not lead to an increase of RIPK3/RIPK1 

association. In addition, MLKL was not co-immunoprecipitated with RIPK3 

upon HMGB1 stimulation. (Figure 3.13A, IP: RIPK3). Specific 

immunoprecipitation of ph-MLKL was achieved after stimulation of NHEK 

with HMGB1 for 4 and 8 hours (Figure 3.13A, IP: ph-MLKL). In agreement 

with the RIPK3 immunoprecipitation results, RIPK3 was not co-

immunoprecipitated with ph-MLKL, suggesting there is no interaction 

between these proteins in response to HMGB1.  
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 Figure 3.13: Immunoprecipitation of RIPK3 and ph-MLKL on HMGB1-treated NHEK. 

NHEK cells were treated with HMGB1 for 0, 4 and 8 hours and protein extracts were 

immunoprecipitated with anti-RIPK3 antibody or anti-ph-MLKL antibody. Eluates 

and input lysates were analysed by Western blotting alongside using the listed 

antibodies input lysates.  

3.5   Discussion 

Increased interest in necroptosis in recent years has led to the 

identification of different necroptosis triggers including chemicals, toxins 

or viruses (Tom Vanden Berghe et al., 2016). HMGB1 is a potent DAMP 

able to stimulate the innate immune system inducing inflammation in the 

skin (Hoste et al., 2015; Z. Wang et al., 2021). However, ph-MLK is 

detected upon HMGB1 treatment of NHEK skin explants ex vivo (personal 

communication, MC. Bonnet, C. Bonnet), suggesting that HMGB1 could 

play a role initiating keratinocyte necroptosis. This chapter investigated 

HMGB1-induced MLKL phosphorylation and subsequent molecular 

cascade in NHEKs. An extensive optimisation was carried out throughout 

the chapter which ultimately led to confirm, through Western blot and 

immunoprecipitation, that HMGB1 induces MLKL phosphorylation, which 
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might not associate with RIPK1 and RIPK3 in NHEKs. Detection of ph-

MLKL through HMGB1 treatment provides new insight into the 

extracellular role of HMGB1 given that, to date, there is no research 

describing a role for HMGB1, or any other DAMP, in necroptosis induction. 

A wide range of proteins have been reported to be involved in the 

necroptotic signalling pathway. MLKL phosphorylation by RIPK3, 

however, has been described to be essential for the execution of 

necroptosis, as ph-MLKL ultimately leads to plasma membrane 

permeabilization (J. M. Murphy et al., 2013; L. Sun et al., 2012). Initially, it 

proved very difficult to obtain clear definitive results relating to MLKL 

phosphorylation after HMGB1 treatment of NHEK cells. This appeared to 

be partly due to high background interference during the Western blot 

procedure. An extensive optimisation was carried out, during which every 

step of the protocol was addressed, to try and determine the cause of the 

poor-quality of the data and improve the outcome. During the optimisation, 

and whenever possible, each variable of the protocol was progressively 

altered while maintaining the rest unchanged. Unlike immortalised cell 

lines, the variability derived from primary cells isolated from donor 

samples is a major challenge to study cell signalling pathways. The scarce 

availability of donors made this task even more difficult. The source of 

NHEK was maintained, whenever possible during the optimisation process 

to avoid donor variability, except when donor variability itself was tested. 

HT-29 cells are widely use to study necroptosis, and MLKL 

phosphorylation can be detected after TSZ treatment (Cai et al., 2014; 

Huayi Wang et al., 2014). However, similar background interference was 

observed when trying to reproduce previous experiments performed in my 

lab regarding TSZ-induced MLKL phosphorylation in HT-29 and HMGB1-

induced MLKL phosphorylation in NHEKs. The inability to reproduce 

results using lysates that had been previously validated by Western blot 
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by me, confirmed that the source of the problem was not cell type- nor 

cell-processing method-related. 

Differences in transfer efficiency have been shown to result in a two- to 

four-fold increase or decrease in signal between gel lanes (Taylor et al., 

2013). However, both the semi-dry transfer and wet transfer methods 

evaluated during the optimisation process, as well as the transfer buffers 

assessed did not improve the highly non-specific display of ph-MLKL 

blots with bands for ph-MLKL appearing in unstimulated samples. Given 

the sometimes-weak signal detected in the ph-MLKL blots, it was 

hypothesised that the levels of HMGB1-induced ph-MLKL would be low. 

In an attempt to successfully detect the protein, the mass of protein loaded 

was increased. However, loading too much protein can increase the chance 

of non-specific binding of antibodies (Gilda et al., 2015). and a number of 

studies have shown that quantitative analysis of poorly expressed proteins 

can often be obtained when smaller amounts of protein are loaded (Gilda 

et al., 2015; R. M. Murphy & Lamb, 2013).  

Blocking of the Western blot membrane with NFDM substantially reduced 

the non-specific background observed in ph-MLKL blots. However, the 

phospho-proteins present in NFDM, such as casein, could interact with 

phospho-antibodies, making this a nonpreferred blocking agent for 

phospho-antibodies (Simpson & Browning, 2017). It has been reported 

that including phosphatase inhibitors in the blocking solution significantly 

increases the signal detected by phospho-specific antibodies (Sharma & 

Carew, 2002). Phosphatase inhibitors, already included in the lysis buffer, 

could be additionally incorporated during blocking, primary and secondary 

incubations to obtain clearer ph-MLKL blots. 
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Analysis of the bands of interest depends on the type of detection imaging 

system available. Automatic detection of saturation is a standard feature 

of most imaging software. If oversaturation occurs, it may be possible for 

the sensitivity of the camera to be reduced, failing to detect weaker signals 

during the chemiluminescent reaction (J. P. Mollica et al., 2009). The 

inclusion of a positive control was necessary during the ph-MLKL blot 

optimisation process. However, it was observed that the high intensity of 

TSZ-HT-29 samples (positive control) was, in fact, disguising weaker ph-

MLKL bands from HMGB1-treated NHEK. To avoid this, membranes had 

to be carefully cut to exclude high-intensity that could hinder less intense 

ph-MLKL bands. 

Interestingly, it has been reported that commercially available recombinant 

HMGB1 preparations can contain the reducing agent dithiothreitol which 

disrupts the crucial disulfide bond (H. Yang et al., 2012). These 

preparations are unable to stimulate cytokine production and their use in 

experiments has led to conflicting reports regarding the capacity of 

HMGB1 to induce inflammation (Ivanov et al., 2007; Rouhiainen et al., 

2007; Sha et al., 2008; Tian et al., 2007). However, the same commercial 

HMGB1 preparation used during the experiments reported here and the 

following chapter, successfully induced MLKL phosphorylation in skin ex 

vivo explants (personal communication, MC Bonnet, C Bonnet), indicating 

the commercial HMGB1 preparation was not determinant for the variability 

of the results observed in NHEKs. 

Another key aspect of the optimisation was the specificity and efficacy of 

the primary antibody. The fact that the antibody had been previously 

validated in Western blot using a HT-29 cells, dissuaded initial questioning 

of this step of the protocol. Furthermore, the antibody was being used 

successfully in IHC experiments by other members of the laboratory. 
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However, numerous articles report significant reproducibility and quality 

issues experienced with commercial antibodies (Herrera et al., 2013; W. 

Yu & Hill, 2013) and there is often variability between different lots or 

batches of that antibody, which can make it very difficult to reproduce 

previous work (Baker, 2015). Indeed, different batches of antibody were 

used during the initial experiments – which showed specific detection of 

ph-MLKL in TSZ-treated HT-29 and HMGB1-treated NHEKs – and the 

following experiments displaying non-specific bands due to a considerable 

time gap between these two events. In this case, working with a phospho-

specific antibody only added to the problems with consistency of 

commercial antibodies. Because of the methodology in the preparation of 

antibodies, a phospho-specific antibody will have the possibility of bearing 

some affinity to the non phospho-site (Simpson & Browning, 2017). Thus, 

when target protein levels are abundant, some binding could conceivably 

occur, giving a possible explanation of the presence of a weak, similar-

size band in ph-MLKL blots of untreated samples.  

Ultimately, the acquisition of a different commercial antibody partially 

solved the problem and put an end to the optimisation process. However, 

it is worth mentioning that, even after acquiring the new antibody, the 

variability within each experiment was considerable: following the exact 

same Western blot protocol and using the same set of samples would 

occasionally result in different outcomes. These different outcomes were 

not contradictory but would often include unclear or failed data from which 

results could not be interpreted due to the presence of non-specific bands. 

The lack of robust reproducibility regarding ph-MLKL detection dissuaded 

following further steps to perform large-scale proteomic analysis, given 

their cost.  
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Nevertheless, optimised results point towards an increase in the levels of 

MLKL phosphorylation upon treatment of NHEK with HMGB1 for 4 to 8 

hours. In contrast, phosphorylation of MLKL by TSZ-treatment of NHEK 

was detected at later timepoints (18 and 24 hours). Detection of ph-MLKL 

as early as 4 hours after HMGB1 treatment of NHEK suggests activation 

of the necroptotic effector might not a consequence of TNF release by 

keratinocytes. However, further experiments including anti-TNF 

antibodies would be necessary to confirm this.  

The inflammatory responses elicited by HMGB1 can be driven by the 

activation of several receptors, including RAGE, TLR-2 and TLR-4 (R. 

Kang et al., 2014). Interestingly, interaction between RIPK3 and RAGE has 

been described, and deletion of RAGE has been directly associated with a 

decrease in necroptotic cell death in vitro (Faust et al., 2020), suggesting 

a role of this receptor inducing necroptosis. Furthermore, RAGE-mediated 

endocytosis of HMGB1 has been reported to induce pyroptosis in 

macrophages. Endosomes containing HMGB1 translocate into lysosomes, 

which leads to lysosome destabilisation and rupture around 6 hours after 

HMGB1 stimulation. Lysosomal rupture initiates a cascade of molecular 

events including Cathepsin B activation and release, pyroptosome 

formation and caspase-1 activation. (J. Xu et al., 2014). However, neither 

HMGB1 nor TSZ induced the activation of Gasdermin D by proteolytic 

cleavage. Since this finding has only been reported in macrophages, it is 

possible that this phenomenon is cell specific. 

Interestingly, initial observations indicated RIPK1 levels were slightly 

increased upon HMGB1 treatment of NHEK, which could suggest that 

HMGB1-induced necroptosis is RIPK1-dependent. However, RIPK1-

dependent TNF-induced necroptosis in HT-29 show a decrease, not 

increase, of RIPK1 expression upon induction of necroptosis with TSZ. 
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Furthermore, RIPK3 immunoprecipitation did not lead to the co-

immunoprecipitation of RIPK1 in HMGB1-treated NHEK, suggesting these 

proteins do not interact after HMGB1 treatment of NHEK. This result was 

not unexpected given that other RHIM-containing adaptors such as TRIF 

and ZBP1 can bind and activate RIPK3 independently of RIPK1 in response 

to necrosome triggers other than TNF (He et al., 2011; Kaiser, Sridharan, 

et al., 2013; Upton et al., 2012). Initiation of necroptosis through activation 

of TLR-4 by HMGB1 could involve similar signalling pathways. Treatment 

of NHEK with HMGB1 in the presence of antibodies targeting RAGE or 

TLR-4 would help identify the signalling pathway responsible for MLKL 

phosphorylation upon HMGB1 treatment. 

Ph-MLKL also does not associate with RIPK3, in disagreement with the 

results obtained in HT-29 and studies that reports that RIPK3 and MLKL 

normally associate in the absence of stimuli (Garnish et al., 2021). This 

association, however, might be cell-type dependent. This lack of 

interaction suggests that a different kinase might phosphorylate and 

associate with MLKL upon HMGB1 treatment of NHEKs. However, given 

the observed donor variability in previous experiments using NHEK, 

additional replicates of the experiments are essential to confirm this.  

Activation of RIPK3 through autophosphorylation is a prerequisite for the 

recruitment and phosphorylation of MLKL and it is sufficient to induce 

necroptosis provided that MLKL is accessible (Jixi Li et al., 2012; Orozco 

et al., 2014; X.-N. Wu et al., 2014). However, it has been shown that 

phosphorylated RIPK3 can play a role in cytokine production, 

independently of MLKL phosphorylation and necroptosis (Lawlor et al., 

2015). Nevertheless, further studies could include analysing the 

expression of RIPK3 phosphorylation in HMGB1-treated NHEK. 

Furthermore, considering the difficulties encountered when using 
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phospho-antibodies by Western blot, and being aware that the ph-MLKL 

(ab187091, Abcam) antibody is successfully used in IHC experiments, 

future work could focus on the detection of HMGB1-induced ph-MLKL by 

immunostaining. This will also allow us to confirm the localisation of ph-

MLKL in the cell as well as to study the colocalization with other 

necroptosis markers.  

Phosphorylation of MLKL in keratinocyte raises several possibilities 

concerning the possible source of HMGB1 in vivo. HMGB1 could be 

secreted by immune cells resulting in necroptosis activation of surrounding 

cells, which could explain the presence of HMGB1 in infiltrating immune 

cells in the dermis of TEN prelesional skin before detection of MLKL 

phosphorylation in the epidermis (personal communication, Bonnet MC). 

Additionally, necrotic keratinocytes can release HMGB1 (W. Zhang et al., 

2017), which, in turn, could re-enforce necroptotic cell death in 

neighbouring keratinocytes. Extensive further research would be 

necessary to investigate this hypothesis and the physiological source on 

HMGB1 in vivo.  

In conclusion, further research is necessary to stablish the molecular 

signalling downstream of HMGB1 stimulation in NHEK. The results 

reported here show that treatment of NHEK with HMGB1 leads to the 

phosphorylation of MLKL, the primary mediator of necroptosis. The 

receptor for HMGB1 on NHEK has not been investigated and will require 

further research. HMGB1 induction of MLKL phosphorylation could be a 

RAGE-mediated event, as is the case in HMGB1 induced pyroptosis (J. Xu 

et al., 2014), or act by interaction with other receptors such as TLR-2 or 

TLR-4. Interestingly, association of RIPK1-RIPK3-MLKL in response to 

HMGB1 was not observed, although more experiments are needed to 

confirm this. The use of established inhibitors of RIPK1 (Nec-1s), RIPK3 
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(GSK872) or MLKL (NSA, GW806742X) would allow us to better 

understand the role of these proteins in HMGB1-treated keratinocytes. 

The results reported here raise questions around a necroptosis-

independent role of HMGB1-induced ph-MLKL, which are addressed in 

the following chapter. 

 

4    
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Chapter 4 

Necroptosis in NHEKs 

4.1   Background and aims 

Until the discovery of different regulated forms of necrosis, cell death was 

generally classified into apoptosis, which is programmed and regulated, 

and necrosis, which established thinking said was largely unregulated and 

due to either external effectors such as pathogens, toxins, trauma or 

unrestrained inflammation. These forms of death have easily 

distinguishable morphological features, characterised by cytoplasmic 

shrinkage, chromatin condensation, nuclear fragmentation and plasma 

membrane blebbing versus cellular swelling, increased cytoplasmic 

granularity, intact nuclei and membrane rupture (Schweichel & Merker, 

1973). Apoptosis can be detected through identification of well-

established markers such as nuclear fragmentation or Casp-3 cleavage 

(Tom Vanden Berghe et al., 2013). However, over the past decade, the 

field of regulated necrosis has continued to expand, and the complexity of 

the mechanisms make it important to distinguish the different types of 

programmed necrosis. Necroptosis, as with any other necrotic process, 

leads to rapid loss of membrane integrity and the release of cellular 

content (Tom Vanden Berghe et al., 2014). Hence, although detection of 

membrane permeabilization can exclude apoptotic cell death, it does not 

distinguish between necroptosis, pyroptosis, ferroptosis, NETosis, and 

other forms of regulated necrosis. As a regulated form of cell death, 

necroptosis can be blocked by numerous small molecule inhibitors 
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targeting different key effector steps of the necroptotic pathway (Zhuang 

& Chen, 2020). Therefore, blocking of cell death with the use of these 

inhibitors is an efficient confirmation of necroptosis.  

As described in the previous chapter, MLKL phosphorylation can be 

detected in response to HMGB1 stimulation of NHEK. Although ph-MLKL 

is a well-established marker of necroptosis, confirmation of actual cell 

death is needed. This chapter aims to test the previously stated 

hypothesis, that HMGB1 induces NHEK necroptosis, by assessing NHEK 

cell death in response to HMGB1 stimulation. In order to investigate this 

hypothesis, an optimisation of the experimental assays and conditions to 

measure NHEK necroptosis has been performed using TSZ (TNF, Smac 

mimetic and z-VAD-fmk) as a necroptosis positive control, and TS (TNF 

and Smac mimetic) for apoptosis induction as described in section 2.3. Cell 

toxicity has been studied using two different methods, the first based on 

the differential uptake of membrane impermeable DNA binding dye 

propidium iodide (PI) and a second method based on the leakage of 

intracellular LDH through impaired plasma membrane. The necroptosis-

sensitive cell line, HT-29, has been used to optimise the cell death assay 

protocols. Additionally, overall health of NHEK cells has also been 

explored using a cell viability assay (WST-1) and through microscopical 

examination of NHEK cell morphology and confluency status. Along this 

optimisation, specific inhibitors have been used to confirm necroptotic cell 

death.  

With the purpose of finding the best conditions in which to measure NHEK 

cell death, the different additives and supplements included in the 

complete keratinocyte medium (Green’s medium) have been investigated. 

These include Ham’s Nutrient Mixture F-12, insulin, hEGF, cholera toxin, 

hydrocortisone, adenine and FCS (see section 2.2.3 for details). 

Additionally, the potential effect of calcium in NHEK necroptosis has also 
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been assessed. Although still controversial, Calcium has been shown to 

play a role downstream necroptosis, with increases of calcium found as a 

consequence of necrosome formation (Nomura et al., 2014). Additionally, 

it has been suggested that elevated cytosolic Ca+2 can drive the 

necroptotic mode of cell death (Nomura et al., 2014), making it an 

interesting variable when studying necroptosis. 

4.2   Results: PI-based assays 

4.2.1 Optimisation in HT-29 

Treatment of HT-29 with TSZ led to an increase in PI-positive cells over 

time, as seen in Figure 4.1. TSZ-induced cell death after 2, 4, 6 and 8 

hours was significantly higher than TS-induced death at those timepoints 

(*p=0.0347 at 2 h, *p=0.0335 at 4 h, *p=0.0329 at 6 h and **p= 0.0072 at 

8 h). Low levels of PI uptake were detected upon TS treatment of NHEK 

cells, especially after longer periods of exposure, due to secondary 

necrosis. Cells treated with TSZ and RIPK1 inhibitor Nec-1s showed 

reduced PI uptake, which was significant at 6 and 8 hours (*p= 0.0267 and 

**p=0.0027, respectively) (Figure 4.1A). This result is in agreement with 

those described in Chapter 3, where MLKL phosphorylation was detected 

4 and 6 hours after TSZ treatment of HT-29 and inhibited by pre-

treatment with Nec-1s (Figure 3.1A).  

HT-29 cells were also used to validate the commercially available 

necroptosis inhibitors shown in Table 4.1. The use of Nec-1s and MLKL 

inhibitors NSA and GW806742X (GW) led to a significant decrease of 

necroptotic cell death induced by TSZ. Surprisingly, treatment with RIPK3 

inhibitor GSK872 did not inhibit TSZ-induced cell death, suggesting an 

optimisation of the concentration used was necessary (Figure 4.1B). These 
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inhibitors, particularly Nec-1s and NSA were regularly used in further 

experiments to confirm necroptotic cell death.  

 

Figure 4.1: Optimisation of PI-based cell death assay using TSZ-treated HT-29 cells 

and necroptosis inhibitors. (A) HT-29 were treated with TSZ, TS or TSZ + Nec-1s 

during 2, 4, 6 and 8 hours. (B) HT-29 were treated with TSZ for 6 hours and inhibitors 

Nec-1s (20 µM), NSA (1 µM), GSK-872 (GSK, 1 µM) or GW806742X (GW, 5 µM). PI 

(10 µg/mL) was added to each well and intake percentage was calculated according 

to the total number of cells and normalised to non-treated values. Data shown was 

calculated from (A) three independent experiments using triplicates, (B) one 

experiment using triplicates. Graphs show mean values in columns and standard 

deviation (SD). The statistical analysis performed was two-way ANOVA (*p=0.0267, 

**p=0.0027) for (A) and ordinary one-way ANOVA (****p<0.0001) for (B), followed 

by Turkey’s multiple comparison test.  

4.2.2 Detecting necroptosis in NHEK cells 

PI uptake through membrane permeabilization of NHEK was successfully 

detected in a time dependent manner in response to TSZ stimulation. Cell 

death after TS treatment due to secondary necrosis was detected only at 

later time points (Figure 4.2). The ability of HMGB1 to induce cell death 

was also investigated. The timepoints used (4, 6 and 8 hours) were decided 

upon after consideration of the results obtained in Chapter 3. Cell death 

was not detected after treatment of NHEKs with HMGB1 at any of these 

timepoints (Figure 4.2).  
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Figure 4.2: Detection of HMGB1- and TSZ-induced necroptosis through PI uptake in 

NHEKs. (A) NHEKs were treated with TSZ or TS for 8, 15 and 19 hours or (B) 50 

nM HMGB1 for 4, 6 and 8 hours. PI (10 µg/mL) was added to each well and uptake 

percentage was calculated according to the total number of cells and normalised to 

non-treated values. Data shown was calculated from a single experiment with 

triplicates. Graphs show mean ± SD. The statistical analysis performed for (A) was 

two-way ANOVA (*p=0.0174) followed by Šídák's multiple comparison test.  

4.2.3 Optimisation of the NHEK culture conditions 

Despite a substantial increase in cell death achieved through TSZ 

treatment, the percentage of necroptotic NHEKs was lower than expected, 

only reaching 10-15%. Previous optimisation of the protocol using the 

necroptosis-sensitive HT-29 cells suggested that the sensitivity of the 

PI-based experimental assay was not very high (Figure 4.1A). Given that 

percentages in NHEK were even lower, concern was raised on whether 

the keratinocyte culture conditions could be preventing cell death, and, in 

that case, hindering the detection of HMGB1-induced necroptosis. 

4.2.3.1 Culture Medium 

Homemade complete keratinocyte medium (Green’s medium) was 

compared to commercial EpiLife defined growth supplemented (EDGS) 

medium (GIBCO, Thermo Fisher), a commercially available medium 

specifically designed for the culture of human epidermal keratinocytes. 
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The percentage of PI-positive cells following 19 hours of TSZ treatment 

was higher when NHEK cells were cultured in Epilife medium (Figure 4.3). 

However, NHEK death could not be inhibited by pre-treatment with 

inhibitor Nec-1s, which as expected, resulted in a strong decrease in cell 

death in NHEK cultured in Green’s medium (Figure 4.3A). Given that PI 

the uptake observed following TSZ treatment of NHEK cultured in Epilife 

medium could not be inhibited by Nec-1s, this medium was not used in 

further experiments.   

4.2.3.2 Calcium 

In order to assess the possible role of Ca+2 in NHEK necroptosis, cells 

were cultured in Green’s medium (control) with increasing concentrations 

of Ca+2. The basal concentration of Ca+2 in Green’s medium is 

approximately 1.2 mM (being DMEM, Ham nutrient mixture F12 and FCS 

the sources of Ca+2). By adding Ca+2 to the culture medium (CaCl2), 

increasing concentrations of Ca+2 were studied: 1,18 mM, 1,35 mM, 1,55 

mM and 1,7 mM. NHEK stimulated with TSZ or HMGB1 for 19 hours were 

protected from cell death with increasing Ca+2 concentrations, as PI uptake 

decreased (Figure 4.3B).  

4.2.3.3 Growth Factors 

The role of growth factors included in Green’s medium, insulin and hEGF, 

was next assessed. Culture medium with decreasing and increasing 

concentrations of hEGF and insulin – 500 ng/ml, 2 µg/ml, 5μg/ml (control), 

20 μg/ml and 50μg/ml – were prepared. NHEK cultured with lower 

concentrations of insulin were more sensitive to cell death induced by both 

TSZ and HMGB1 (19 hours), while higher concentrations had a protective 

effect on cell death (Figure 4.3C). Similarly, lower concentrations of hEGF 

also allowed NHEK to die in response to TSZ and HMGB1 than higher 
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concentrations of this growth factor (Figure 4.3D). This provided 

preliminary evidence that growth factors included in the NHEK culture 

medium inhibit cell death.  

 

Figure 4.3: Cell death assays using different culture media conditions (A) Cell death 

after 19 hours treatment of TSZ or TSZ + Nec-1s was determined through PI uptake 

in NHEK that had been cultured in homemade Green’s medium or EpiLife culture 

medium. HMGB1 and TSZ-induced cell death (19 hours) was also assessed using 

different concentrations of (B) Calcium, by adding increasing concentrations of CaCl2 

to the medium (up to a maximum of 1,7 mM); (C) hEGF and (D) insulin: 500 ng/ml, 2 

µg/ml, 5 μg/ml (control), 20 μg/ml and 50 μg/ml. NHEK were grown in the different 

culture media during and 24 hours prior to stimulation. All values are normalised to 

readings from non-treated conditions and percentages are calculated considering the 

total amount of cells. Data shown was obtained from one experiment with triplicates. 

All graphs show the mean ± SD for each condition.  
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4.2.3.4 Combinations 

In order to further address the role of all ingredients included in Green’s 

NHEK culture medium, fifteen different combinations of media were 

generated, and TSZ-induced cell death was assessed after 19 hours 

through PI uptake. Figure 4.4A shows the ingredients of each formula, 

labelled from the letter A (which corresponds to Green’s medium) to the 

letter O. Green’s medium showed to be, again, one of the conditions in 

which NHEK were most protected from cell death (less than 10%), (Figure 

4.4B, letter A). By contrast, NHEK cultured in media formulas with low 

serum (1% v/v FCS) were more sensitive to death (Figure 4.4A, formulas 

G-O). In line with previous results, the absence of insulin and hEGF (Figure 

4.4A, formula H) proved to be determinant for NHEK death. Of all the 

conditions tested, low-serum DMEM showed to be one of the best 

conditions in which to assess NHEK cell death (Figure 4.4A, formula N).  
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Figure 4.4: PI-based cell death assay in TSZ-treated keratinocytes cultured in 

different media. (A) Different formulas of NHEK culture medium, which are 

modifications of Green’s medium (A, highlighted in green). The table shows the 

presence (+) or absence (-) of different ingredients: insulin (ins), hEGF, cholera toxin 

(TC), hydrocortisone (HC), Adenine (Ade) or Ham nutrient mixture F12 (F12), and 

indicates low (1%, down arrow) or high (2,5%, up arrow) concentrations of added 

FCS. (B) NHEKs were grown in the different culture mediums during and 24 hours 

prior to being treated with TSZ for 19 hours. Cell death was calculated according to 

the percentage of PI-positive cells. All values are normalised to readings from non-

treated conditions and percentages are calculated considering the total amount of 

cells. Data shown was obtained from one experiment with triplicates The graph 

shows the mean ± SD for each condition.  

4.2.3.5 Evaluation of NHEK morphology 

The morphology and plate confluency of NHEK cells were, whenever 

possible, assessed microscopically to detect any possible changes induced 

by the different culture mediums studied, as well as by the effect of TSZ 

and HMGB1. NHEK cells were cultured in clear plates and grown using 

medium formulas containing different growth factors (see formulas in 

Figure 4.5B). After stimulation with TSZ or HMGB1 for 19 hours, the 

shape, number and morphology of the cells were recorded microscopically. 

NHEK cells grown in Green’s medium form characteristic patches that can 

be observed in Figure 4.5A, NT column, row A. Observing some round 

yellow cells, corresponding to detached NHEK, is normal. Non treated 

cells of all conditions (Figure 4.5A, NT column, rows B-F) had similar 

morphology and growth pattern, except serum-free DMEM (Figure 4.5A, 

NT column, row G). Cells grown in Green’s medium showed no substantial 

changes after HMGB1 or TSZ stimulation (Figure 4.5A, row A). However, 

the confluency state of the well, which indicates overall health of NHEKs, 

was drastically decreased after 19h treatment with TSZ when cells were 

grown in low serum conditions (Figure 4.5A, TSZ column, rows B-F). 

Among all of them, NHEKs seemed to be more affected by TSZ treatment 

when they were grown in the absence of Ham’s F12 Nutrient Mixture (F-
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12) (Figure 4.5A, TSZ column, rows D-F). These results further confirmed 

that the presence of growth factors in the culture medium can limit NHEK 

death. Consequently, and considering the medium optimisation results 

obtained using the PI-based assay (previous section), DMEM + 1% (v/v) 

FCS (hereon referred as low serum DMEM) was chosen as the preferred 

condition to detect NHEK death. However, and in line with previous 

results, no differences in NHEK confluency or morphology were observed 

this or any other culture condition after stimulation with HMGB1 (Figure 

4.5A, HMGB1 column).  
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Figure 4.5: Documentation of morphological changes in NHEK growth and 

morphology when cultured in different mediums and in response to 19 hours of TSZ 

or HMGB1. (A) Representative images of non-treated NHEKs (NT) and 19-hour 

treated NHEKs. Rows represent the different culture conditions of NHEK (A-G), 

which are detailed in (B). NHEK were grown in the different culture mediums during 

and 24 hours prior to stimulation. Representative images have been chosen from a 

single experiment with duplicates (B) Different formulas of NHEK culture medium, 

which are modifications of Green’s medium (A, highlighted in green). The table shows 

the presence (+) or absence (-) of different ingredients: insulin (ins), hEGF, cholera 

toxin (TC), hydrocortisone (HC), Adenine (Ade) or Ham nutrient mixture F12 (F12), 

and indicates low (1%, down arrow) or high (2,5%, up arrow) concentrations of added 

FCS. 

4.3   Results: LDH-based cell death assays 

4.3.1 Optimisation in HT-29 cells 

TSZ treatment of HT-29 cells led to the release of LDH after 2, 4 and 6 

hours (Figure 4.5). The sensitivity of this assay was higher than initially 

expected and maximum fluorescence was reached only after 4 hours of 

TSZ treatment. Further optimisation of cell concentration and protocol was 

performed to avoid this. Quantification and statistical analysis of these data 

was not performed (n=1), and cell death percentage is relative and must 

be interpreted at a qualitative level only. With these caveats, the results 

were similar to those found with PI. Secondary necrosis was detectable 
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after 4- and 6-hour treatments of TS, and Nec-1s was able to inhibit cell 

death successfully at all timepoints (Figure 4.1).  

 

Figure 4.6: LDH-based cell death assay of TSZ-treated HT -29. HT-29 cells were 

treated with TSZ, TS or TSZ + Nec-1s (20 µM) during 2, 4, 6 hours. Total LDH 

release was measured after each timepoint. All values are normalised to non-treated 

readings. Data shown was calculated from one experiment without duplicates.  

4.3.2 Detecting necroptosis in NHEK cells 

TSZ stimulation of NHEK led to LDH release after 6 hours and up to 32 

hours (Figure 4.7A), confirming the efficiency of the assay in measuring 

NHEK cell death. As observed with HT-29 cells, the sensitivity of LDH 

was higher than that seen in PI based assays, with maximal luminescence 

(saturated readings) achieved after 12 hours of TSZ stimulation. To avoid 

reaching maximal luminescence, a reduction of the initial seeded cell 

number and the volume of supernatant recovered for the assay was carried 

out in following experiments. As confirmation of TSZ-induced NHEK death 

had been achieved in the previous experiment, the time-course kinetic 

was not repeated after protocol optimisation to avoid luminescence 

saturation. Further experiments (Figures 7.4B and C), however, always 

include TSZ-treated NHEK data alongside, as positive controls of 

necroptotic cell death.   
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Figure 4.7: Detection of HMGB1 and TSZ-induced necroptosis through LDH release 

in NHEK. Cell death was assessed through LDH release in NHEKs cultured in low 

serum DMEM (1% FCS) and stimulated with (A) TSZ during 2, 4, 6, 8, 12, 24 and 32 

hours or (C) TSZ or 50 nM HMGB1 plus inhibitor NSA (1 µM) for 16, 24 and 39 hours. 

(B) NHEKs cultured in Green’s medium or low serum DMEM (1% FCS) were 

stimulated with TSZ or 50 nM HMGB1 and LDH release was measured after 16, 24 

and 39 hours. (D) NHEKs cultured in low serum DMEM were treated with increasing 

concentrations of concentrations of HMGB1 (5, 10, 50 and 100 nM) and LDH release 

was measured after 2, 4, 6, 8, 12, 24 and 32 hours. NHEKs were grown in the 

different culture media during and 24 hours prior to stimulation. All values are 

normalised to readings from non-treated conditions. Data shown in (A) and (D) was 

obtained from a single experiment (no duplicates); data from (B) and (C) was obtained 

from one experiment with triplicates and the graphs show the mean ± SD for each 

condition. The statistical analysis performed and shown in (C) was two-way ANOVA, 

followed by Turkey’s multiple comparison test. *p=0.0137 (24 h TSZ – TSZ+NSA), 

*p=0.0162 (39 h TSZ – TSZ+NSA). 

Given the previous results indicating the ingredients in Green’s medium 

can limit cell death, the effect of TSZ and HMGB1 was assessed in NHEKs 

cultured in low serum DMEM and Green’s medium. As expected, culture 

of NHEK in DMEM + 1% FCS led to a higher LDH release than Green’s 

medium upon TSZ treatment at 16, 24 and 39 hours (Figure 4.6B). 
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Culturing NHEK in low serum DMEM did not lead to a higher LDH release 

upon HMGB1 stimulation at 16 or 24 hours. However, a slight increase in 

LDH release was observed after 39 hours (Figure 4.6C). To investigate 

this possible HMGB1-induced cell death, the previous experiment was 

repeated including necroptosis inhibitors. NHEK cultured in low serum 

DMEM were treated with HMGB1 for 16, 24 and 39 hours in the presence 

of MLKL inhibitor NSA. In agreement with the previous experiments, TSZ 

induced necroptosis successfully at these timepoints (Figure 4.6C) and 

was effectively inhibited by NSA at 24 and 39 hours. HMGB1, on the other 

hand, was unable to induce death of NHEK at any of these timepoints 

(Figure 4.6C). The role of HMGB1 was further explored using NHEK cells 

cultured in low serum DMEM and stimulated with increasing 

concentrations of HMGB1 (5, 10, 50 and 100 nM) over time (2, 4, 6, 8, 12, 

24 and 32 hours). Again, NHEK cell death was not detected in any of these 

conditions and the highest estimate of death was under 4% (Figure 4.6D).  

4.4   Results: WST-1 cell viability assay 

The viability of TSZ- and HMGB1-stimulated NHEKs was next assessed 

using a WST-1 cell proliferation assay. Cell proliferation was measured 

after 24 hours of stimulation with either TSZ or HMGB1 cultured either in 

Green’s medium or in DMEM + 1% FCS. Results showed a decrease in 

NHEK cell number upon TSZ treatment, which, as expected, was more 

pronounced in cells grown in DMEM + 1% FCS culture medium (Figure 

4.7). Treatment of NHEK with HMGB1, on the other hand, did not affect 

the proliferation status of the cells. HMGB1 treatment of NHEK cultured 

in DMEM + 1% FCS led to a slight decrease in cell viability, which could 

be further studied.  
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Figure 4.8: Cell viability measurements in TSZ and HMGB1-treated NHEKs. NHEKs 

were cultured in either low serum (1% FCS) or Green’s medium and stimulated with 

TSZ or 50 nM HMGB1 for 19 hours. WST-1 proliferation assay was used to measure 

cell viability under each condition. Data shown was obtained from a single experiment 

(no duplicates).  

4.5   Discussion 

HMGB1 is a multifunctional protein with regulatory functions inside the 

nuclei that also acts as a prototypical DAMP when secreted or released 

from cells. Necrotic cells can release HMGB1 to promote inflammation in 

neighbouring cells (P. Scaffidi et al., 2002) by interacting with receptors 

such as RAGE or TLRs and inducing the production of pro-inflammatory 

cytokines. (R. Kang et al., 2014). However, results from my group have 

shown a new role of HMGB1 inducing MLKL phosphorylation in NHEK 

(Chapter 3, personal communication, MC Bonnet). With the purpose of 

investigating whether HMGB1 can induce necroptosis, cell death in 

response to HMGB1 treatment has been assessed along this chapter. 

Specific necroptotic NHEK death was achieved through TSZ treatment, 

which was inhibited by Nec-1s or NSA. An extensive optimisation of 

NHEK culture media was performed in order to find the ideal conditions 

for NHEK necroptosis induction. However, and regardless of culture 

conditions, the data reported here indicate that HMGB1 does not lead to 

NHEK necroptosis in vitro.  
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The main measurable difference between apoptotic and necrotic death 

relays on the loss of plasma membrane integrity during necrotic processes. 

Using appropriate measuring techniques to specifically detect different 

types of cell death is crucial to study different cell death inducers. For 

many years, TdT-mediated dUTP-biotin nick end-labelling (TUNEL) 

assays were considered to measure apoptosis. However, it is now known 

that TUNEL-positivity can be caused by any type of cell death (Grasl-

Kraupp et al., 1995), highlighting the importance of the specificity of the 

cell death measuring kits and the use of specific inhibitors. Necroptosis 

and other forms of programmed necrosis have only been described in the 

past decade, which means gold standard methods to detect them have not 

yet been established. When analysing the literature, a commonly used 

protocol to identify necroptotic cell death is based on the use of Annexin 

V and PI in flow cytometry (Cummings et al., 2004; Hu et al., 2021). 

Annexin V binds to phosphatidylserine (PS), which is exposed from the 

inner to the outer leaflet of the membrane during apoptosis. Necrotic cells 

can also stain for Annexin V, but these will also be positive for PI, which, 

in turn, is excluded from apoptotic cells (Pietkiewicz et al., 2015). The 

main advantage of using this double staining through flow cytometry is that 

it allows the analysis of both the marker expression and the cell number, 

making it an efficient quantitative method to measure cell death. 

Unfortunately, flow cytometry is not as useful for adherent cells, 

especially when membrane markers are to be analysed. The preparation 

of cells for flow cytometry can cause damage to the original morphology 

or membrane markers expressed in dying adherent cells, especially during 

the detachment from their substrate, if enzymes such as trypsin are used 

(Nowak-Terpiłowska et al., 2021). Hence, alternative methods to study 

cell death in adherent cells had to be sought and optimised.  
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As mentioned, the use of PI is a useful tool to measure loss of membrane 

integrity during cell death. Using this dye alone, and measuring 

fluorescence values with a plate reader, was a potentially good strategy 

to study keratinocyte necroptosis. However, some limitations were found 

during the execution of this assay. Contrary to cultured cell lines (such as 

HT-29), NHEK growth rate can be inconsistent, leading to 

irregular/uneven confluency between wells due to poor attachment or 

proliferation. One of the limitations of the PI-based cell death assay was 

the fact that NHEKs had to be plated in opaque plates in order to allow the 

correct measurement of fluorescence in the plate reader. These plates, 

however, impeded microscopical observation for confluency and 

morphology assessment of NHEK cells before and during the stimulation 

process. An additional clear limitation of this assay, under the 

experimental conditions used here, was that the maximum percentage of 

cell death calculated was generally low, even when using the positive 

control TSZ, suggesting that the assay was of low sensitivity. Keratinocyte 

cornification, which also occurs in NHEKs in vitro, leads, among other 

events, to the loss of nuclear content through DNA degradation (Julie 

Henry Eve Toulza, 2012; Kypriotou et al., 2012). The absence of DNA for 

PI to interact with, due to differentiation of keratinocytes, constitutes a 

clear limitation of PI-based cell death assays to study NHEK necroptosis. 

This observation was also evident when NHEKs cultured with increasing 

concentrations of Ca+2, a major regulator of keratinocyte differentiation in 

vivo and in vitro (Bikle et al., 2012), led to low PI readings.  

Fluorescence emitted by PI drops around 6 hours after binding to DNA, 

which was found to be a limitation when longer timepoints of the same 

condition wanted to be studied. This meant that different technical 

conditions had to be prepared for each timepoint, which translated in a 

great number of cells having to be used. Furthermore, considering the 
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mentioned irregular proliferation of NHEK cells, increasing the number of 

conditions led to variability during the experiments. By contrast, LDH-

based assays allowed the collection of a fraction of the supernatant from 

the same well at different timepoints, ensuring that parameters such as 

initial confluency were consistent and facilitating comparison between 

timepoints. This was one of the major advantages observed when using 

LDH-based cell death assays. In addition, as this method is based in a 

luminescent measurement, opaque plates to culture NHEK were not 

necessary. Microscopical observation of the NHEK cells allowed the 

documentation of the confluency status prior to the initiation of the 

experiment as well as the assessment morphology and overall health at 

the different timepoints of study.  

LDH-based assays were found to be highly sensitive, which was initially 

considered a great advantage, especially by comparison with the 

sensitivity achieved by the PI-based assay. However, maximal 

luminescence readings were easily reached, especially when total lysis of 

the cells was achieved through Triton-X100. Hence, the higher sensitivity 

of the assay, while very useful, required additional technical optimisation 

of cell confluency and supernatant recovered during the experiments. 

Given that total cell lysis readings were repeatedly saturated, calculations 

to determine total cell death had to be adapted. As described earlier in this 

chapter (section 4.2.3), all maximal luminescence values were substituted 

by an invariable value, preventing accurate measurement of the total cell 

death percentage. Table 4.2 shows a summary of advantages and 

limitations, found under the experimental conditions used here, of the PI 

and LDH assays when studying necrotic cell death in NHEK. 
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 PI LDH 

Quantification based on the total number of cells ✓ ╳ 

Measurements at different timepoints from the same well ╳ ✓ 
Sensitivity ↓ ↑ 

Allows observation of cell confluency and morphology ╳ ✓ 

Table 4.1: Advantages and disadvantages of PI and LDH-based cell death assays. 

Similar advantages and limitations to the ones found with the LDH-based 

assay were observed when using WST-1 viability assay. For example, it 

permitted the use of clear plates that allows the observation of the cells, 

but kinetic experiments could not be performed using a single well in the 

plate. This method was, however, considerably less explored than the ones 

previously described and further experiments would be needed to discuss 

its own limitations. Nevertheless, and looking at the overall optimisation, 

the experimental data showed that measurement of LDH release provided 

the most sensitive assay. Provided that technical optimisation of the assay 

was performed to avoid luminescence saturation, this would be the 

preferred method to study NHEK cell death. However, considering the 

variability observed between assays in this experimental set up, relying in 

a singular marker of cell death could lead to inaccurate conclusions. 

Hence, combination of the LDH assay with an additional assay (either using 

PI or WST-1) would be ideal. 

Notwithstanding the type of assay chosen to study cell death, common 

difficulties were consistently encountered while handling NHEK. As 

mentioned, NHEK confluency and growth rate were irregular, creating 

additional variables to consider when comparing conditions and 

experiments. Furthermore, as discussed in the previous chapter, as 

primary cells, NHEK response can vary widely depending on the donor 

and the differentiation state of the cells at the time of the experiment 
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(passage). Taking into consideration the time necessary to perform each 

experiment (NHEK must be seeded at least 24 hours before stimulation to 

ensure attachment) and the fact that NHEK can differentiate rapidly, 

confirmation of a given result using the same donor and cell passage was 

often very difficult. This sometimes led to variability between 

experiments, decreasing the robustness of the conclusions made.  

These practical difficulties in handling NHEK may well be part of the 

reason for the lack of studies and references to NHEK necroptosis in the 

literature. A single reference was found regarding NHEK necroptosis in 

vitro: Kim et al., (2015) showed that NHEKs are provided with necroptotic 

machinery, as detected by endogenous expression of RIPK3. Furthermore, 

they showed NHEKs are capable of dying by canonical, TNF-induced 

necroptosis, similar to what is seen using the standard necroptosis-

sensitive cell line, HT-29. The mentioned work is, to my knowledge, is 

the only evidence of NHEK necroptotic death in vitro, given that other 

claims of necroptosis in NHEKs have only been claimed through the 

detection of MLKL phosphorylation (Lauffer et al., 2018). The work 

presented in this chapter confirms NHEKs can undergo TSZ-induced 

necroptosis, which can be inhibited through Nec-1s, NSA and 

GW806742X. In contrast, most knowledge on skin necroptosis has been 

provided by necroptosis-dependent skin inflammation models Casp-8EKO 

and FADDEKO (Bonnet et al., 2011; Kovalenko et al., 2009; Wallach et al., 

2014). Keratinocytes obtained from FADDEKO model die in vitro easily upon 

TNF treatment (Bonnet et al., 2011). Other than primary mouse epidermal 

keratinocytes (PMK) from skin-inflammation models, additional research 

on necroptosis has been performed in the immortalised human 

keratinocyte cell line HaCat (X. Duan et al., 2020; Murai et al., 2018).  

Invariably, across the literature, the study of necroptosis in NHEKs, PMKs 

or HaCat cells is performed through cell viability assays (either WST-1 or 
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MTT assays) (Bonnet et al., 2011; X. Duan et al., 2020; S. K. Kim et al., 

2015; Kovalenko et al., 2009; Murai et al., 2018; Taraborrelli et al., 2018) 

or LDH-based assay (S. K. Kim et al., 2015). Viability assays were 

originally not the preferred method to study necroptosis given that they 

measure overall cell health through alterations in the cellular metabolism, 

which can be caused by several diverse factors such as proliferation, death 

or metabolic activity (Wright Muelas et al., 2018). In contrast, for this 

study, assays based upon membrane integrity were preferred, as 

disruption of the plasma membrane is a direct consequence of necrotic cell 

death. Nevertheless ,TSZ-induced NHEK death was confirmed through all 

the methods investigated here: PI uptake, LDH release and viability assay 

(WST-1). The data in this chapter represents the first described use of a 

PI-based cell death assay to assess NHEK necroptosis.  

To my knowledge, it is also the first time that the effect of culture 

conditions of NHEK in cell death has been investigated. The purpose of 

the culture media optimisation was to establish the conditions for NHEK 

optimal response to necroptotic stimuli. It was found that the 

concentrations of Ca+2, insulin, hEGF and FCS were relevant in NHEK 

necroptosis. Indeed, insulin or growth factors such as EGF promote cell 

proliferation and can protect against death (Gibson et al., 1999). Ca+2, on 

the other hand, is known to affect keratinocyte differentiation in vitro 

(Bikle et al., 2012), and it was therefore not surprising to see reduced cell 

death upon increase in Ca+2 concentrations. Further investigation of the 

effect of the different ingredients included in the medium might uncover 

useful information regarding NHEK viability and responsiveness. The 

commercially available Epilife keratinocyte culture medium (60 µM Ca+2, 

Gibco), supplemented with human keratinocyte growth medium (Gibco), 

did not lead to specific NHEK necroptosis under my experimental 

conditions, in contrast to a previous study reporting TSZ-induced 
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necroptosis in NHEKs using this culture medium (S. K. Kim et al., 2015). 

However, considering that the presence of serum in the culture media 

protected NHEKs from cell death and that Ca+2 concentrations in Green’s 

medium are considerably higher than those recommended to avoid NHEK 

differentiation (Yamada, 2004), it would be interesting to investigate more 

in depth how NHEKs respond to HMGB1 in EpiLife medium.   

My results show that stimulation of NHEKs with HMGB1 did not lead to an 

increase of the PI uptake or LDH release. Similarly, cell viability through 

WST-1 and keratinocyte morphology and confluency were not affected 

after incubation with HMGB1. Several studies have shown some delay 

between the detection of MLKL phosphorylation and the loss of plasma 

membrane integrity that leads to cell death (Y. N. Gong et al., 2017; 

Zargarian et al., 2017). Hence, other than the timepoints during which 

MLKL phosphorylation had been detected (4-8 hours), NHEK death was 

studied after longer stimulations (16-39 hours). No cell death was 

detected under any of these conditions. Even the deprivation from growth 

factors from the NHEK culture medium did not allow to detect potential 

HMGB1-induced necroptosis. This was difficult to understand, considering 

that MLKL phosphorylation upon HMGB1 treatment had been detected in 

NHEK cultured with growth factors. Given some of the difficulties and 

variability observed during the experimental procedure, one might 

hypothesise that further optimisation of the cell death protocols would be 

required to adequately detect HMGB1-induced necroptosis. Indeed, 

further work including the study of cell viability (WST-1) following 

HMGB1 treatment during shorter time periods (4-8 hours) and using NHEK 

cells at different stages of differentiation would possibly prove 

informative. However, a great number of experiments have been 

performed to study HMGB1-induced death, some of which have not been 

included in this report to avoid redundancy. HMGB1 failed to induce cell 
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death in all of these experiments, even when the experimental conditions 

proved high sensitivity of the assay.  

A possible explanation for the absence of cell death in HMGB1-treated 

NHEKs could be supported by the recent description of several regulatory 

checkpoints of necroptosis downstream MLKL phosphorylation. These 

checkpoints include the oligomerisation and disengagement of ph-MLKL 

from the necrosome (Garnish et al., 2021), as well as trafficking via the 

Golgi/actin/microtubule trafficking machinery (Samson et al., 2020). These 

checkpoints can be targeted to prevent necroptosis and are thought to be 

highly regulated. For example, HSP-90 and HSP-70 positively regulate 

necroptosis by modulating the oligomerisation of MLKL, or by facilitating 

its accumulation at plasma membrane, respectively (Jacobsen et al., 2016; 

Johnston et al., 2020). Furthermore, oligomerised and phosphorylated 

MLKL can reach the plasma membrane but not conclude on cell death due 

to the externalisation of the pore forming structures in bubbles, mediated 

by the ESCRT-III machinery (Y. N. Gong et al., 2017). This machinery is 

responsible for the shedding of ph-MLKL-targeted plasma membrane, 

which leads to preserve cell survival (Y. N. Gong et al., 2017; Yoon et al., 

2017). Part of this intricate regulation of necroptosis could be preventing 

ph-MLKL from inducing NHEK cell death upon HMGB1 treatment. This 

hypothesis is reinforced by the fact that HMGB1 induces the 

phosphorylation of MLKL in S358 and T357, which have been principally 

linked to the necroptotic cascade (Huayi Wang et al., 2014). A recent study 

has shown that Listeria infection-induced MLKL activation did not lead to 

its oligomerisation and translocation to the plasma membrane, hence 

preventing its permeabilization (Sai et al., 2019). To determine if similar 

conditions are induced by HMGB1 treatment of NHEK, analysis of MLKL 

expression under non-reducing conditions could be performed to detect 

its possible oligomerisation. 
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However, considering the lack of association between RIPK3 and MLKL 

upon HMGB1 treatment reported Chapter 3, it is also possible that 

HMGB1-induced ph-MLKL has a necroptosis-independent function in 

NHEKs. Since the discovery of MLKL as the main effector molecule of 

necroptotic cell death, extensive description of this role has been 

reported. However, several necroptosis-independent functions of MLKL 

have been described more recently. These include roles derived from the 

crosstalk, generally from synergistic relationships, between regulated 

necrotic processes (D’Cruz et al., 2018; Schreiber et al., 2017) and 

inflammasome activation (S. a. Conos et al., 2017; T.-B. Kang et al., 2013). 

Nevertheless, these ultimately lead to cell death through membrane 

permeabilization, which was not a consequence of HMGB1 treatment of 

NHEK. Furthermore, MLKL has been shown to translocate to the nucleus 

before necroptotic cell death (Yoon et al., 2017), where it can interact with 

RNA-binding motif proteins to promote the expression of adhesion 

molecules (J. Dai et al., 2020). Although noteworthy, roles for MLKL 

regulating gene expression have been linked to the non-phosphorylated 

form of MLKL.  

Further studies have linked non-necroptotic functions of ph-MLKL with 

insulin resistance (H. Xu et al., 2019), fatty liver disease (X. Wu et al., 

2020), demyelisation and multiple sclerosis (Ying et al., 2018; S. Zhang et 

al., 2019) as well as carcinoma events (Dong et al., 2019). Activated MLKL 

has also been recently shown to modulate autophagic flux (Frank et al., 

2019; C. Zhan et al., 2021). Phosphorylated MLKL leads to attenuation of 

autophagic flux, following its translocation to intracellular membranes, in 

a RIPK3-dependent (Frank et al., 2019) and independent (X. Wu et al., 

2020) manner. Inhibition of autophagy, however, is necroptosis-

dependent, given that it occurs under necroptotic conditions. In contrast, 

CAMKII-dependent phosphorylation of MLKL in response to serum and 
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amino acid deprivation facilitates autophagic flux and is RIPK3-

independent (Q. Zhan et al., 2021). These findings suggest that MLKL 

exerts opposite functions depending on how it is activated, which, in turn, 

depends on cell stimulus. Under nutrient-deprived conditions, CAMKII 

activates MLKL to support survival (Q. Zhan et al., 2021), while, under 

stress conditions such as necroptosis (Frank et al., 2019) or high-fat-

induced endoplasmic reticulum stress (X. Wu et al., 2020), MLKL activation 

triggers necrosome formation and cell death.  

Recent studies have demonstrated that terminal differentiation of 

keratinocyte cultures is accompanied by the targeted autophagic 

degradation of nuclear material (Akinduro et al., 2016), implying that 

degradative autophagy is involved in the physiological mechanisms of 

keratinocytes. Interestingly, extracellular HMGB1, through RAGE, has 

been shown to provide protection against keratinocyte UV-induced death, 

through promotion of autophagy (Mou et al., 2017). A role for HMGB1-

induced ph-MLKL modulating autophagy and keratinocyte differentiation 

is possible. In conclusion, it must be highlighted that alternative 

mechanisms to necroptosis control MLKL function, probably in a stimulus-

specific and cell type-specific manner, which are not fully understood yet 

and would need to be characterised in the future.  

The data presented in this chapter confirms the susceptibility of NHEK to 

TSZ-induced necroptosis and describes three distinct experimental 

procedures in which it can be measured. These procedures were not able 

to detect changes in NHEK cell cytotoxicity or viability after HMGB1 

stimulation, in spite of HMGB1 being able to induce MLKL phosphorylation. 

More studies are necessary to determine whether the downstream 

regulation of ph-MLKL could be preventing NHEK cell death or ph-MLKL 

plays necroptosis-independent functions in NHEKs in vitro. 
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Part II: In vivo role of DAMPs in 

necroptosis-dependent model of 

skin inflammation 
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Introduction and aims 

The first necroptosis skin models were described in 2009 by Lee et al. 

and Kovalenko et al. These animals were obtained through epidermis 

specific Casp-8 knock-outs by crossing mice carrying floxed Casp-8 

alleles and mice expressing Cre the under the keratin 14 (KRT-14) or 

keratin 5 (KRT5) promotors (Kovalenko et al., 2009; P. Lee et al., 2009, 

respectively). The resultant animals, Casp-8 epidermal knock-out (Casp-

8EKO) mice, display altered skin phenotype with flaky skin. Neither of these 

publications, however, identified necroptosis as the reason of the 

phenotype. It wasn’t until 2011 that this link was made, when Bonnet et al. 

described that the deletion of RIPK3 achieved a complete rescue of the 

skin inflammatory phenotype caused by epidermal specific deletion of 

FADD, Casp-8 apoptotic adaptor protein. That same year, RIPK3 was 

shown to completely rescue the embryonic lethality of Casp-8 full body 

KO animals (Kaiser et al. 2011, Oberst al., 2011). 

These findings confirmed previous knowledge from in vitro studies that 

Casp-8 plays an essential role in the transition between apoptosis and 

necroptosis. Furthermore, they are proof of necroptotic processes in the 

skin and described for the first time the necroptotic skin phenotype. Casp-

8EKO animals described by Lee et al. appeared slightly runted and with 

flaky skin by postnatal day 10 (P10). The observed epidermal thickness 

and keratinocyte proliferation linked the interaction of keratinocytes, 

fibroblasts and leukocytes to IL-1a, induced by a p38-MAPK-mediated 

regulation of NLRP3. Later studies refuted this theory and showed that 

phenotype severity and survival of FADDEKO or Casp-8EKO animals was not 

affected by the deletion of IL-1b and IL-1R1, or IL-1a respectively 

(Bonnet et al., 2011; Kovalenko et al., 2009).  
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The Casp-8EKO model described by Kovalenko et al. and the FADDEKO 

model described by Bonnet et al. start showing cutaneous lesions at an 

early stage (P3) and have a more severe inflammatory phenotype than the 

one described by Lee et al. Kovalenko et al. and Bonnet et al. Both showed, 

in Casp-8EKO and FADDEKO models respectively, that TNF and TNFR-1 

deletion from these animals strongly delayed, but not prevented, the 

inflammatory phenotype. However, while Kovalenko et al. suggested that 

skin disease was initiated in the suprabasal layer of the epidermis before 

birth, Bonnet et al showed that epidermal formation, proliferation or 

differentiation was not affected in FADDEKO animals at the time of birth 

(P0). Furthermore, Kovalenko et. al. reported that MyD-88 or TRIF 

deletion did not affect the rate or extent of development of inflammation. 

In contrast, FADDEKO Myd-88-/- animals showed a slight delay in skin 

lesion development compared to FADDEKO mice, which suggested that 

activation of TLR signalling by DAMPs, along with other signalling, could 

be implicated in inducing skin inflammation. These papers provide the 

scientific insight and support for the evaluation of a necroptosis-

dependent skin inflammation model. 

The second part of this thesis explore the effect of two DAMPs, IL-33 and 

HMGB1, in necroptosis-dependent skin inflammation in vivo. This has 

been investigated through a genetic approach using the Casp-8EKO skin 

necroptosis model. The potential role of IL-33 has been investigated by 

the deletion of IL-33 or its receptor ST2 (Chapter 5), while the effect of 

HMGB1 has been studied through the constitutive or epidermal 

keratinocyte-specific deletion of RAGE from Casp-8EKO animals (Chapter 

6). In total, five different mouse lines have been produced: Casp-8EKO, 

Casp-8EKO Il-33-/-, Casp-8EKO St2-/-, Casp-8EKO Rage-/- and Casp-8EKO 

RAGEEKO. Breeding to obtain the four double knock-out lines of interest is 

described in Chapter 2.6.2. All animals have been closely monitored in 
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order to investigate their skin inflammatory phenotype and compare it to 

Casp-8EKO littermates. Overall, the aim was to determine what role these 

DAMPs play in the necroptotic skin inflammation by studying any changes 

in the Casp-8EKO phenotype produced by the deletion of IL-33, ST2 and 

RAGE.  

Chapter 5 and 6 aims: 

V. Through cross breeding obtain and closely monitor the following 

animals: Casp-8EKO, Casp-8EKO St2-/-, Casp-8EKO Il-33-/-, and 

control littermates (Chapter 5) or Casp-8EKO, Casp-8EKO Rage-/-, 

Casp-8EKO RAGEEKO, and control littermates (Chapter 6). Identify 

possible skin lesions and determine the experimental endpoints of 

each line. 

VI. Documentation, comparison, and analysis at different timepoints of 

the different skin inflammatory phenotypes macroscopically using a 

lesion score system (Chapter 2.81).  

VII. Histological analysis of the skin samples to detect any changes 

between the different phenotypes and obtention of overall epidermal 

thickness measurements.  

VIII. Analysis of epidermal proliferation (KRT-6, KRT-14), early and late 

differentiation markers (KRT-10 and LOR respectively) as well as 

stem cell markers (Ki-67) through immunostaining. 

IX. Immunostaining of the skin samples collected for each line for 

necroptosis markers ph-MLKL and RIPK3, as well as the apoptosis 

marker, cleaved Casp-3. 

X. Investigation of the immune cell infiltrate present in the skin lesions 

of the obtained lines by immunostaining the collected samples for 

T-cells (CD3), macrophages (F4-80) and granulocytes (Gr-1). 
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XI. Analysis of the presence necroptosis-associated cytokine TNF and 

the DAMP IL-33 in the skin of the different animals, aiming to detect 

any distinct changes caused by the deletion of IL-33, ST2 or RAGE  

A brief characterisation of the Casp-8EKO skin inflammation phenotype and 

skin histology can be found in Appendix III. This supplementary 

information aims to facilitate the reader’s familiarisation with the Casp-

8EKO skin inflammation model, as well as report phenotypical differences 

observed in Casp-8EKO animals during the development of the 

experiments. 

5    
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Chapter 5 

IL-33 and ST2 signalling in the 

Casp-8EKO skin inflammation 

model  

5.1   Background and aims 

IL-33 is a tissue-derived cytokine of the IL-1 family, mostly expressed in 

endothelial and epithelial cells (Cayrol & Girard, 2018). It is normally 

stored in the nucleus but can be released upon cell injury or necrosis acting 

as a damage-associated molecular pattern (DAMP) or alarmin (N. T. 

Martin & Martin, 2016). It acts through binding to its receptor ST2 

(Schmitz et al., 2005), a member of the IL-1R family, which belongs to the 

TIR superfamily. The major targets of IL-33 in vivo are tissue-resident 

immune cells such as ILC2s and mast cells, but also non-immune cells 

such as ST2-expressing endothelial or epithelial cells, fibroblasts, 

astrocytes and neurons. IL-33 plays important roles in tissue homeostasis 

through regulation of immune responses in allergic, fibrotic, infectious and 

chronic inflammatory diseases. Binding of IL-33 to its receptor ST2 has 

been described to shape both innate and adaptative immune responses 

(Cayrol & Girard, 2018). 
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IL-33 is constitutively expressed by epithelial cells, including murine 

keratinocytes (Sundnes et al., 2015). It has been reported to be implicated 

in skin inflammatory diseases such as AD as serum levels of IL-33 are 

elevated in some AD patients, and these levels correlate with disease 

severity (Dajnoki et al., 2016; Tamagawa-Mineoka et al., 2014). 

Furthermore, AD patients and mice with AD-like dermatitis have increased 

expression of IL-33 and ST2 levels in tissue (Savinko et al., 2012; Shimizu 

et al., 2005). Alterations of IL-33 serum levels in psoriatic patients, 

however, are controversial (Athari et al., 2016; Mitsui et al., 2016; Zeng 

et al., 2021). Intradermal injection of IL-33 can induce psoriasis-like 

dermatitis in mice and IL-33 or ST2 deficiency ameliorate the phenotype 

of the IMQ-induced psoriasiform model (Zeng et al., 2021). However, 

neither IL-33 nor ST2 knock-out had any effect in the well-stablished 

Calcipotriol-induced model of AD (Pietka et al., 2020).  

Nevertheless, IL-33 is expressed during necroptosis-dependent skin 

inflammation. A dramatic increase in IL-33 mRNA level was found in the 

epidermis of Casp-8EKO and FADDEKO mice (Kovalenko et al., 2009; 

personal communication, Bonnet MC). IL-33 was also found to be highly 

expressed in the tissue of skin lesions found in Casp-8EKO animals 

(Kovalenko et al., 2009). The aim of the work described in this chapter is 

to explore the role of this cytokine in Casp-8EKO mice. In order to do so, 

Casp-8EKO animals were crossed with Il-33-/- and St2-/- animals to obtain 

two double knock-out mouse lines: Casp-8EKO Il-33-/- and Casp-8EKO  

St2-/- animals. Il-33-/- and St2-/- mice have been described previously and 

are healthy and fertile (Hardman et al., 2013; Townsend et al., 2000, 

respectively). The animals generated from these crosses were carefully 

monitored, and their skin lesion development was scored both 

macroscopically and by immunohistochemistry (see section 2.8.1 and 

2.9.3). Three different timepoints have been studied, for which skin 
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biopsies were collected. The expression of different epidermal 

proliferation and differentiation makers was analysed in the collected 

samples aiming to study how IL-33 signalling might affect the epidermal 

alterations observed in Casp-8EKO mice. Furthermore, cell death markers 

were studied in the cutaneous lesions, including necroptotic markers 

RIPK3 and ph-MLKL and apoptotic marker cleaved Casp-3. The presence 

of immune cell infiltrate in lesions developed in each line was also 

investigated, together with the presence of other necroptosis-related 

cytokines such as TNF and IL-33.  

5.2   Results 

5.2.1   Casp-8EKO Il-33-/- and Casp-8EKO St2-/- animals show 

reduced number and severity of skin lesions 

All Casp-8EKO were macroscopically indistinguishable from their control 

littermates until around postnatal day 5 (P5). After this point, small, faint 

lesions could be observed in the skin of Casp-8EKO animals (Figure 5.1A). 

Hence, P6 was established as the first timepoint to study the evolution of 

the phenotype. Casp-8EKO Il-33-/- and Casp-8EKO St2-/- pups at P6 showed 

very few or no lesions in their skin, as shown in Figure 5.1B and 6.1C. 

Contrary to most Casp-8EKO pups at this age, which could easily be 

identified macroscopically due to the presence of lesions, double KO pups 

from both lines were almost undistinguishable from control littermates, 

making genotyping necessary identify them. This indicated that lesion 

development was delayed by the deletion of either IL-33 or ST2 from 

Casp-8EKO animals. Not only were number of lesions reduced, but their 

severity and morphology also seemed distinct. Unlike the blister-looking 

lesions found in Casp-8EKO, the few lesions that could be detected in the 
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skin of Casp-8EKO Il-33-/- and Casp-8EKO St2-/- pups were only less 

pigmentated patches of skin (see red arrows in Figure 5.1). 

  

Figure 5.1: Phenotypes of Casp-8EKO, Casp-8EKO Il-33-/-, Casp-8EKO St2-/- mice and 

control littermates at P6. Representative images showing back area of (A) two Casp-

8EKO mice and a littermate control, (B) Casp-8EKO Il-33-/- animal and a littermate 

control and (C) Casp-8EKOSt2-/- animal and a littermate control. Number of animals 

analysed: Casp-8EKO St2-/- n=14; Casp-8EKO Il-33-/- n=11; Casp-8EKO n=10. 
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Figure 5.2: Phenotypes of Casp-8EKO, Casp-8EKO Il-33-/-, Casp-8EKO St2-/- mice and control littermates at P12. Representative images 

of lateral and abdominal areas of (A) Casp-8EKO, (B) Casp-8EKO St2-/-, (C) Casp-8EKO Il-33-/-, and (D) littermate control animals. Red 

arrows point to small skin lesions found in these animals. Number of animals analysed: C8EKO St2-/- n=21; C8EKO Il-33-/- n=18; C8EKO 

n=30.
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Casp-8EKO pups displayed extensive skin lesions before they reached two 

weeks of age, and most had to be culled shortly after postnatal day 12 

(P12) as they were then about to reach their experimental endpoint (see 

section 2.7.2). P12 was therefore selected as the standard experimental 

endpoint, and thus the second timepoint used to study the phenotype. 

Lesions in Casp-8EKO animals at this stage were distributed in patches 

across the skin and characterised by flaky skin and thickening of the 

epidermis that resulted in scally, slightly scabbed-looking lesions (Figure 

5.2A). Hence, these animals were clearly identifiable due to the presence 

of large lesions covering both the back and abdominal areas (Figure 5.2A). 

In contrast, lesions in Casp-8EKOSt2-/- and Casp-8EKO Il-33-/- animals 

were limited, and only a few were detectable in the abdominal area (Figure 

5.1B and 6.1D).  

As seen in Figure 5.3A (left graph), the scores of Casp-8EKO St2-/- pups 

(mean: 0,57) and Casp-8EKO Il-33-/- pups (mean: 1,09) at P6 were 

significantly different (p<0,0001) than Casp-8EKO animals (mean: 2,4). The 

score of Casp-8EKO St2-/- pups was not significantly different from the 

score of control littermates or Casp-8EKO Il-33-/- animals. Casp-8EKO Il-

33-/- P6 pups’ score, however, was significantly higher than control 

littermates (p=0,0004) (Figure 5.3A, left graph). Similarly, the score of 

both Casp-8EKO St2-/- and Casp-8EKO Il-33-/- animals at P12 was 

significantly lower (p<0.0001) than the score achieved by Casp-8EKO 

littermates (Fig 6.3A, right graph). Again, at this timepoint, there was no 

significant difference between the double knock-out groups, but both 

Casp-8EKO St2-/- and Casp-8EKO Il-33-/- scores were now significantly 

higher from control littermates (p=0,0048 and p=0,0002 respectively). 

This data confirms that the deletion of either IL-33 or ST2 from Casp-

8EKO animals leads to a partial rescue of the inflammatory phenotype, 

evidenced by a reduced number and severity of lesions in the skin.  
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Regular monitoring of the animals between the two timepoints revealed 

that the skin inflammation phenotype in Casp-8EKO Il-33-/- and Casp-

8EKOSt2-/- animals developed at a slower rate than in Casp-8EKO animals. 

Figure 5.3B shows a summary of the data presented in Figure 5.3A, 

organised by line. Statistical analysis shows that there were no significant 

changes in lesion scores between P6 and P12 timepoints for Casp-8EKO Il-

33-/- or Casp-8EKO St2-/- animals but the lesion growth between this 

timepoints was significant for Casp-8EKO mice (p=0.0001). These results 

indicate that, in addition to a delay in the appearance of the inflammatory 

phenotype, IL-33 and ST2 deletion leads to a slower development of given 

phenotype. 

 

Figure 5.3: Lesion score of Casp-8EKO, Casp-8EKO Il-33-/-, Casp-8EKO St2-/- mice and 

control littermates at P6 and P12. Number and severity of skin lesions were assessed 

macroscopically through a scoring system (described in Chapter 2.8.1). Casp-8EKO, 

Casp-8EKO IL-33, Casp-8EKO St2-/- and littermate control animals were assessed at 
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(A) P6, left panel and P12, right panel. (B) shows a summary of P6 and P12 data, 

organised by line. All graphs show individual values, mean ± SD. Statistical analysis 

used in (A) is Kruskal-Wallis test followed by Dunn’s multiple comparison test. Left 

panel: ****p<0.0001, **p=0.0029, *p=0.0395; Right panel, ****p<0.0001, 

***p=0.0004 (A-C), ***p=0.0005 (C-D), **p=0.0049. For (B), multiple Kolmogorov-

Smirnov tests were performed using Holm-Sídák’s multiple comparison method, 

*p=0.016. Number of animals analysed: C8EKO St2-/- P6 n=14, P12 n=21; C8EKO Il-

33-/- P6 n=11, P12 n=18; C8EKO P6 n=10, P12 n=30. 

5.2.2   Deletion of IL-33 or ST2 improves Casp-8EKO survival  

Unlike most Casp-8EKO animals, which reached the maximum score by P12, 

most Casp-8EKO Il-33-/- and Casp-8EKO St2-/- animals reached young 

adulthood (over 6 weeks). Lesions start appearing in the back of the 

animals around weaning age (3 weeks), at which point they were housed 

individually. As animals grew older, lesions turned to a more chronic 

appearance as many evolved into hardened scab-looking patches 

compared to the scaly skin lesions observed in younger animals. Patches 

of alopecia were also commonly found affecting the animals’ body. Since 

deletion of IL-33 or ST2 from Casp-8EKO mice allowed animals to survive 

to young adulthood, a third timepoint was established to study their 

phenotype at P60 (8-9 weeks). Figure 5.4A and B show representative 

images of Casp-8EKO Il-33-/- and Casp-8EKO St2-/- animals at 8 weeks of 

age, respectively. 

Amelioration of the inflammatory phenotype led to a significant increase 

in the survival of Casp-8EKO St2-/- (p=0.005) and Casp-8EKO Il-33-/- 

animals (p<0.0001) compared to Casp-8EKO animals (Fig 6.4C). No 

differences in animal survival were observed between male and female 

Casp-8EKO St2-/- mice (Figure 5.4E, upper panel). Casp-8EKO Il-33-/- and 

Casp-8EKO St2-/- adults were the same size as littermate controls (Figure 

5.4A), their weight was always maintained in healthy levels for their age 

(Figure 5.4E, lower panel), and males were able to breed normally. This 
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data confirms that, even though the inflammatory phenotype continues 

developing in adults, the deletion of either IL-33 or ST2 had a significant 

impact on animal survival.  

 

Figure 5.4: Lesion score and survival of Casp-8EKO Il-33-/- and Casp-8EKO St2-/- skin 

during adulthood. Images of 8-weeks-old (A) Casp-8EKO St2-/- and (B) Casp-8EKO Il-

33-/- animals with clear lesions in neck and back. (C) Kaplan Meier survival curve of 

Casp-8EKO, Casp-8EKO Il-33-/- and Casp-8EKO St2-/- animals. Error bars represent 

SD. Number of animals analysed: Casp-8EKO Il-33-/- n=10, Casp-8EKO St2-/- n=8, 

Casp-8EKO n=26. (D) Lesion score evolution of Casp-8EKO Il-33-/- (n=7) and Casp-

8EKO St2-/- (n=8) animals over time (weeks). Each point represents the mean score 
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for that age ± SD. Each set of data was fit with a simple linear regression line. Simple 

linear regression comparison was performed using Graphpad, **p=0.0009. (E) Upper 

panel, Kaplan Meier survival curve of Casp-8EKO St2-/- males (red, n=5) and females 

(green, n=4). Lower panel, weight of Casp-8EKO St2-/- animals (red) and stablished 

average weight for C57BL/6N mice (green) (The Jackson Laboratory). Animals 

analysed: Casp-8EKO St2-/- n=6. Each point represents the mean weight for that age 

± SD. Statistical analysis for Kaplan Meier curve comparison (panels C and E) was 

the Gehan-Breslow- Wilcoxon test. 

The difference in survival between Casp-8EKO Il-33-/- and Casp-8EKO  

St2-/- mice, however, was also significant (p=0.014) (Figure 5.4C). The 

median survival for Casp-8EKO Il-33-/- animals was 7 weeks whereas for 

Casp-8EKO St2- /- animals this rose to 10.5 weeks. A mild difference in the 

inflammatory phenotype between the two double knock-out groups was 

noticeable at an earlier age, but this was not significant (Figure 5.3B and 

6.3C). As animals grew older, this difference becames more obvious. The 

average lesion score of double knock-out animals was determined every 

week and is shown in Figure 5.4D. This analysis revealed that, although 

the severity of the phenotype at early stages was very similar for both 

double knock-out lines, lesions in Casp-8EKO Il-33-/- animals developed at 

a faster rate than in Casp-8EKO St2-/- animals. This change in the lesion 

development was found to be significant when comparing the slopes of the 

simple linear regression models. This data shows that Casp-8EKO Il-33-/- 

adults were significantly more affected by the inflammatory phenotype 

than Casp-8EKO St2-/- adults, exhibiting for the first time a significant 

difference between the double knock-out groups.  

5.2.3   Histological analysis of skin samples 

When animals were assessed macroscopically, it was observed that the 

abdominal area was significantly more affected by lesions than the back 

area (Figure 5.2). The overall score of each animal, based on the total 

body surface affected by lesions, considered the totality of the animal skin 

(see section 2.8.1). Skin sections were collected from the back-neck and 
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abdominal areas of animals at either P6 or P12, independently of the 

presence or absence of lesions in this area. As showed previously (Figure 

5.1 and 6.2), animals were only partially covered by lesions, creating some 

variability within the samples collected. To verify if samples were 

consistent with the macroscopical observations (overall animal score) and 

therefore representative of the phenotype, the number and extensity of 

lesions in skin samples collected at P12 from Casp-8EKO and Casp-8EKO 

St2-/- animals were quantified. Skin samples were stained with 

haematoxylin and eosin and analysed to calculate the percentage area of 

sample affected by lesions, attending to epidermal thickening and dermal 

cell infiltration (see section 2.9.3). Indeed, as observed macroscopically, 

this quantification showed that samples collected from the abdominal area 

were more affected by lesions than those collected from the back area of 

the animals (Figure 5.5A). In addition, the quantification revealed a higher 

variability in the extent of lesions when samples were collected from the 

abdominal area compared to samples compared from the back area (Figure 

5.5A).  

Next, the phenotypical score of each individual animal at the time of 

sample collection (Y axis) was compared to the lesional percentage 

calculated for that collected sample (X axis). This comparison was 

performed for samples collected both from back and abdominal areas 

(Figure 5.5B and C respectively). The analysis revealed that samples 

obtained from the back area of animals with lower macroscopical scores 

also had lower number of lesions per sample, while higher phenotype 

scores are linked to higher percentages of lesions per sample (Figure 5.5B, 

left panel). Samples collected from the abdominal areas of the animal, 

however, showed less consistency between the macroscopic score and the 

percentage of sample affected by lesions, as sections from animals with 

low score had high percentages of lesions per sample (Figure 5.5B, right 
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panel). This meant that the samples collected from the back area of both 

Casp-8EKO and Casp-8EKO St2-/- animals were more representative of the 

direct lesion observations than those collected from the abdominal area of 

these animals. Consequently, it was decided that, in order to maintain the 

accuracy of further studies, only samples collected from the back area 

would be used for histological analysis. This was applied to all other mouse 

lines in this and the following chapter. 

 

Figure 5.5: Analysis of the phenotype representativeness of the samples collected 

from the back and abdominal area of the animals. (A) Quantification of the percentage 

of skin sample affected by lesions (hyperplasia) of Casp-8EKO, Casp-8EKO Il-33-/- or 

Casp-8EKO St2-/- animals collected from back and abdominal areas. Each point 

represents an individual animal and bars show mean ± SD. The statistical analysis 

performed is two-way ANOVA followed by Sidák’s multiple comparisons test, 

****p<0.0001. Number of animals analysed: Casp-8EKO n=17; Casp-8EKO St2-/- n=15. 

(B) Graphs representing the phenotypical score (Y axis) versus the total sample area 

affected by lesions (%). Left panel shows data from skin sections collected from the 

back area; right panel represents abdominal sections. Each point represents an 

individual animal. Number of animals analysed: : Casp-8EKO back n=6, abdominal n=6; 

Casp-8EKO St2-/- back n=12, abdominal n=8. 
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Histological analysis, through H&E staining of skin samples collected from 

6-day-old Casp-8EKO, Casp-8EKO Il-33-/- and Casp-8EKO St2-/- animals, 

showed mostly normal-looking skin, identical to that collected from 

control littermates (Figure 5.6A, upper panel). Similar to what was 

observed macroscopically, only a few lesions in Casp-8EKO samples were 

noticeable, although these were not enough to significantly increase the 

overall epidermal thickness of the animals when compared to control 

littermate controls (Figure 5.6B, left panel). In fact, as shown in Figure 

5.6B (left graph), there were no significant differences in the epidermal 

thickness between any of the different groups, showing that even though 

lesions could be detected in the samples, these did not contribute to 

increase epidermal thickness significantly. Indeed, when the extent of the 

lesions affecting each sample was assessed, it was found that, on average, 

only 20% of the total sample collected from P6 Casp-8EKO animals was 

affected by lesions, compared to 7.5 and 7.6% of P6 Casp-8EKO Il-33-/- 

and Casp-8EKO St2-/- respectively (Figure 5.6C. right panel).  

Histological analysis of Casp-8EKO skin samples collected at P12 revealed 

the presence extensive lesions, while skin was mostly non-lesional in 

Casp-8EKO Il-33-/- and Casp-8EKO St2-/- samples (Figure 5.6A, lower 

panel). Consequently, the overall epidermal thickness of Casp-8EKO 

animals was significantly higher than control littermates (p<0,0001), but 

also Casp-8EKO Il-33-/- (p=0.0009) and Casp-8EKO St2-/- animals 

(p<0.0001) (Figure 5.6B). At this stage, inflammatory patches in Casp-8EKO 

Il-33-/- and Casp-8EKO St2-/- samples were more common and extensive, 

but this did not translate to a significant difference between epidermal 

thickness of control littermates and the two double knock-out groups 

(Figure 5.6B). The same observation could be made when the percentage 

of lesions per sample was quantified for each line (Figure 5.6C, right 

panel). When looking at this data organised by line (Figure 5.6C, left panel), 
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it is confirmed that Casp-8EKO, but not Casp-8EKO Il-33-/- or Casp-8EKO 

St2-/- samples show significant increase in the number of lesions between 

the two timepoints (P6 and P12), indicating a faster development rate of 

the inflammatory phenotype. Lesions found in Casp-8EKO Il-33-/- and 

Casp-8EKO St2-/-skin at P12 had similar histological characteristics than 

those found in Casp-8EKO skin. As previously reported in the literature, 

and described in Appendix III, histological characteristics included 

acanthosis, loss of granular layer (hypogranulosis) and hyperkeratosis 

with retained nuclei in the cornified layer (parakeratosis), a sign of delayed 

keratinocyte terminal differentiation or cornification (Figure 5.6A).  
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 Figure 5.6: Skin histology and quantification of epidermal thickness and lesion 

evolution of Casp-8EKO, Casp-8EKO Il-33-/-, Casp-8EKO St2-/- and control littermates 

skin samples. (A) Representative images of skin histology from Casp-8EKO, Casp-

8EKO Il-33-/- and Casp-8EKO St2-/- and control littermates. Skin samples collected at 

P6 (upper panel) and P12 (lower panel) from were fixed and stained for haematoxylin 

and eosin. Images obtained using Zeiss Apotome Axio Observer microscope, 

magnification 40X. Scale bar represents 50 µm. (B) Epidermal thickness quantification 

of samples collected from Casp-8EKO, Casp-8EKO Il-33-/- and Casp-8EKO St2-/- and 

control littermates at P6 (left) and P12 (right). Graph shows individual values and 

their mean. The statistical analysis performed was Kruskal-Wallis test followed by 

Dunn’s multiple comparisons test. *p=0.0142 (B-D), *p=0.0163 (C-D), ***p=0.0004. 

(C) Histological quantification of lesions found in skin sections collected from Casp-
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8EKO, Casp-8EKO Il-33-/- and Casp-8EKO St2-/- animals at P6 and P12. Values are 

expressed as mean ± SD. Left panel organises data per line; multiple Mann-Whitney 

tests were performed for statistical analysis using the Holm-Sídák method. *p=0.013. 

Right panel organises data by timepoint; statistical analysis performed was Kruskal-

Wallis test followed by Dunn’s multiple comparison test, **p=0.0011, *p=0.014. 

Number of animals analysed for (B) and (C): Casp-8EKO P6 n=6, P12 n=12; Casp-8EKO 

Il-33-/- P6 n=7, P12 n=9; Casp-8EKO St2-/- P6 n=6, P12 n=12; Control P6 n=5, P12 

n=8. 

Histological analysis of skin samples collected from adult mice (P60) 

showed skin was almost completely covered by lesions, characterised by 

epidermal hyperplasia, parakeratosis and marked hyperkeratosis (Figure 

5.7A and B). The increased proliferation of the epidermal layers and 

thickening of the cornified layer, which coincides with the scabby lesions 

observed macroscopically, led to the formation of numerous small 

epidermoid or inclusion cysts. Figure 8B shows an example of how the 

cornified layer goes through the epidermis (red arrow labelled 1) creating 

small compartments (red arrows labelled 2) that eventually detach from 

the epidermis (yellow arrow). These structures, containing all the 

epidermal layers, can then be found in the dermis (red arrows labelled 3).  
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Figure 5.7: Histological analysis of lesional areas found in Casp-8EKO Il-33-/-, Casp-

8EKO St2-/- and control littermates young adult skin samples. Skin samples collected 

from adult Casp-8EKO Il-33-/-, Casp-8EKO St2-/- and control littermates were fixed 

and stained with haematoxylin and eosin. (A) shows representative images of each 

line. Scale bars represent 50 µm (B) shows a representation of epidermoid cyst 

formation found in some 9-week-old Casp-8EKO St2-/- animals due to 

hyperproliferation. Images shows a representation of this process. Outer layers of 

the epidermis travel inside (red arrow 1) creating cysts that contain all epidermal 

layers (red arrow 2). These eventually break free from the epidermis and can be 

found in the dermis. Scale bar represents 25 µm. Images obtained using Zeiss 

Apotome Axio Observer microscope, (A) magnification 40X, (B) magnification 5X. 
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5.2.4   Immunohistological analysis of proliferation and 

  differentiation markers in the skin 

Different subtypes of keratins are expressed specifically in the distinct 

epidermal layers (see Figure 1.9) and are commonly used as epidermal 

proliferation and differentiation markers including for skin diseases 

diagnostics. The following figures (Figures 6.8-12) show representative 

images of Casp-8EKO, Casp-8EKO Il-33-/- and Casp-8EKO St2-/- skin at P6 

(non-lesional) and at P60 (lesional). At the P12 timepoint, both non-

lesional and lesional have been included, in order to facilitate lesion-to-

lesion comparison of the different markers. However, it is important to 

highlight that the skin of Casp-8EKO Il-33-/- and Casp-8EKO St2-/- at P12 is 

mainly non-lesional, while the lesional images chosen correspond to 

sporadic lesions found in the skin of these animals.  

Keratin 6 (KRT-6) is an epidermal stem cell marker and its expression in 

normal mice skin is restricted to hair follicles epidermal stem cells. This 

pattern was found in skin collected from control littermates, as well as 

non-hyperplastic skin patches found in Casp-8EKO, Casp-8EKO Il-33-/- and 

Casp-8EKO St2-/- both at P6 and P12 (Figure 5.8A). KRT-6 was very 

strongly expressed by epidermal keratinocytes throughout lesions found 

in Casp-8EKO, Casp-8EKO Il-33-/- and Casp-8EKO St2-/- skin at P12, a 

characteristic feature of an ongoing repair process in the epidermis. This 

increased expression of KRT-6 was maintained in time, as it was observed 

throughout the lesions found in adult skin of both lesion-presenting 

animals (P60).  

KRT-14 is a marker of basal proliferating keratinocytes and, therefore, a 

hallmark of basal keratinocytes. Control and non-lesional skin found in 

Casp-8EKO, Casp-8EKO Il-33-/- and Casp-8EKO St2-/- at P6 and P12 show 

KRT-14 expression in hair follicles and the basal layer of the epidermis 
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(Figure 5.8B). KRT-14, however, was highly expressed throughout 

hyperplastic epidermal areas at P12. Similarly, the expression of 

proliferation marker Ki-67, was highly increased in lesional areas found 

in Casp-8EKO, Casp-8EKO Il-33-/- and Casp-8EKO St2-/- at P12 (Figure 

5.8C). Positive Ki-67 cells could be found covering the basal layer of 

hyperplastic areas as well as in some areas of suprabasal layers making 

evident an abnormal proliferation of keratinocytes. Samples collected at 

P60 from Casp-8EKO Il-33-/- and Casp-8EKO St2-/- animals showed a 

similar KRT-14 and Ki-67 pattern indicating that cell proliferation is still 

remarkably active in adult skin lesions. 
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Figure 5.8: Immunohistological analysis of proliferation and differentiation markers 

in Casp-8EKO, Casp-8EKO Il-33-/- and Casp-8EKO St2-/- skin samples. Skin samples 

were collected at different timepoints (P6, P12 and P60) from Casp-8EKO, Casp-8EKO 

Il-33-/-, Casp-8EKO St2-/- and control littermates. Sections were fixed and 

immunostained (red) for (A) stem cell marker KRT-6, (B) KRT-14 and (C) 

proliferation marker Ki-67. Nuclei were stained with DAPI (blue). To facilitate lesion 

to lesion comparison with Casp8EKO skin, sporadic lesional areas found in Casp-8EKO 

Il-33-/- and Casp-8EKO St2-/- skin at P12 are shown but are not representative of the 

phenotypes. Images were obtained using Zeiss LSM 880 scanning confocal 

microscope using a Z-stack function at magnification 63X. Scale bar represents 50 

µm. Mice analysed for each genotype: KRT-6: C8EKO P6 n= 4, P12 n=5; C8EKO  

Il-33-/- P6 n=5, P12 n=4, P60 n=5; C8EKO St2-/- P6 n=6, P12 n=5, P60 n=6; Control 

P6 n=3, P12 n=2, P60 n=6. KRT-14: C8EKO P6 n=5, P12 n=8; C8EKO Il-33-/- P6 n=7, 

P12 n=5, P60 n=5; C8EKO St2-/- P6 n= 5, P12 n=4, P60 n=6; Control P6 n=3, P12 n=3, 

P60 n=2. Ki-67: C8EKO P6 n=5, P12 n=8; C8EKO Il-33-/- P6 n=7, P12 n=5, P60 n=5; 
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C8EKO  

St2-/- P6 n= 5, P12 n=4, P60 n=6; Control P6 n=3, P12 n=3, P60 n=3.  

Next, the differentiation state of the keratinocytes was assessed through 

immunostaining of KRT-10 and Loricrin (LOR). During the cornification 

process, keratinocytes move from the single epidermal basal layer upward 

to the suprabasal layer, where they express KRT-10. Hence, the 

expression of KRT-10 reflects an early differentiation stage of 

keratinocytes. As keratinocytes in the spinous layer differentiate further, 

they move to the granular layer and express late differentiation markers 

such as LOR. 

As expected, KRT-10 and LOR were expressed in the spinous and 

granular layers, respectively, in control skin as well as non-hyperplastic 

skin from Casp-8EKO, Casp-8EKO Il-33-/- and Casp-8EKO St2-/- animals 

(Figure 5.9A and 6.9B). KRT-10 was almost completely lost in P6 and P12 

Casp-8EKO lesions. Casp-8EKO Il-33-/- and Casp-8EKO St2-/- skin, however, 

showed patched but strong KRT-10 staining throughout the lesion. 

Similarly, the expression of LOR was completely lost in hyperplastic areas 

in Casp-8EKO skin but was noticeable in lesions found in Casp-8EKO  

Il-33-/- and Casp-8EKO St2-/- both at P6 and P12 (Figure 5.9B). 

Interestingly, KRT-10 expression at P60 was partially restored in the 

suprabasal layers, and the LOR staining was almost entirely restricted to 

the cornified layer, its normal localisation (Figure 5.9B), indicating less 

alteration of the differentiation pattern. Both skin markers were also 

present in the epidermoid cysts found along the dermis, as they are formed 

directly from epidermal structures. This data shows that the keratinocyte 

differentiation process is less affected following the deletion of IL-33 or 

ST2 from Casp-8EKO animals. 
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Figure 5.9: Immunohistological analysis of early and late keratinocyte differentiation 

markers in Casp-8EKO, Casp-8EKO Il-33-/- and Casp-8EKO St2-/- skin samples Skin 

samples collected at different timepoints (P6, P12 and P60) from Casp-8EKO, Casp-

8EKO Il-33-/- and Casp-8EKO St2-/- and control littermates. Sections were fixed and 

immunostained (red) for (A) suprabasal marker KRT-10 and (B) granular layer 

marker LOR. Nuclei were stained with DAPI (blue). To facilitate lesion to lesion 

comparison with Casp8EKO skin, sporadic lesional areas found in Casp-8EKO Il-33-/- 

and Casp-8EKO St2-/- skin at P12 are shown but are not representative of the 

phenotypes. Images were obtained using Zeiss LSM 880 scanning confocal 

microscope using a Z-stack function at magnification 63X. Scale bar represents 50 

µm. Mice analysed for each genotype: KRT-10, C8EKO P6 n=5, P12 n=6; C8EKO  

Il-33-/- P6 n=5, P12 n=5, P60 n=4; C8EKO St2-/- P6 n= 4, P12 n=6, P60 n=3; Control 

P6 n=5, P12 n=5, P60 n=2. LOR, C8EKO P6 n=4, P12 n=5; C8EKO Il-33-/- P6 n=7, P12 

n=7, P60 n=4; C8EKO St2-/- P6 n= 4, P12 n=4, P60 n=3; Control P6 n=4, P12 n=6, P60 

n=2. 
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5.2.5   Immunohistological analysis of necroptotic and apoptotic  

  markers 

RIPK3 is an essential component of the necrosome, and it has been shown 

to play an essential role in activating necroptosis by phosphorylating its 

substrate, MLKL (Weber et al., 2018). Phosphorylated MLKL (ph-MLKL) 

is the main effector of necroptosis as it initiates plasma membrane rupture 

(Cai et al., 2014). In order to confirm ongoing necroptosis in the epidermis 

of Casp-8EKO animals and assess to what extent it was active in the 

considered phenotypes, immunostaining for RIPK3 and ph-MLKL were 

performed. Immunohistochemistry analysis revealed the presence of 

RIPK3 positive cells throughout the epidermis of hyperplastic skin patches 

found in Casp-8EKO, Casp-8EKO Il-33-/- and Casp-8EKO St2-/- skin at P12 

(Figure 5.10A). Non-hyperplastic patches and control skin showed 

unspecific staining of the cornified layer.  

Necroptotic death at inflammation sites was confirmed through membrane 

localised staining of ph-MLKL throughout lesions found in Casp-8EKO Il-

33-/- and Casp-8EKO St2-/- animals at P12 (Figure 5.10B). Positive ph-

MLKL staining was also observed in the scarce hyperplastic skin patches 

found in Casp-8EKO samples at P6. As expected, no phosphorylated MLKL 

could be found in control skin at any of the studied timepoints (Figure 

5.10B). Casp-8EKO, Casp-8EKO Il-33-/- and Casp-8EKO St2-/- non-

hyperplastic skin patches, showed some ph-MLKL positive cells (Figure 

5.10B), showing active necroptosis at early stages of lesion development. 

MLKL phosphorylation was still present in P60 skin samples both in Casp-

8EKO Il-33-/- and Casp-8EKO St2-/- animals, showing necroptosis is 

maintained and contributes to inflammation even at later stages.  
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Figure 5.10: Immunohistological analysis of necroptotic markers RIPK3 and ph-

MLKL in Casp-8EKO, Casp-8EKO Il-33-/- and Casp-8EKO St2-/- skin samples. Skin 

samples collected at different timepoints (P6, P12 and P60) from Casp-8EKO, Casp-

8EKO Il-33-/- and Casp-8EKO St2-/- and control littermates. Sections were fixed and 

immunostained (red) for (A) RIPK3 and (B) ph-MLKL. Nuclei were stained with DAPI 

(blue). To facilitate lesion to lesion comparison with Casp8EKO skin, sporadic lesional 

areas found in Casp-8EKO Il-33-/- and Casp-8EKO St2-/- skin at P12 are shown but are 

not representative of the phenotypes. Images were obtained using Zeiss LSM 880 

scanning confocal microscope using a Z-stack function at magnification 63X. Scale 

bar represents 50 µm. Mice analysed for each genotype: RIPK3, C8EKO P6 n=4, P12 

n=6; C8EKO Il-33-/- P6 n=6, P12 n=5, P60 n=4; C8EKO St2-/- P6 n= 5, P12 n=7, P60 

n=4; Control P6 n=4, P12 n=5, P60 n=2. Ph-MLKL, C8EKO P6 n=4, P12 n=5; C8EKO  

Il-33-/- P6 n=6, P12 n=5, P60 n=4; C8EKO St2-/- P6 n= 4, P12 n=4, P60 n=4; Control 

P6 n=3, P12 n=3, P60 n=2. 

To confirm ongoing apoptosis was not present in the Casp-8EKO model in 

the model described here, cleaved Caspase-3 (c-Casp-3) 
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immunohistochemistry was performed in skin samples collected. As shown 

in Figure 5.11, cleaved Casp3 was not detected in the lesions found in 

Casp-8EKO, Casp-8EKO Il-33-/- or Casp-8EKO St2-/- skin at P6 or P12, 

confirming keratinocyte death is apoptosis-independent. As a positive 

control for this staining, a human skin explant treated with apoptotic 

inducer (TNF plus SMAC mimetic) was stained with the same antibody, 

which had been shown previously to work both in mouse and human 

cleaved Caspase-3. 

 

Figure 5.11: Immunohistological analysis of apoptotic marker, cleaved Casp-3 in 

Casp-8EKO, Casp-8EKO Il-33-/- and Casp-8EKO St2-/- skin samples. Skin samples 

collected at different timepoints (P6, P12 and P60) from Casp-8EKO, Casp-8EKO Il-

33-/- and Casp-8EKO St2-/- and control littermates. Sections were fixed and 

immunostained (red) for cleaved Casp-3 (C-Casp-3) and nuclei were stained with 
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DAPI (blue). To facilitate lesion to lesion comparison, images of lesional areas have 

been included whenever possible, even if not representative of the phenotype. Last 

row shows a positive control for this immunostaining: human skin treated with 

apoptotic inducer (TNF + SMAC mimetic). Images were obtained using Zeiss LSM 

880 scanning confocal microscope using a Z-stack function at magnification 63X. 

Scale bar represents 50 µm, except for the lowest row (TS-treated skin), where 

scale bar represents 20 µm. Mice analysed for each genotype: C8EKO P6 n=6, P12 

n=7; C8EKO Il-33-/- P6 n=6, P12 n=5, P60 n=4; C8EKO St2-/- P6 n= 7, P12 n=6, P60 

n=4; Control P6 n=4, P12 n=5, P60 n=3. 

5.2.6   Immunohistological analysis of inflammatory immune 

  cells 

Hyperplastic areas found in Casp-8EKO as well as Casp-8EKO Il-33-/- and 

Casp-8EKO St2-/- skin were associated with increased inflammatory cell 

infiltrate of the dermis. To help define the profile of these inflammatory 

immune cells, skin sections were stained for T-cells (CD3), macrophages 

(F4/80) and granulocytes (Gr-1).  

As seen in macroscopical and histological analysis, Casp-8EKO Il-33-/- and 

Casp-8EKO St2-/- lesional patches were less frequent and extensive than 

those found in Casp-8EKO skin samples. When comparing immune cell 

infiltration, the overall observation was a drastically reduced presence of 

F480, CD3 and Gr-1 positive cells in Casp-8EKO Il-33-/- and Casp-8EKO 

St2-/- samples, due to the reduced number of lesions found per sample. It 

is important to remember that representative skin all animals at P6 and 

from double KO animals at P12 (see Fig 6.6C) is non lesional. In the 

following figures (6.12 and 6.13), and unlike in the previous ones, non-

lesional images of P12 animals have been omitted. Instead, and to facilitate 

lesion to lesion comparison analysis, images of sporadic lesions found in 

P6 and P12 timepoints are shown, although these are not representative 

of the overall phenotype.  
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Recruitment of T-cells was unaffected by IL-33 or ST2 deletion (Figure 

5.12A). A CD3+ cell subset with clear dendritic morphology corresponding 

to dendritic epidermal T cells (DETC) could be found in the epidermis and 

around hair follicles of healthy skin. As lesions start developing, these 

cells start disappearing from the epidermis and are substituted by dermis-

infiltrating T cells, of smaller and rounder morphology (Figure 5.12A). T-

cell infiltrate could be found in early stages of the inflammation phenotype 

(P6) and was maintained throughout lesion development (P12 and P60) 

(Figure 5.12A). The CD3 staining corresponding to Casp8EKO St2-/- skin at 

P12 was performed using a green secondary antibody due to protocol 

modifications not relevant to the samples.  

Macrophages were commonly found in control skin, which suggested the 

presence of a tissue resident macrophage population in the skin (Figure 

5.12B). F4/80+ cells infiltrated early lesions found at P6, characterised by 

small cell clusters, indicated an early recruitment of these cells to the 

inflammation site. Their presence was increased and maintained as 

inflammation develops and lesions become hyperplastic, as observed in 

P12 and P60 skin samples. Visual comparison of lesion-to-lesion areas 

showed that deletion of IL-33 or ST2 had no effect in macrophage 

recruitment at early or late timepoints (Figure 5.12A).  

Granulocyte recruitment was easily identifiable associated to Casp-8EKO 

lesional skin (Fig 6.12C). Gr-1+ cells were, however, hardly present in 

early stages of Casp-8EKO Il-33-/- or Casp-8EKO St2-/- phenotype. In fact, 

no granulocyte infiltrate was found in P6 Casp-8EKO St2-/- samples, and 

only a few cells were stained for Gr-1 in Casp-8EKO Il-33-/- skin (Fig 

6.12C), suggesting that IL-33/ST2 signalling plays a role in granulocyte 

recruitment. Casp-8EKO Il-33-/- lesions at P12 showed granulocyte 

infiltrate associated with lesions but Gr-1+ cells were generally hard to 

find in Casp-8EKO St2-/- samples compared to Casp-8EKO lesions (Fig 
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6.12C). Gr-1 staining of older animals (P60) showed that granulocyte 

infiltration is present at the inflammation site in later stages of the 

phenotype (Fig 6.12C). This data suggests that granulocyte recruitment at 

the inflammation site might be delayed by the deletion of IL-33 or ST2.  
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Figure 5.12: Immunohistological analysis of immune cell infiltrate in Casp-8EKO, 

Casp-8EKO Il-33-/- and Casp-8EKO St2-/- skin samples. Skin samples were collected 

at different timepoints (P6, P12 and P60) from Casp-8EKO, Casp-8EKO Il-33-/- and 

Casp-8EKO St2-/- and control littermates. Sections were fixed and immunostained 

(red) for (A) CD3, (B) F4/80 and (C) Gr-1. CD3 staining of P12 Casp-8EKO skin was 

performed using the same protocol as the others but with a green secondary antibody. 

Nuclei were stained with DAPI (blue). To facilitate lesion to lesion comparison, 

images of lesional areas have been included whenever possible, even if not 

representative of the phenotype. Images were obtained using Zeiss LSM 880 

scanning confocal microscope using a Z-stack function at magnification 63X. Scale 

bar represents 50 µm. Mice analysed for each genotype: F4/80, P6 C8EKO n=5 P12 

n=7; C8EKO Il-33-/- P6 n=7, P12 & 60 n=5; C8EKO St2-/- P6 & P12 n= 5, P60 n=7; 

Control P6 & P12 n=3, P60 n=6. CD3: C8EKO P6 n=4, P12 =6; C8EKO Il-33-/- P6 & P12 

n=5, P60 n=4; C8EKO St2-/- P6 n= 6, P12 n=5, P60 n=4; Control P6 n=3, P12 n=4, P60 

n=7. Gr-1, C8EKO P6 & P12 n=5; C8EKO Il-33-/- P6 & P12 n=7, P60 n=5; C8EKO St2-/- 

P6 n= 4, P12 n=10, P60 n=7; Control P6 n=3, P12 n=3, P60 n=2. 

5.2.7   Immunohistological analysis of inflammatory cytokines 

The pro-inflammatory cytokine TNF has been shown to play a determinant 

role in the inflammation phenotype of necroptosis-dependent skin models, 

since the deletion of TNF and TNFR1 from Casp-8EKO and FADDEKO 

animals led to a partial rescue of the skin inflammatory phenotype (Bonnet 

et al., 2011; Kovalenko et al., 2009). In order to elucidate the effect of IL-

33 and ST2 in TNF production, skin sections collected at different 

timepoints were stained using an anti-TNF antibody. Some nonspecific 

staining can be seen in skin from control littermates, corresponding to 

fibres found in the dermis but not associated with cells. TNF expression 

was not abundant in skin sections collected at P6 from Casp-8EKO Il-33-/- 

or Casp-8EKO St2-/- animals and was only noticeable in infiltrates 

associated to larger lesions found in Casp-8EKO samples (Figure 5.13A). 

At P12, lesion-associated staining of TNF could be found in hyperplastic 

patches found in Casp-8EKO, Casp-8EKO Il-33-/- and Casp-8EKO St2-/- skin. 

Similarly, lesion-associated TNF was also present in the infiltrates of 

older Casp-8EKO Il-33-/- and Casp-8EKO St2-/- animals (P60) (Figure 

5.13A).  



CHAPTER 5: IL-33/ST2 SIGNALLLING IN THE CASP-8EKO MODEL 

 207 

As described previously, IL-33 localised in the nucleus under normal 

conditions and can be released after cell injury or death and act as a 

proinflammatory signal, an alarmin (Moussion et al., 2008). In order to 

evaluate IL-33 expression in the Casp-8EKO model, skin sections were 

stained to detect extracellular (pro-inflammatory) IL-33. By avoiding 

permeabilization of the sections, I was able to observe an increase of IL-

33 expression associated to skin inflammation, as previously described 

(Kovalenko et al., 2009). IL-33 staining of Casp-8EKO Il-33-/- samples was 

negative at all timepoints (P6, P12 and P60), confirming the specificity of 

the staining (Figure 5.13B). Casp-8EKO skin showed strong IL-33 

expression at P6 and P12. Prelesional skin found in P6 Casp-8EKO St2-/- 

samples showed some IL-33 staining in the epidermis in a similar pattern 

to that seen for necroptotic markers (RIPK3 and ph-MLKL) at this 

timepoint (Figure 5.10A and B). IL-33 expression was also observed at 

late stages of the inflammatory phenotype, as seen in adult Casp-8EKO St2-

/- skin (P60) (Figure 5.13B). 
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Figure 5.13: Immunohistological analysis of pro-inflammatory cytokines in Casp-

8EKO, Casp-8EKO Il-33-/- and Casp-8EKO St2-/- skin samples. Skin samples were 

collected at different timepoints (P6, P12 and P60) from Casp-8EKO, Casp-8EKO Il-

33-/-, Casp-8EKO St2-/- and control littermates. Sections were fixed and 

immunostained (red) for (A) TNF and (B) IL-33. Nuclei were stained with DAPI (blue). 

To facilitate lesion to lesion comparison, images of lesional areas have been included 

whenever possible, even if not representative of the phenotype. Images were 

obtained using Zeiss LSM 880 scanning confocal microscope using a Z-stack function 

at magnification 63X. Scale bar represents 50 µm. Mice analysed for each genotype: 

TNF, C8EKO P6 n=4, P12 n=7; C8EKO Il-33-/- P6 n=6, P12 n=5, P60 n=5; C8EKO St2-/- 

P6 n= 7, P12 n=11, P60 n=4; Control P6 n=3, P12 n=4, P60 n=2. IL-33, C8EKO P6 

n=4, P12 n=5; C8EKO Il-33-/- P6 n=3, P12 & P60 n=6. C8EKO St2-/- P6 n= 7, P12 n=5, 

P60 n=4. Control P6 n=2, P12 n=3, P60 n=2.  

5.3   Discussion 

IL-33 is a pro-inflammatory cytokine that plays an important role in tissue 

inflammation and has been found to be upregulated in necroptosis-

dependent skin inflammation models (Kovalenko et al., 2009; personal 

communication, Bonnet MC). This chapter explored the role of IL-33 in 

the necroptosis-dependent skin inflammation model Casp-8EKO through 

the knock-out of IL-33 or its receptor ST2. The results presented here 

show that the deletion of IL-33 or ST2 leads to a major rescue of the 

Casp-8EKO skin inflammation phenotype. Deletion of IL-33 or ST2 from 

Casp-8EKO animals leads to a delay in the skin inflammation phenotype and 

drastically reduced the rate of development of the inflammation. The 

reduced number and decreased severity of lesions in the skin of Casp-

8EKO Il-33-/- and Casp-8EKO St2-/- animals result in significant increase in 

survival of double KO animals compared to Casp-8EKO mice. This 

significant increase in the survival demonstrates that IL-33 is an essential 

necroptosis-induced inflammatory mediator in the skin. Interestingly, only 

TNF/TNFR1 signalling has been described to have a similarly significant 

impact in Casp-8EKO and FADDEKO necroptosis-dependent skin 

inflammation models (Bonnet et al., 2011; Kovalenko et al., 2009).  
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Necroptosis, as other forms of programmed necrosis, is a pro-

inflammatory form of cell death given that leakage of intracellular DAMPs 

can propagate inflammatory responses. Necroptosis has been shown to 

directly release biologically active IL-33 (Shlomovitz et al., 2019). IL-33 

plays an important role in various diseases such as asthma (Liew et al., 

2010), rheumatoid arthritis (Palmer & Gabay, 2011) or chronic 

inflammation in the gut (Lopetuso et al., 2013). Similarly, treating mice 

with IL-33 induces an inflammatory response and leads to epithelial 

hyperplasia in the skin, pulmonary and GI tract (Han et al., 2017; Axel J. 

Hueber et al., 2011). Furthermore, and in line with the results reported 

here, IL-33 has been reported to contribute to disease severity of different 

inflammation models (Arshad et al., 2013; Y. Duan et al., 2019; Haenuki et 

al., 2012).  

The results reported here show that deletion of IL-33 and ST2 leads to 

reduced inflammatory lesions in the skin, observed both macroscopically 

and through histological analysis. Reduced hyperplasia was accompanied 

by decreased alteration of skin proliferation and differentiation markers. 

Differences in KRT-10 or LOR expression between Casp-8EKO Il-33-/- and 

Casp-8EKO St2-/- animals were not observed, contrasting a proposed 

nuclear role of IL-33 downregulating or supressing the expression of 

filaggrin (FIL), LOR and KRT-10 in the skin (X. Dai et al., 2021). Others 

have attributed this function to the cytokine role of IL-33 (Ryu et al., 

2016). In line with this theory, both Casp-8EKO Il-33-/- and Casp-8EKO St2-

/-animals showed higher expression of these differentiation markers than 

Casp-8EKO skin. However, higher expression of differentiation markers is 

normally observed as a result of the rescue of the epidermal hyperplasia, 

as seen in the TNFR1 partial rescue of FADDEKO animals (Bonnet et al., 

2011).  
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Staining for ph-MLKL and RIPK3 confirmed ongoing keratinocyte 

necroptosis in all lesion-presenting animals, caused by Casp-8 deletion. 

Cleaved Casp-3 could not be found in the skin of any of the animals 

analysed, confirming apoptosis does not play a role in this model. 

Furthermore, deletion of IL-33 or ST2 did not affect the initiation of 

necroptosis, given that necroptotic markers RIPK3 and ph-MLKL could be 

found in the prelesional skin of all studied lines. Dermal immune cell 

infiltrates were always associated with lesions. Given that double-KO 

animals had a reduced number of lesions, it was essential to perform 

lesion-to lesion comparisons between Casp-8EKO and double-KO skin. 

Contrasting immune cell stainings with the expression of necroptotic 

markers was also key to understand the kinetics of the early inflammation 

in Casp-8EKO Il-33-/- and Casp-8EKO St2-/-animals. Furthermore, the 

inflammatory lesions were distributed in patches throughout the epidermis, 

conferring variability within samples of the same genotype. Hence why the 

representativeness of the skin samples collected was assessed through 

the quantification of lesions per sample (through H&E) and a minimum of 

five individual animals were analysed in each experiment.  

It is important to take into account that the conclusions stated along this 

chapter regarding the changes or the absence of these in 

immunofluorescence experiments are based on visual inspection of the 

samples by a trained eye and lack the corresponding quantification to 

support given observations. This is especially relevant when comparing 

immune cell infiltrate and cytokine expression between the different 

knock-out lines. The large size of the skin samples collected and the use 

of the Z-stack function to acquire images made the acquisition of full-size 

sample images impracticable. For that reason, the acquisition of the images 

was aimed to record representative positive stainings of each sample. 

However, a specific criterion was not established prior to image 
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acquisition, hindering the normalisation of these images to the total number 

of lesions per sample and subsequent quantification of the stainings 

produced. Therefore, even though the observed decrease of Gr-1 positive 

cells infiltration and TNF expression are consistent throughout the 

samples, formal quantification of these assessments would help confirm 

and add strength to the data produced here.  

Visual analysis of the immune cell infiltrate associated with lesions 

revealed that IL-33 or ST2 deletion did not affect T-cell recruitment, 

consistent with previous research that found FADDEKO inflammation is B- 

and T-cell independent (Bonnet et al., 2011). This data further supports 

the idea that inflammation is driven by an innate immune response that 

does not require T- or B-lymphocytes. Macrophages have been widely 

associated with DAMP recognition (G. Y. Chen & Nuñez, 2010), and 

subsequent cytokine production, including TNF (Flynn et al., 1995). They 

have also been suggested to express ST2 receptor (D. Li et al., 2014), 

which made them potential candidates to respond to IL-33 signalling in the 

present model. Changes in macrophage recruitment to lesions, however, 

were not observed after IL-33 or ST2 deletion. This observation supports 

previous research that showed that pharmacological depletion of 

macrophages did not affect Casp-8EKO phenotype (Kovalenko et al., 2009). 

Furthermore, while macrophage recruitment could be found in early skin 

lesions, TNF expression, in comparison, was delayed and associated with 

more severe and hyperplastic lesions at later stages, which suggested that 

macrophages were not a TNF source in the Casp-8EKO model.  

Visual inspection of the samples revealed a reduction of the Gr-1+ 

infiltrate in early lesions found in Casp-8EKO Il-33-/- and Casp-8EKO St2-/- 

skin at P6 compared to Casp-8EKO, which indicates that granulocyte 

recruitment to inflammatory lesions might be delayed by the deletion of 

IL-33 and ST2. This suggests that granulocytes, through IL-33-induced 
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recruitment, play an important role in amplifying necroptosis-dependent 

inflammation. Indeed, IL-33 has been documented to induce granulocyte 

recruitment in skin inflammation (Axel J. Hueber et al., 2011), sites of 

infection (Oshio et al., 2017) and a murine model of arthritis (Verri et al., 

2010). In line with these reports, forced extracellular IL-33 (through the 

deletion of the N-terminal nuclear domain of IL-33) led to multi-organ 

inflammation with dense infiltrates of eosinophils, neutrophils and 

macrophages (Bessa et al., 2014). In an IMQ-induced model of 

psoriasiform dermatitis, deletion of IL-33 resulted in marked reduction in 

absolute number of immune cells with a reduction of neutrophils and mast 

cells and an increase on DCs and macrophages (Zeng et al., 2021).  

IL-33-dependent granulocyte recruitment could be mediated through 

interaction with resident ST2+ immune cells in the skin. ILC2s, DCs and 

mast cells have been traditionally proposed as the main primary tissue-

resident targets of IL-33, given that they constitutively express high 

levels of ST2 (Allakhverdi et al., 2007; Enoksson et al., 2011; Moro et al., 

2010b; Neill et al., 2010). Indeed, mast cells have been shown to be 

partially responsible for the IL-33-dependent recruitment of neutrophils 

in the skin (Axel J. Hueber et al., 2011). This hypothesis is in agreement 

with a potential local role of IL-33 released from psoriatic keratinocytes, 

while no circulating IL-33 was reported (Balato et al., 2012). Analysis of 

circulating IL-33 in the animals is currently in progress. Staining for mast 

cells, ILC2s and other potential ST2-expressing resident immune cells has 

not been performed but could be the subject of further investigations. 

IL-33 is subject to bio-activity regulation through inflammatory proteases 

that produce shorter mature forms of the cytokine or through caspase 

cleavage that inactivate IL-33. Proteases include neutrophil elastase, 

cathepsin G, and proteinase 3 (PR3), as well as mast cell chymase, tryptase 

and granzyme B. Some mature forms generated by inflammatory proteases 
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can increase biological activity compared to IL- 33 precursor (Lefrançais 

et al., 2012, 2014). IL-33 and ST2 deletion from Casp-8EKO animals, 

through a decreased recruitment of granulocytes to early skin 

inflammation sites, could be delaying the release of these proteases and 

the production of more active forms of IL-33, that would further reinforce 

inflammation.  

Similar to the changes observed in granulocyte recruitment, a decrease in 

TNF expression was observed through visual inspection in Casp-8EKO Il-

33-/- and Casp-8EKO St2-/- skin at P6, while Casp-8EKO lesions showed 

strong TNF staining at both timepoints. This indicates that IL-33 and ST2 

deletion might lead to a delay in TNF production and suggests a connection 

between the IL-33/ST2 signalling and TNF production in this model. 

Considering that TNF is known to play a role in necroptosis-dependent 

skin inflammation, the delayed inflammation in Casp-8EKO Il-33-/- and 

Casp-8EKO St2-/- mice could be, in part, due to a decreased production of 

TNF by immune cells. The cell type responsible for TNF production, in 

this case, could be one or more granulocytes, given that recruitment of 

Gr-1 and TNF-positive cells is similarly delayed in Casp-8EKO Il-33-/- and 

Casp-8EKO St2-/- skin. A possible explanation for these observations is that 

IL-33 acts recruiting one or more types of granulocytes (directly or 

through immune cells), which, in turn, produce and release TNF at the 

inflammation site, contributing to its development. Deletion of IL-33 or 

ST2 would prevent early recruitment of TNF-producing granulocytes and 

therefore cause a delay in the inflammatory phenotype of double-KO 

animals. Other signals, however, are likely to be involved in granulocyte 

recruitment since, eventually, these cells are found to infiltrate both Casp-

8EKO Il-33-/- and Casp-8EKO St2-/- lesions. To elucidate if granulocytes 

are, in fact, responsible for TNF production, a double staining of TNF and 

Gr-1 (Ly6g) could be performed. The Ly6g or TNF antibodies used in this 
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study were raised in the same species (rat), and the mentioned double 

staining would have required acquiring and optimising a new Ly6g or TNF 

antibody. 

IL-33 was barely expressed in control skin but strongly associated with 

lesions in Casp-8EKO and Casp-8EKO St2-/- skin. This observation seemed 

contradictory to previous research that had shown IL-33 to be 

constitutively expressed in murine healthy skin but lost during 

inflammation (Sundnes et al., 2015). They, however, report the 

immunostaining of nuclear IL-33, which disappears from this localisation 

in acute inflammation. Even though the mentioned experiment and the one 

reported here use the same IL-33 antibody, differences in the 

immunostaining protocol, such as tissue storage (paraffin-embedded 

versus frozen) and permeabilization (none versus 0.1% saponin), are likely 

the reason of different IL-33 detection. In contrast to TNF, which was 

observed only in the dermis and associated to immune cells, IL-33 was 

detected strictly in the epidermis of early lesions found in P6 as well as 

non-hyperplastic and hyperplastic patches found at P12. The epidermal 

localisation had a similar pattern to that observed in ph-MLKL staining in 

non-hyperplastic skin, which further supports the idea that IL-33 is 

released during keratinocyte necroptosis. 

In addition to IL-33 recruitment of TNF-producing granulocytes, the idea 

that IL-33 could be playing a local role inducing inflammation cannot be 

dismissed. Lee et al. showed that immunosuppressants 

(dexamethasone/indomethacin) did not abolish the Casp-8EKO 

inflammatory phenotype completely, suggesting epidermal and immune 

cell signalling work together for the initiation and development of 

inflammation. Interestingly, in vitro stimulation of keratinocytes with IL-

33 leads to the release of pro-inflammatory cytokines (Meephansan et al., 

2012; Zeng et al., 2021). Furthermore, ST2 expression has been found to 



CHAPTER 5: IL-33/ST2 SIGNALLLING IN THE CASP-8EKO MODEL 

 216 

be increased in the epidermis of patients with several skin pathologies 

including psoriasis, AD and vitiligo (Balato et al., 2012; P. Li et al., 2015; 

Savinko et al., 2012), suggesting that an autocrine circuit of IL-33/ST2 in 

keratinocytes could contribute to skin inflammation. This potential local 

action of IL-33 propagating inflammation in the epidermis could be 

contributing to the delay observed in the appearance of lesions upon IL-

33 deletion but also could explain the slower growth rate of these lesions 

in Casp-8EKO Il-33-/- and St2-/- animals. In conclusion, the role of an IL-

33/TNF loop in this phenotype might be a result of crosstalk between 

keratinocytes and immune cells and IL-33 could also play a more local 

role in development of inflammation through keratinocyte signalling. 

Comparison of the phenotypes obtained from Casp-8EKO St2-/- and ST2EKO 

animals could help determine if ST2-expressing keratinocytes play a role 

in necroptosis-dependent inflammation. A schematic view of the working 

hypothesis is shown in Figure 5.14. 
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Figure 5.14: Schematic view of proposed working hypothesis of IL-33 in Casp-8EKO 

skin. Epidermal keratinocytes release IL-33, as well as other cytokines, during 

necroptosis (as detected through MLKL phosphorylation). IL-33 acts recruiting 

granulocytes either directly or through immune cell activation. Infiltrating 

granulocytes produce TNF at the inflammation sites, contributing to keratinocyte 

necroptosis and inflammation in the skin. IL-33/ST2 signalling in keratinocytes could 

also contribute to release of pro-inflammatory cytokines. 

IL-33 has been extensively described as a type-2 cytokine, as it activates 

immune cells involved in type-2 immunity such as ICL2s or Th2 cells. 

Consistently, IL-33 has been widely associated with the pathophysiology 

of AD. However, several recent studies have described that the action of 

IL-33 is not limited to the activation of type-2 immune responses. Indeed, 

they have uncovered important roles of IL-33 in the activation of immune 

cells involved in type-1 immunity, infection and chronic inflammation such 

as Th-1 cells, NK cells, CD8+ T cells, neutrophils and macrophages. For 

example, blocking of ST2 in different arthritis models have led to disease 

attenuation and reduced Th-17 and Th-1 responses (P. Martin et al., 2013; 

Palmer et al., 2009).  

The initial work on Casp-8EKO mice linked the skin inflammation to AD 

through upregulation of Casp-1 and NLRP3 expression in keratinocytes, 

resulting in inflammasome-mediated release of IL-1a (Pedro Lee et al., 

2009). However, further studies confirmed that survival of Casp-8EKO or 

FADDEKO animals was not affected by the deletion of IL-1a and IL-1b or 

IL-1R, respectively (Bonnet et al., 2011; Kovalenko et al., 2009), 

demonstrating that IL-1 does not play a role in necroptosis-dependent 

lesion development. Histopathological analysis of necroptosis-dependent 

skin lesions reported here and by others (Bonnet et al., 2011; Kovalenko 

et al., 2009) display several psoriatic hallmarks such as neutrophil 

abscesses, parakeratosis and diminished granular layer. Furthermore, 

necroptosis-dependent skin inflammation has been shown to be partially 

dependent on TNF/TNFR1 signalling, considered as a typical Th-1 
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signature (Bonnet et al., 2011; Kovalenko et al., 2009). Finally, as 

described in the previous chapter, necroptosis-dependent skin 

inflammation has been shown to be more severe in animals with a C57BL/6 

background (Bonnet et al., 2011; Kovalenko et al., 2009), typically 

associated with type-1 responses, than in BALB/c mice (Pedro Lee et al., 

2009), which display a prototypical type-2 response. The results reported 

here indicate that IL-33 plays a role in psoriasis-like inflammation. Indeed, 

a few recent studies have suggested IL-33 might play a role in psoriasis, 

as it has been shown to be overexpressed in psoriasis patients (A J Hueber 

et al., 2010) and can induce ST2-dependent psoriasis-like dermatitis 

(Zeng et al., 2021). IL-33 has also been shown to be increased in the IMQ-

induced psoriasiform model, and IL-33 or ST2 deficiency ameliorate 

disease severity (Zeng et al., 2021). The mixed genetic background of the 

animals used in my study, however, do not help elucidate the type of 

inflammatory response triggered. Backcrossing animals used to a 

C57BL/6N background is currently in progress. Shifting the background to 

a obtain a predominant type-1 immune response will provide better 

understanding of the role of IL-33 in necroptosis-induced skin 

inflammation.  

At early stages of inflammatory phenotype, no differences were found 

between Casp-8EKO Il-33-/- and Casp-8EKO St2-/- animals. Small 

macroscopical and histological differences were observed, leaning 

towards a slightly more severe phenotype of Casp-8EKO Il-33-/- animals, 

but the statistical analysis revealed these were not significant. This was 

maintained at least until animals reached P12, the second timepoint 

studied. As animals grew older, however, the development of the lesions 

was significantly more severe in Casp-8EKO Il-33-/- than Casp-8EKO St2-/- 

animals, which translated in decreased survival. One possible explanation 

for this could be the previously mentioned fact that Il-33-/- and St2-/- 



CHAPTER 5: IL-33/ST2 SIGNALLLING IN THE CASP-8EKO MODEL 

 219 

animals had different genetic background when crossed with Casp-8EKO 

mice. Necroptosis skin models have shown different severity when 

different backgrounds have been used (Bonnet et al., 2011; Kovalenko et 

al., 2009; Pedro Lee et al., 2009). As also mentioned earlier, small changes 

in the genetic background can slightly shift the type of immune response 

(Th1/Th2) of the animal during inflammation.  

Interestingly, a difference between IL-33 and St2-/- has been previously 

described in an arthritis model (P. Martin et al., 2013). The authors of this 

study investigated potential factors, including the purity of the genetic 

background, and found it was not responsible for this observation. It is not 

uncommon that cytokine knock-outs are compensated by other cytokines 

cross-signalling. This was the case for FADDEKO TNF and TNFR1, given 

that lymphotoxin alpha (LT-a) can also bind TNFR1. IL-33 is the only 

described ligand of ST2. It can interact with either the transmembrane 

form, ST2L, or soluble form, sST2, of the receptor, both of which are 

disrupted in the St2-/- animals described here (Senn et al., 2000). 

However, another cytokine, not previously described could be binding to 

ST2 and be responsible for the differences observed here. 

Injection of IL-33 induced ear swelling in wild type mice but had no effect 

in St2-/- mice (Axel J. Hueber et al., 2011), which disagrees with the 

previous mentioned explanation. Another possibility could include a 

nuclear role of IL-33 as the cause of the observed difference in the skin 

inflammation phenotype. IL-33 has been reported to play a role in wound 

healing, although there are several contradictory studies in this field. IL-

33 was found to promote wound healing through ST2 signalling (Gause et 

al., 2013; J. S. Lee et al., 2016), but a later study claimed it was nuclear 

IL-33 which was involved in this process (Oshio et al., 2017). Other studies 

have linked an ST2-independent role of IL-33 to tissue fibrosis (Kotsiou 

et al., 2018), which, if extrapolated to the skin, could explain the more 
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severe phenotype observed in Casp-8EKO Il-33-/-. Finally, even though 

ST2 is the only described receptor for IL-33 to this date, it is also possible 

that extracellular IL-33 can interact with other binding partners. In this 

scenario, a protective role of ST2-independent IL-33 signalling could 

explain the described differences between Casp-8EKO Il-33-/- and Casp-

8EKO St2-/- phenotypes.  

In summary, this chapter shows that IL-33, through ST2 signalling, 

contributes to Casp-8EKO skin inflammation. These are the key findings 

and achievements: 

– Deletion of IL-33 or ST2 from Casp-8EKO animals leads to a partial 

rescue of the Casp-8EKO skin phenotype by delaying the initiation 

of lesion development and decreasing the growth rate of the 

lesions.  

– The survival of Casp-8EKO Il-33-/- and Casp-8EKO St2-/- animals is 

significantly improved compared to Casp-8EKO animals, which reach 

adulthood and are able to breed. 

– The presence of late differentiation epidermal markers in Casp-

8EKO Il-33-/- and Casp-8EKO St2-/- animals suggests the 

cornification process is less altered in these animals when 

compared to Casp-8EKO ones. 

– IL-33/ST2 signalling might contribute to granulocyte recruitment, 

given that a reduction of granulocyte infiltration could be visually 

detected in Casp-8EKO Il-33-/- and Casp-8EKO St2-/- skin.  

– The observed granulocyte reduction coincides with visually 

detected decrease in TNF expression, suggesting a connection 

between IL-33/ST2 signalling, granulocyte recruitment and TNF 

secretion in Casp-8EKO animals, which should be explored in the 

future. 
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– The presence ph-MLKL in Casp-8EKO skin shows, for the first time, 

active necroptosis in this model. Furthermore, staining of ph-MLKL 

shows necroptosis is active at very early stages of lesion 

development, preceding changes in the epidermis, immune cell 

recruitment and TNF secretion. 

– Deletion of IL-33 or ST2 does not affect the initiation of 

necroptosis, given that necroptotic markers RIPK3 and ph-MLKL 

could be found in the non-hyperplastic skin of all lesion-presenting 

animals. 

– Significant differences between Casp-8EKO Il-33-/- and Casp-8EKO 

St2-/-adult mice have been observed regarding phenotype severity 

and are yet to be investigated. 

6    
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Chapter 6  

RAGE signalling in the Casp-

8EKO skin inflammation model 

6.1   Background and aims 

HMGB1 is a highly conserved, chromatin-associated protein present in all 

nucleus-containing cells, which has been extensively studied for its 

prototypical DAMP functions in mediating inflammation. Release of 

HMGB1, either through active secretion or passive release upon cell death, 

triggers, and sustains the inflammatory response through immune cell 

activation and cytokine production (Bertheloot & Latz, 2017). HMGB1 has 

been described as a late mediator of lethal systemic inflammation during 

sepsis (Haichao Wang et al., 1999). In contrast, HMGB1 acts as an early 

mediator of inflammation and organ damage in ischaemia reperfusion injury 

(Andrassy et al., 2008; Tsung et al., 2005). Indeed, deleting or neutralizing 

extracellular HMGB1 in sterile and infection-induced inflammation 

generally ameliorates disease damage (Andersson et al., 2015). 

HMGB1 has been also widely associated with the development of arthritis 

(Kokkola et al., 2002; Pullerits et al., 2003; Taniguchi et al., 2003) and 

other chronic inflammatory diseases such as systemic and cutaneous lupus 

erythematosus (SLE, CLE) (Barkauskaite et al., 2007; Ma et al., 2012; 

Popovic et al., 2005). Lesions found in the skin of patients with CLE show 

significantly increased expression of HMGB1 in the dermis and epidermis 
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(Popovic et al., 2005). Similarly, HMGB1 is produced by psoriatic 

keratinocytes and increased levels of serum HMGB1 correlate with 

psoriasis severity (Bergmann et al., 2016; T. Chen et al., 2013). 

Extracellular HMGB1 is found in skin lesions found in the necroptosis-

dependent skin inflammation FADDEKO model (Bonnet et al., 2011), 

Furthermore, results shown in Chapter 3 suggest a role for HMGB1 in the 

induction of necroptosis in keratinocytes in vitro.  

RAGE is the first identified and best studied receptor for HMGB1 and 

mediates many of the described extracellular functions of HMGB1. 

Increased expression of RAGE has been detected in several inflammatory 

lesions and inhibition or deletion of RAGE leads to the improvement of 

inflammation outcome in sepsis, ischemic brain and tumour development 

and in arthritis, noting its potential role sustaining inflammation (Lutterloh 

et al., 2007; Muhammad et al., 2008; Taguchi et al., 2000). RAGE has been 

shown to mediate and modulate skin inflammation in the context of skin 

carcinogenesis: although not essential for initiation of inflammation, RAGE 

contributes to the maintenance of inflammatory reaction as deletion of 

RAGE protects mice from carcinogenic TPA-induced tumour development 

(Gebhardt et al., 2008; Riehl et al., 2010) and production of pro-

inflammatory cytokines MIP-2 and TNF (Wolf et al., 2010).  

In order to determine a possible role of HMGB1 in necroptosis-dependent 

skin inflammation, this chapter will examine the role of RAGE signalling in 

the previously described skin inflammation model Casp-8EKO. Constitutive 

deletion of RAGE allows the downregulation of RAGE-dependent 

signalling, including RAGE-dependent immune cell activation, which has 

been shown to be essential for TPA-induced inflammation in the skin 

(Gebhardt et al., 2008). The keratinocyte-specific role of RAGE during 

necroptosis-dependent inflammation has also been investigated as to 

better understand the skin compartment responsible for potential RAGE-
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mediated inflammation. Interestingly, an immunomodulatory function has 

been attributed specifically to epidermal RAGE in TPA-induced skin 

inflammation (Leibold et al., 2013). 

Three different mouse lines have been generated to study the role of 

RAGE signalling in necroptosis-induced skin inflammation: Casp-8EKO, 

Casp-8EKO Rage-/- and Casp-8EKO RAGEEKO. Rage-/- and RAGEEKO animals 

have been described before and are healthy and fertile, although they 

develop obesity with time (Leuner et al., 2012). The animals have been 

studied using the methods and following the aims listed in the introduction 

of Part II and detailed in Chapter 5. Briefly, the obtained animals were 

monitored to assess their skin inflammatory phenotype macroscopically 

and determine the experimental endpoint of the different lines. 

Immunostaining of the skin samples collected at different timepoints 

allowed the analysis of the expression of different epidermal proliferation 

and differentiation makers as well as cell death markers including 

necroptotic markers RIPK3 and ph-MLKL and apoptotic marker cleaved 

Casp-3. The presence of immune cell infiltrate in lesions developed in 

each line was also investigated, together with the presence of other 

necroptosis-related cytokines such as TNF and IL-33. 

6.2   Results 

6.2.1   Macroscopical observation and phenotype analysis 

Casp-8EKO, Casp-8EKO Rage-/- and Casp-8EKO RAGEEKO animals born from 

the breedings described above start showing skin lesions around P3. The 

inflammatory phenotype observed in Casp-8EKO at this timepoint was 

drastically more affected than that observed in Casp-8EKO animals 

described in Chapter 5. This phenotypical difference has been documented 

and quantified and is described in Appendix III. All lesion-presenting 
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animals show multiple lesions on the body surface by P4 (Figure 6.1A, left 

side) which spread and worsen in severity rapidly, affecting over 20% of 

the body of these animals by P6 (Figure 6.1A, right side). Based on these 

observations, an early timepoint to study the phenotype was established 

at P5. Indeed, quantification of the skin lesions at P5 showed that all 

lesion-presenting animals showed a significantly different phenotype than 

littermate controls (Figure 6.1B). Interestingly, no significant difference 

was observed between the lesion score of Casp-8EKO, Casp-8EKO Rage-/- 

and Casp-8EKO RAGEEKO pups at P5 (Figure 6.1B). 
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Figure 6.1: Representative images and lesion quantification of the inflammatory 

phenotypes of Casp-8EKO, Casp-8EKO Rage-/- and Casp-8EKO RAGEEKO animals at 

early stages. (A) Images of Casp-8EKO, Casp-8EKO Rage-/-, Casp-8EKO RAGEEKO and 

control littermates at P4 (left side) and P6 (right side). Red arrows point skin lesions. 

(B) The number and severity of the lesions were assessed macroscopically using a 

scoring system. Graph plots individual values, mean and SD. The statistical analysis 

performed was Kruskal-Wallis test followed by Dunn’s multiple comparison test. 

****p<0,0001, **p=0.0046. Number of animals analysed: C8EKO n=22; C8EKO Rage-/- 

n=10; C8EKO RAGEEKO n=9; Control n=10. 

Consistent with the initial observations, Casp-8EKO, Casp-8EKO Rage-/- and 

Casp-8EKO RAGEEKO animals reached the maximum lesion score soon after 

the first timepoint. Some variability was observed between animals, and 

even though a few survived until P10, most animals reached experimental 

endpoint at P9. For that reason, animals were culled on P9, which was 

established as the second timepoint to study the phenotype. Quantification 

of the lesions at P9 confirmed no significant differences between the three 

different mouse lines (Figure 6.2B). Lesions affected the abdominal area 

as well as patches covering the back, neck and face of the animals. As 

observed in Figure 6.2A, all animals affected by lesions appear runted, 

with obvious size differences and drastically reduced mobility. These 

features become obvious after P7, when lesions start covering more than 

30% of the total body surface.  
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Figure 6.2: Representative images and lesion quantification of the inflammatory 

phenotypes Casp-8EKO, Casp-8EKO Rage-/- and Casp-8EKO RAGEEKO animals at P9. 

(A) Representative images of Casp-8EKO, Casp-8EKO Rage-/-, Casp-8EKO RAGEEKO and 

control littermates at P9. (B) Graph shows the quantification of lesions through 

scoring system attending number and severity of these. Graph plots individual values, 

mean and SD The statistical analysis performed was Kruskal-Wallis test followed by 

Dunn’s multiple comparison test. ****p<0,0001, **p=0.0015. Number of animals 

analysed: C8EKO n=26; C8EKO Rage-/- n=11; C8EKO RAGEEKO n=8; Control n=10  
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In general, the inflammatory phenotype of all lesion-presenting animals 

developed at a fast rate. Indeed, the rapid progression of the phenotype 

was notable as soon as lesions start appearing (Figure 6.1A, left and right 

panel) and reaches its peak in only 3 to 4 days (Figure 6.2A). To determine 

if there were any differences in how fast the lesions develop between the 

different lines, the score of each animal was plotted against their age (in 

days). Figure 6.3A shows the linear regression analysis of each set of data. 

Comparison of these models determined that the slope of the lines was not 

significantly different. In fact, the slope of the lines calculated for Casp-

8EKO, Casp-8EKO Rage-/- and Casp-8EKO RAGEEKO was almost identical 

(0,5191, 0,5803 and 0.5428, respectively). Given that skin lesions seemed 

to affect Casp-8EKO and double KO animals similarly, the survival of the 

animals was calculated attending to the small variabilities observed in the 

phenotype. As expected, there was no significant difference between the 

survival of Casp-8EKO, Casp-8EKO Rage-/- and RAGEEKO animals (Figure 

6.3B).  
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Figure 6.3: Lesion score over time and survival of Casp-8EKO, Casp-8EKO Rage-/- and 

Casp-8EKO RAGEEKO animals. (A) Graph plots lesion score versus time (in days) for 

the three different lesion-presenting animals. Each set of data is plotted through 

individual values that represent the mean score of the animals at a determined age. 

Linear regressions were calculated for each set of data and slope comparison was 

performed using Graphpad. (B) Kaplan Meier survival curve representing the survival 

of Casp-8EKO, Casp-8EKO Rage-/- and Casp-8EKO RAGEEKO animals. The Gehan-

Breslow- Wilcoxon test was used for curve comparison statistical analysis. Number 

of animals analysed: (A) C8EKO n=29, C8EKO Rage-/- n=11, C8EKO RAGEEKO n= 24. (B) 

C8EKO n=25, C8EKO Rage-/- n=11, C8EKO RAGEEKO n=15.  

6.2.2   Histological analysis of skin samples 

Animals were monitored daily soon after birth and skin samples were 

collected at P5 or P9 and frozen in OCT at -80 °C for further 

immunohistological analysis. Histological analysis, through H&E staining, 

of Casp-8EKO and Casp-8EKO RAGEEKO skin samples at P5 showed 

inflammatory lesions at initial stages. Casp-8EKO Rage-/- H&E images and 
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epidermal thickness analysis at P5 are not available due to accessibility 

problems to these samples during the COVID-19 pandemic. At this 

timepoint, Casp-8EKO and Casp-8EKO RAGEEKO samples were mostly non-

hyperplastic, but at least one lesion could be observed in all samples 

analysed. This translated in significantly higher overall epidermal 

thickness of Casp-8EKO and Casp-8EKO RAGEEKO skin compared to control 

littermates (Figure 6.4B). The calculated epidermal thickness was not 

significantly different between Casp-8EKO and Casp-8EKO RAGEEKO skin 

samples (Figure 6.4B).  

 

Figure 6.4: Histological analysis and quantification of epidermal thickness of Casp-

8EKO and Casp-8EKO RAGEEKO samples at P5. (A) Representative images of the 

histological samples obtained for each line. Images obtained using Zeiss Apotome 

Axio Observer microscope, magnification 40X. Scale bar represents 50 µm. (B) 

Epidermal thickness quantification of samples collected from Casp-8EKO, Casp-8EKO 

RAGEEKO and control littermates. Graph shows individual values and their mean. The 

statistical analysis performed was Kruskal-Wallis followed by Dunn’s multiple 

comparison test. *p=0.0118 (A-B); *p=0.0341 (A-C). Number of animals analysed: 

C8EKO n=5; C8 EKO Rage-/- n=0; C8 EKO RAGEEKO n=4; Control n=7.  

H&E staining of Casp-8EKO Rage-/- and Casp-8EKO RAGEEKO P9 skin 

samples revealed an elevated number of inflammatory lesions, showing 

similar histological features observed in Casp-8EKO littermates (see 
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Appendix III). These included increased dermal cellularity, marked 

acanthosis with clear necrotic keratinocytes in the basal layer and marked 

hyperkeratosis (Figure 6.5A). Almost the totality of the samples analysed 

were hyperplastic at this stage. Indeed, the quantification of lesions per 

sample was close to 100% (mean value) and was not significantly different 

for single and double knock-out animals (Figure 6.5B). The high number 

of lesions translated in a strong increase of the epidermal thickness. Casp-

8EKO, Casp-8EKO Rage-/- and Casp-8EKO RAGEEKO skin samples showed 

significantly higher epidermal thickness than control animals (Figure 

6.5C). As expected, no differences in epidermal thickness were found 

between the three lesion-presenting lines (Figure 6.5C). 

 

Figure 6.5: Histological analysis, lesion and epidermal thickness quantification of 

Casp-8EKO, Casp-8EKO Rage-/- and Casp-8EKO RAGEEKO samples at P9. (A) 

Representative images of the histological observations made foreach line. Images 

obtained using Zeiss Apotome Axio Observer microscope, magnification 40X. Scale 

bar represents 50 µm. (B) Quantification of lesions found in skin sections collected 

at P9 through histological analysis. Each dot represents the percentage a specific 

sample affected by lesions; the mean of each set of data is also represented. 

Statistical analysis performed is one-way ANOVA followed by Turkey multiple 

comparison test. (C) Epidermal thickness quantification of samples collected from 
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Casp-8EKO, Casp-8EKO Rage-/-, Casp-8EKO RAGEEKO animals and control littermates. 

Graph shows individual values and their mean ± SD. The statistical analysis 

performed for (B) and (C) was Kruskal-Wallis test followed by Dunn’s multiple 

comparison test, ***p=0,0004, *p=0.0170 (Control- C8EKO Rage-/-), *p=0.0170 

(Control- C8EKO RAGEEKO). Number of animals analysed for: C8EKO n=18; C8EKO  

Rage-/- n=14; C8EKO RAGEEKO n=5; Control n=6.  

6.2.3   Immunohistological analysis of proliferation and  

  differentiation markers in the skin 

In order to assess the lesions found in Casp-8EKO, Casp-8EKO Rage-/- and 

Casp-8EKO RAGEEKO skin, samples were stained for different epidermal 

proliferation and differentiation markers. Epidermal stem cell marker 

KRT-6, normally expressed only in hair follicles stem cells, was highly 

expressed throughout the thickened epidermis of early lesions (Figure 

6.6). Similarly, the specific marker of proliferating basal keratinocytes 

KRT-14 was expressed throughout hyperplastic patches of skin, 

evidencing a high proliferation state of the epidermal keratinocytes at P5 

(Figure 6.6). Indeed, proliferation marker Ki-67 was highly expressed 

along the basal layer of the epidermis as well as in some cells found in 

upper layers (Figure 6.6). No differences were found in the proliferation 

state of Casp-8EKO lesions compared to Casp-8EKO Rage-/- and Casp-8EKO 

RAGEEKO skin at P5 (Figure 6.6). At P9, hyperplastic patches of skin 

express KRT-6 and KRT-14 throughout all epidermal layers (Figure 6.7). 

Ki-67 positive cells are found abundantly in the basal layer and 

intermittently in the upper layers (Figure 6.7). Again, no differences in 

these markers were found between Casp-8EKO, Casp-8EKO Rage-/- and 

Casp-8EKO RAGEEKO lesions at P9.  

Suprabasal differentiation marker KRT-10 was found localised 

intermittently in hyperplasic patches at P5, mostly restricted to a 

thickened and slightly altered suprabasal layer (Figure 6.6). Loricrin, a late 

differentiation marker expressed in the granular layer, was limited to outer 
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layers of the epidermis, even in very hyperplastic patches (Figure 6.6). 

Generally, the expression of suprabasal marker KRT-10 was less altered 

than the expression of late differentiation marker LOR, in lesions affecting 

Casp-8EKO, Casp-8EKO Rage-/- and Casp-8EKO RAGEEKO animals. KRT-10 

was expressed inside keratinocytes dispersed around the epidermis, 

mostly in suprabasal layers, indicating impaired and altered differentiation 

states of the keratinocytes at P9 (Figure 6.7). The expression of LOR was 

also altered in P9 lesions. With less intensity than KRT-10, some LOR-

expressing keratinocytes were distributed in the outer layers of the 

epidermis (Figure 6.7). Again, no differences were found between the 

three different mouse lines (Figure 6.7).  
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Figure 6.6: Immunohistological analysis of proliferation and differentiation markers 

in Casp-8EKO, Casp-8EKO Rage-/- and Casp-8EKO RAGEEKO skin at P5. Skin samples 

were collected at P5, fixed and immunostained (red) for stem cell marker KRT-6 and 

KRT-14, differentiation markers KRT-10 and LOR and proliferation marker Ki-67. 

Nuclei were stained with DAPI (blue). Representative images have been selected for 

each line. Images were obtained using Zeiss LSM 880 scanning confocal microscope 

using a Z-stack function at magnification 63X. Scale bar represents 50 µm. Animals 

analysed for each genotype: KRT-6: C8EKO n=5, C8EKO Rage-/- n=2, C8EKO RAGEEKO 

n=6, Control n=2. KRT-14: C8EKO n=5 C8EKO Rage-/- n=2, C8EKO RAGEEKO n=6, Control 

n=X. KRT-10: C8EKO n=5, C8EKO Rage-/- n=2, C8EKO RAGEEKO n=X6 Control n=3. LOR: 

C8EKO n=5, C8EKO Rage-/- n=2, C8EKO RAGEEKO n=5, Control n=2. Ki-67: C8EKO n=5, 

C8EKO Rage-/- n=2, C8EKO RAGEEKO n=6, Control n=2. 
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Figure 6.7: Immunohistological analysis of proliferation and differentiation 

markers in Casp-8EKO, Casp-8EKO Rage-/- and Casp-8EKO RAGEEKO skin at P9. Skin 

samples were collected at P9, fixed and immunostained (red) for stem cell marker 

KRT-6 and KRT-14, differentiation markers KRT-10 and LOR and proliferation 

marker Ki-67. Nuclei were stained with DAPI (blue). Representative images have 

been selected for each line. Images were obtained using Zeiss LSM 880 scanning 

confocal microscope using a Z-stack function at magnification 63X. Scale bar 

represents 50 µm. Animals analysed for each genotype: KRT-6: C8EKO n=9, C8EKO 

Rage-/- n=4, C8EKO RAGEEKO n=4, Control n=3. KRT-14: C8EKO n=9, C8EKO Rage-

/- n=4, C8EKO RAGEEKO n=7, Control n=2. KRT-10: C8EKO n=8, C8EKO Rage-/- n=6, 

C8EKO RAGEEKO n=13, Control n=3. LOR: C8EKO n=6, C8EKO Rage-/- n=5, C8EKO 
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RAGEEKO n=5, Control n=X. Ki-67: C8EKO n=9, C8EKO Rage-/- n=4, C8EKO RAGEEKO 

n=5, Control n=2. 

6.2.4   Immunohistological analysis of necroptotic and apoptotic  

  markers 

The presence of necroptotic and apoptotic markers in the skin of Casp-

8EKO Rage-/- and Casp-8EKO RAGEEKO was assessed through 

immunostainings. Main necroptosis effector molecule, ph-MLKL, was 

highly expressed in the membrane of keratinocytes throughout the 

epidermis of hyperplastic patches (Figure 6.8). Necroptotic, ph-MLKL-

positive keratinocytes could be found in the skin of the three studied lines 

(Figure 6.8A). However, a slight decrease in ph-MLKL expression was 

detected in the skin of Casp-8EKO RAGEEKO animals at P9, when compared 

to Casp-8EKO Rage-/- and Casp-8EKO animals (Figure 6.8B). RIPK3 

expression was increased in hyperplastic patches of skin found in Casp-

8EKO and double knock-out animals at P5 (Figure 6.8A) and P9 (Figure 

6.8B). RIPK3 expression at earlier stages of lesion development (P5) 

seemed to be slightly more restricted to the basal layer (Figure 6.8A). 

RIPK3 staining of Casp-8EKO Rage-/- skin at P5 was unsuccessful due to 

technical difficulties. 

None or very few scattered cleaved Casp-3 positive cells could be found 

in the epidermis of Casp-8EKO Rage-/- and Casp-8EKO RAGEEKO animals at 

P5 (Figure 6.8A) and P9 (Figure 6.8B), confirming that apoptosis does not 

play a role in the development of Casp-8EKO skin inflammatory phenotype. 

A positive control of the cleaved Casp-3 staining is included in section 

6.2.5. In conclusion, we can confirm that necroptosis is active in the skin 

lesions caused by specific deletion of Casp-8, while apoptosis is generally 

absent. Furthermore, it is suggested that the deletion of RAGE does not 
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affect the initiation or propagation of necroptosis in the inflammatory 

phenotype. 
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Figure 6.8: Immunohistological analysis of cell death markers in Casp-8EKO, 

Casp-8EKO Rage-/- and Casp-8EKO RAGEEKO skin samples at P5 and P9. Skin 

samples were collected at (A) P5 and (B) P9, fixed and immunostained (red) for 

apoptotic marker, cleaved Casp-3 (C-Casp-3) and necroptosis markers RIPK3 

and ph-MLKL. Nuclei were stained with DAPI (blue). Representative images have 

been selected for each line. Images were obtained using Zeiss LSM 880 scanning 

confocal microscope using a Z-stack function at magnification 63X. Scale bar 

represents 50 µm. (A) Animals analysed for each genotype: C-Casp-3: C8EKO P5 

n=3, P9 n=6; C8EKO Rage-/- P5 n=2, P9 n=4; C8EKO RAGEEKO P5 n=4, P9 n=4; 

Control P5 n=2, P9 n=2. RIPK3: C8EKO P5 n=4, P9 n=6; C8EKO Rage-/- P5 n=2, P9 

n=5; C8EKO RAGEEKO P5 n=5, P9 n=4; Control P5 n=X, P9 n=2. Ph-MLKL: C8EKO 

P5 n=6, P9 n=7; C8EKO Rage-/- P5 n=2, P9 n=5; C8EKO RAGEEKO P5 n=5, P9 n=5; 

Control P5 n=3, P9 n=2.  

6.2.5   Immunohistological analysis of inflammatory immune 

  cells  

Skin lesions found in Casp-8EKO, Casp-8EKO Rage-/- and Casp-8EKO 

RAGEEKO animals were characterised by the presence of a dense cell 

infiltrate in the dermis. In order to better understand the infiltrating 

immune response in the lesions, skin samples were stained for T-cells 

(CD3), macrophages (F4/80) and granulocytes (Gr-1). 

As seen in Chapter 5, CD3+cells could be found in the epidermis and hair 

follicles of control skin at both timepoints (Figure 6.9A and B), 

corresponding to skin resident DETCs. Some of these cells were still 

present in lesional areas found in single and double knock-out skin at P5 

(Figure 6.9A) and P9 (Figure 6.9B). In addition, round CD3-expressing 

cells start appearing in the dermis of hyperplastic skin patches, indicating 

T-cell infiltration (Figure 6.9A and B). Epidermal specific or full body 

knock-out of RAGE did not seem to alter CD3+ cells infiltrate from Casp-

8EKO skin. 

F4/80-positive cells infiltrate the dermis of Casp-8EKO, Casp-8EKO Rage-/- 

and Casp-8EKO RAGEEKO animals at early stages of lesion development (P5, 
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Figure 6.9A), which increases at later stages, when animals reach 

experimental endpoint (Figure 6.9B). No differences in macrophage 

infiltrate were found between the different mouse lines. Granulocytes 

were also present in the immune infiltrate associated with hyperplastic 

skin. Gr-1+ infiltrating cells could be found both in the dermis and 

epidermis of P5 lesions (Figure 6.9A), corresponding to neutrophil 

abscesses also observed at this timepoint through histological observation 

(Figure 6.4B). This infiltrate was abundant in terminal stages of the Casp-

8EKO, Casp-8EKO Rage-/- and Casp-8EKO RAGEEKO phenotypes and no 

differences were found between the three lines (Figure 6.9B).  
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Figure 6.9: Immunohistological analysis of immune cell infiltrate in Casp-8EKO, 

Casp-8EKO Rage-/- and Casp-8EKO RAGEEKO skin samples at P5 and P9. Skin 

samples were collected at (A) P5 and (B) P9, fixed and immunostained (red) for 
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T-cell marker CD3, macrophage marker F4/80 and granulocyte marker Gr-1. 

Nuclei were stained with DAPI (blue). Representative images have been selected 

for each line. Images were obtained using Zeiss LSM 880 scanning confocal 

microscope using a Z-stack function at magnification 63X. Scale bar represents 50 

µm. Animals analysed for each genotype: CD3: C8EKO P5 n=5, P9 n=8; C8EKO  

Rage-/- P5 n=2, P9 n=5; C8EKO RAGEEKO P5 n=4, P9 n=6; Control P5 n=2, P9 n=2. 

F4/80: C8EKO P5 n=5, P9 n=7; C8EKO Rage-/- P5 n=2, P9 n=5; C8EKO RAGEEKO P5 

n=, 4P9 n=5; Control P5 n=3, P9 n=3. Gr-1: C8EKO P5 n=6, P9 n=6; C8EKO Rage-

/- P5 n=2, P9 n=6; C8EKO RAGEEKO P5 n=4, P9 n=5; Control P5 n=3, P9 n=3. 

6.2.6   Immunohistological analysis of inflammatory cytokines  

TNF and IL-33 play important roles in the development of necroptosis-

dependent skin inflammation (Bonnet et al., 2011; Kovalenko et al., 2009; 

Chapter 5 of this thesis). TNF and IL-33 stainings were performed in order 

to determine what role RAGE signalling plays in the expression of these 

inflammatory cytokines. 

Both TNF and IL-33 were associated with skin lesions at P5 and P9 

(Figure 6.10A and B). A strong epidermis-localised staining of IL-33 could 

be detected in hyperplastic skin patches in Casp-8EKO Rage-/- samples at 

P5 which was slightly weaker in lesions found in Casp-8EKO and Casp-8EKO 

RAGEEKO skin (Figure 6.10A). IL-33 expression was similar between 

Casp-8EKO and Casp-8EKO Rage-/- skin at P9 but remained weak in Casp-

8EKO RAGEEKO samples (Figure 6.10B). TNF was detected around 

infiltrating cells in the dermis near hyperplastic patches of skin. It could 

be found in single and double knock-out skin early lesions (Figure 6.10A). 

At P9, a greater amount of TNF-positive staining was observed, mainly 

due to an increase in infiltrating cells surrounding lesional areas (Figure 

6.10B). No differences in TNF expression were found between Casp-8EKO, 

Casp-8EKO Rage-/- and Casp-8EKO RAGEEKO animals at the studied 

timepoints. 
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Figure 6.10: Immunohistological analysis of inflammatory cytokines in Casp-8EKO, 

Casp-8EKO Rage-/- and Casp-8EKO RAGEEKO skin samples at P5 and P9. Skin samples 

were collected at (A) P5 and (B) P9, fixed and immunostained (red) for TNF and IL-

33. Nuclei were stained with DAPI (blue). Representative images have been selected 

for each line. Images were obtained using Zeiss LSM 880 scanning confocal 

microscope using a Z-stack function at magnification 63X. Scale bar represents 50 

µm. Animals analysed for each genotype: IL-33: C8EKO P5 n=5, P9 n=9; C8EKO Rage-

/- P5 n=2, P9 n=4; C8EKO RAGEEKO P5 n=5, P9 n=6; Control P5 n=3, P9 n=2. TNF: 

C8EKO P5 n=4, P9 n=8; C8EKO Rage-/- P5 n=2, P9 n=5; C8EKO RAGEEKO P5 n=4, P9 

n=5; Control P5 n=3, P9 n=2.  
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6.3   Discussion 

Release of HMGB1 has been shown to occur during necroptotic cell death 

(Weinlich et al., 2017) and has been found in the epidermis necroptosis-

induced skin inflammation model FADDEKO (Bonnet et al., 2011). 

Interaction of HMGB1 and its receptor RAGE has been reported to activate 

a range of signalling pathways which promote cytokine production and cell 

survival (R. Kang et al., 2014). This chapter has studied the potential role 

of HMGB1/RAGE signalling in Casp-8EKO skin inflammation through the 

generation and analysis of three mouse lines: Casp-8EKO, Casp-8EKO  

Rage-/- and Casp-8EKO RAGEEKO. No phenotypical differences have been 

observed between these animals regarding lesion severity and survival, 

suggesting RAGE signalling does not play a role in necroptosis-dependent 

skin inflammation. 

Deletion of RAGE constitutively or specifically from keratinocytes did not 

lead to a delay in the development of lesions, as Casp-8EKO Rage-/- and 

Casp-8EKO RAGEEKO start showing pustular skin lesions soon after birth 

(P4), at a similar time than Casp-8EKO animals. These lesions developed 

rapidly, and all animals reached the experimental endpoint by P9. Some 

variability of the inflammatory phenotype was observed between animals 

with the same genotype, probably due to the mixed genetic background of 

the animals (see Appendix III). Macroscopical assessment and 

quantification of the lesions found in the inflammatory phenotypes at P5 

and P9 showed no differences between the studied mouse lines which 

translated in no significantly different phenotype score at these timepoints. 

These results did not match the initial hypothesis, contrasting the 

extensively described pro-inflammatory role of HMGB1, which has been 

found to be key in acute sepsis or sterile inflammation as well as in chronic 

inflammatory diseases (R. Kang et al., 2014). Signalling through RAGE has 
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also been found to be a critical component of the deleterious effects of 

acute inflammation, such as sepsis-related inflammation. Indeed, genetic 

ablation of RAGE has been found to provide protection from the lethal 

effect of septic shock caused by cecal ligation and puncture (Liliensiek et 

al., 2004; Lutterloh et al., 2007). Similarly, inhibition of RAGE expression 

or activity has been found to reduce inflammatory responses in animal 

models of diabetic atherosclerosis (Soro-Paavonen et al., 2008) and 

delayed-type hypersensitivity (Hofmann et al., 1999), as well as to 

mediate ischemic brain damage (Muhammad et al., 2008), prevent aortic 

aneurysm (F. Zhang et al., 2010), or confer renoprotection (Hagiwara et 

al., 2018). In fact, studies claiming that RAGE does not contribute to injury 

or inflammatory responses are uncommon. RAGE has been found to not 

contribute to cardiac remodelling induced by pressure overload (H. Lin et 

al., 2016). In addition, although contradictory, some studies report that the 

deletion of RAGE has no effect on pulmonary injury during sepsis due to 

Gram- infection (Achouiti et al., 2016; van Zoelen et al., 2009).  

Ubiquitous deletion of RAGE prevents production of inflammatory 

mediators in vivo (Zhong et al., 2020) and leads to impairment of chronic 

inflammatory response in the skin, induced by the phorbol ester TPA 

(Gebhardt et al., 2008; Riehl et al., 2010). Keratinocyte-specific deletion 

of RAGE has been shown to modulate the kinetics of TPA-induced skin 

inflammation in vivo (Leibold et al., 2013). In this study, TPA-induced 

hyperplasia was not affected by the keratinocyte-specific deletion of 

RAGE during the initial phase (up to 24 hours). 48 hours after 

administration, however, Casp-8EKO RAGEEKO animals exhibited a 

significant reduction in epidermal thickness when compared to control 

animals (Leibold et al., 2013). While RAGE might modulate TPA-induced 

inflammation, my results suggest that RAGE does not contribute to 

necroptosis-dependent skin inflammation.  
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It must be considered that the efficiency of the Cre-lox system regarding 

the deletion of RAGE specifically in keratinocytes has not been 

investigated. The efficiency of the Cre-lox system can vary between 

different genes, as some are more easily recombined than others due to 

accessibility: the chromatin state can prevent Cre from accessing the loxP 

sites (Turlo et al., 2010; Vooijs et al., 2001). Although no significant 

differences have been found between Casp8EKO Rage-/- and Casp8EKO 

RAGEEKO animals, it could be arguable that compensatory mechanisms play 

a role in the outcome of these phenotypes. On the other hand, a previous 

study has reported efficient deletion of RAGE from epidermal 

keratinocytes using the KRT-14 promoter, setting precedent on the good 

accessibility of this gene by the Cre-lox system (Leibold et al., 2013). 

Nevertheless, isolation of the epidermal tissue from RAGEEKO would help 

confirm the efficacy of the deletion in the animals investigated in this 

chapter. 

Histological analysis of the skin samples collected from the Casp-8EKO 

RAGEEKO and Casp-8EKO animals revealed no differences between the lines 

studied regarding epidermal thickness and immune cell infiltration. Due to 

technical difficulties, images of H&E stainings from Casp-8EKO Rage-/- 

samples at P5 and epidermal thickness measurements are not available. 

Nonetheless, no differences were observed between these samples and 

those collected from Casp-8EKO RAGEEKO and Casp-8EKO when the 

epidermal thickness was assessed by microscopy using DAPI staining in 

further immunohistological analysis. Of note, a forced reduction of the 

animal colony and limited access to the animal facility during the COVID-

19 pandemic impeded the collection of sufficient Casp-8EKO Rage-/- 

samples at P5 (n<5). Although the analysis of a greater number of samples 

would be ideal, considering the reproducibility of the phenotype and that 
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no differences are observed between the different lines at P9, no 

differences are expected to be observed from additional samples.  

It has been shown that RAGE is important for the establishment and 

maintenance of an innate immune reaction mediated by neutrophils, 

monocytes and macrophages. Deletion of RAGE reduces dermal immune 

cell infiltration (Gebhardt et al., 2008), while Rage-/- mice can mount a 

normal adaptative immune response (Liliensiek et al., 2004). Furthermore, 

HMGB1-mediated recruitment of neutrophils following tissue injury has 

been shown to be dependent on RAGE, and not on other HMGB1 receptors 

such as TLR-4 or CXCR4 (Huebener et al., 2015) However, my results 

show that constitutive or keratinocyte-specific RAGE deficiency did not 

affect the infiltration of CD3, F4/80 or Gr-1 positive cells in necroptosis-

dependent skin inflammation.  

Deletion of RAGE has been directly associated with a decrease in 

necroptotic cell death in vitro (Faust, 2020). In fact, direct interaction 

between RAGE and RIPK3 has been reported (Faust, 2020). However, 

despite some technical difficulties regarding RIPK3 immunostaining, the 

expression of necroptotic marker RIPK3 was not affected by constitutive 

or keratinocyte-specific deletion of RAGE from the Casp-8EKO model at 

P5 or P9. A slight decrease in the expression of ph-MLKL was observed 

in the skin collected from Casp-8EKO RAGEEKO. Interestingly, a similar 

reduction was observed in the expression of IL-33 in these animals. 

Evidence gathered during the experimental procedures suggests that the 

quality of some of the skin samples collected from these animals is 

relatively poor (i.e., some stainings had to be repeated). Hence, stainings 

using freshly cut samples are needed to confirm these observations. 

Nevertheless, the obtained results point towards a possible protective role 

of RAGE, which is dependent on a different compartment than the 

epidermis, such as infiltrating immune cells.  
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Even though the deletion of RAGE did not seem to affect the outcome of 

the Casp-8EKO inflammation model, HMGB1 could still play a role in 

necroptosis-dependent skin inflammation. In recent years, an increasing 

number of studies have found TLR-4 as a major receptor for HMGB1 (M. 

Yu et al., 2006). Oxidation converts HMGB1 into a potent activator of pro-

inflammatory production via TLR-4 receptor stimulation. TLR-4 activation 

of macrophages through HMGB1 treatment leads to the production of TNF 

in the absence of RAGE (H. Yang et al., 2010). Similarly, production of 

inflammatory cytokines TNF-α, MIP-2, IL-6, IL-1β, and IL-10 is 

significantly inhibited in macrophages from HMGB1-stimulated TLR-4-

deficient mice (H. Yang et al., 2010). In contrast, these cytokines are 

produced normally by HMGB1-stimulated TLR2- and RAGE-deficient 

macrophages (H. Yang et al., 2010), suggesting that TLR4 might be the 

main receptor for macrophage activation, cytokine release and tissue 

injury (Apetoh et al., 2007; J. Fan et al., 2007; Tsung, Klune, et al., 2007; 

Z. Yang et al., 2013).  

Regulation of the HMGB1 redox state has been found to be dynamic, tissue 

and environment-specific (Ferrara et al., 2020), suggesting that the 

predilection to interact different receptors could also be. In the skin, both 

RAGE and TLR-4 neutralisation result in enhanced wound healing of InVee 

mice, a disease model of psoriasis-like dermatitis that constitutively 

expresses mitogen-activated protein kinase (MEK1) in the epidermis. In 

fact, the effect of TLR-4 neutralisation was slightly higher than the one 

observed with RAGE (Hoste et al., 2019). Interestingly, blockade of RAGE, 

TLR-4 or TLR-2 alone only partly reduces the activation, migration and 

collagen synthesis of fibroblasts, while blocking of all three receptors had 

an additive effect and returned activation markers to basal levels, 

suggesting a compensatory effect of these receptors during hypertrophic 

scaring (Jingling Zhao et al., 2018). This possible compensatory effect 
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between TLR-4 and RAGE signalling could explain why the deletion of 

RAGE did not seem to have an effect in the Casp-8EKO inflammatory 

phenotype. Another study, however, has reported that the deletion of 

RAGE decreases TLR-4 expression in macrophages in vivo (Zhong et al., 

2020), in contrast with the possible compensatory effect. Further work 

could focus on blocking the interaction between HMGB1 and TLR-4 

through the small molecule inhibitor P5779, which acts as an MD-2 

antagonist or the deletion of the Tlr-4 gene. Administration of this 

inhibitor to Casp-8EKO and Casp-8EKO Rage-/- and Casp-8EKO RAGEEKO 

animals would help to better understand the role these receptors play in 

necroptosis-dependent skin inflammation. 

Other than TLR-4, HMGB1 has also been shown to interact with CXCR4 

by forming a complex with CXCL12 (Schiraldi et al., 2012). This interaction 

is not associated to direct pro-inflammatory effects but exerts 

chemotactic activity, facilitating the recruitment of immune cells to the site 

of inflammation (Schiraldi et al., 2012). Considering granulocytes might 

contribute to necroptosis skin inflammation in the Casp8EKO model 

(Chapter 5), a role for HMGB1/CXCL12/CXCR4 in granulocyte recruitment 

is also possible. In fact, CXCL12/CXCR4 has been directly linked to 

neutrophil recruitment (De Filippo & Rankin, 2018). In disagreement with 

this hypothesis, inhibition of CXCL12 neutralizing antibodies or specific 

inhibition of CXCR4 did not affect neutrophil recruitment toward necrotic 

liver tissue (Huebener et al., 2015) 

Given the obtained results, it is possible to hypothesise that HMGB1 does 

not play a role in necroptosis-dependent skin inflammation. Several pro-

inflammatory cytokines have been investigated in this context and very 

few, so far, have been reported to play a role in this and similar models. 

Only IL-33/ST2 (as reported in Chapter 5 of this thesis) and TNF/TNFR1 

deletion have led to a partial rescue of FADDEKO and Casp-8EKO models 
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(Bonnet et al., 2011; Kovalenko et al., 2009). On the other hand, and 

despite its well described pro-inflammatory effect, Casp-8EKO and 

FADDEKO skin inflammation was shown to be IL-1 signalling independent 

(Bonnet et al., 2011). Hence, even though HMGB1 can be found in FADDEKO 

skin samples (Bonnet et al., 2011), it is possible that HMGB1 does not 

contribute to necroptosis-dependent skin inflammation.  

Because HMGB1 interacts with multiple receptors, the use of gene knock-

outs to investigate HMGB1-receptor interactions in immune and 

inflammatory responses in vivo becomes more challenging. Targeting 

HMGB1 directly would allow us to better understand its role in 

inflammatory responses. HMGB1 deficient mice die shortly after birth due 

to downregulation of the glucocorticoid receptor and inability to use 

glycogen stored in the liver (Calogero et al., 1999). Hence, genetic deletion 

of HMGB1 must be performed specifically in tissues. HMGB1 from 

different cellular sources, such as dying epithelial cells and HMGB1-

secreting inflammatory cells, differentially affects inflammatory response 

after necrosis (Huebener et al., 2015). In necroptotic skin lesions, it can 

be passively released by necroptotic keratinocytes (Bonnet et al., 2011). 

Specific keratinocyte deletion, but not myeloid cell deletion, of HMGB1 

has been shown to delay skin wound healing both during normal skin 

wounding and in InvEE mice (Hoste et al., 2019). Similarly, epithelial, but 

not bone marrow-derived HMGB1 has been shown to be required for 

sterile inflammation liver injury (Huebener et al., 2015). If HMGB1 plays a 

role in the initiation or maintenance of necroptosis-induced skin 

inflammation, specific keratinocyte of HMGB1 in Casp-8EKO mice could 

help better understand the dynamic and skin compartment responsible for 

this contribution. 

However, genetic deletion has had little impact in some inflammatory 

models (Huebener et al., 2015). Targeting HMGB1 through anti-HMGB1 
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antibodies is an efficient way of inhibiting its activity. There are several 

polyclonal antibodies available that have been used to antagonise 

extracellular HMGB1 in sepsis (Suda et al., 2006; H Wang et al., 1999), 

arthritis (Kokkola et al., 2003), pancreatitis (Sawa et al., 2006) or 

haemorrhagic shock (R. Yang et al., 2006). Further beneficial effects of 

anti-HMGB1 antibodies include protective roles in the lung (Hamada et al., 

2008), liver (Tsung et al., 2005) and brain infarction (K. Liu et al., 2007). 

The molecule glycyrrhizin directly binds to HMGB1 inhibiting its 

chemotactic function (L. Mollica et al., 2007) and has been shown to 

ameliorate sepsis-induced AKI (H. Zhao et al., 2016), renal ischemic 

reperfusion (Lau et al., 2014; Sohn et al., 2003) or brain ischemia-

perfusion injury (J. Zhang et al., 2014). Other methods of inhibiting HMGB1 

activity include the use of HMGB1 competitor BoxA or C-terminally 

truncated RAGE decoy receptor, sRAGE. BoxA has shown beneficial 

effects in models of sepsis (Suda et al., 2006; H. Yang et al., 2004), 

hepatitis (Sitia et al., 2007) and pancreatitis (Yuan et al., 2009), although 

its mechanism of action has not been elucidated and, as HMGB1 binds to 

multiple receptors, it might interfere with the activities of other ligands 

such as S100 proteins. Similarly, sRAGE can block HMGB1/RAGE 

signalling, mitigating the deleterious effects in several disease models 

(Bucciarelli et al., 2002; Cataldegirmen et al., 2005; Taguchi et al., 2000) 

and appears as a promising clinical biomarker for multiple disorders 

(Pilzweger & Holdenrieder, 2015). However, sRAGE can interact with 

other receptors (Pullerits et al., 2006), and the use of sRAGE does not 

exclude interaction of RAGE with its other ligands. In conclusion, there is 

abundant room for further progress in determining the role of HMGB1 in 

necroptosis-dependent skin inflammation. Studies using a targeted 

approach to delete or inhibit HMGB1 signalling, ideally using a pure mice 

genetic background, are therefore suggested for future work.  



CHAPTER 6: RAGE SIGNALLING IN THE CASP-8EKO MODEL 

 252 

In summary, this chapter shows that RAGE signalling does not contribute 

to necroptosis-dependent skin inflammation, as the deletion of this 

receptor either constitutively or specifically in keratinocytes does not 

affect the inflammatory phenotype of Casp-8EKO animals. This observation 

was confirmed through the analysis of the lesion severity and survival of 

the animals, as well as immunohistological analysis, which revealed no 

changes in skin proliferation and differentiation markers or immune cell 

infiltration. A role for HMGB1 signalling, through TLR-4, in necroptosis-

dependent skin inflammation is possible and should be further studied. 

7    
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Chapter 7 

General discussion 

The aim of this thesis has been to evaluate the role of DAMPs in necroptosis 

and inflammation by investigating the effect of HMGB1 in human epidermal 

keratinocytes in vitro and the role of IL-33/ST2 and RAGE signalling in the 

Casp-8EKO necroptosis-dependent skin inflammation model. This section will 

briefly state the aims, key findings and achievements described in the present 

thesis as well as discuss their implications and limitations. 

7.1   Key findings and implications 

7.1.1 In vitro analysis of HMGB1-treated NHEK  

The first part of this thesis focuses on in vitro studies aimed at investigating 

the hypothesis that HMGB1 is able to induce MLKL phosphorylation and 

keratinocyte necroptosis. HMGB1 has been described to have pro-

inflammatory functions when released or secreted into the extracellular space. 

It is, therefore, a DAMP, and used as a marker of cell death or tissue injury, 

given its ability to activate the innate immune system (Bertheloot & Latz, 2017). 

The hypothesis underpinning this thesis is based on previous experiments that 

led to the detection of the necroptosis marker ph-MLKL upon HMGB1 

treatment of NHEK in vitro and in skin explants ex vivo (personal 

communication, MC Bonnet). My results show that treatment of NHEK with 

HMGB1 leads to an increase in MLKL phosphorylation, suggesting a new role 

for HMGB1 potentially inducing keratinocyte necroptosis. Although the role of 
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HMGB1 has been extensively studied as a pro-inflammatory factor, no other 

studies have examined HMGB1 as a trigger inducing cell death apart from the 

work of (J. Xu et al., 2014), who have described a role for HMGB1 inducing 

pyroptosis in macrophages through RAGE-mediated endocytosis. This was 

shown both in vitro and in vivo, using a model of mouse endotoxemia. Results 

obtained here suggest this mechanism is cell-type dependent, as cleavage of 

pyroptosis marker Gasdermin D was not affected in HMGB1-treated NHEKs,  

As a new potential necroptosis inducer, the molecular cascade induced by 

HMGB1 treatment of NHEK is unknown. Generally, RIPK3 and its substrate 

MLKL consistently form the necrosome, independent of the upstream trigger. 

However, different necrosome compositions have been described depending 

on the initial trigger, this is particularly the case regarding the presence or 

absence of RIPK1. In order to investigate the composition of the potential 

HMGB1-induced necrosome, endogenous RIPK3 and ph-MLKL were 

immunoprecipitated from NHEK lysates. Chapter 3 shows the successful 

immunoprecipitation of ph-MLKL from lysates of HT-29 and NHEK cells 

treated with TSZ or HMGB1 respectively. This protocol has not been described 

elsewhere and provides a novel and unique method for studying necroptosis-

dependent and independent functions of ph-MLKL. My results show that RIPK3 

and RIPK1 failed to co-immunoprecipitate with ph-MLKL, suggesting a 

different kinase might act phosphorylating MLKL upon HMGB1 stimulation of 

NHEK. Indeed, under certain culture conditions, MLKL can be phosphorylated 

in a manner that depends on CAMKII but not RIPK3 (Q. Zhan et al., 2021).  

Chapter 4 investigated whether HMGB1 induces cell death in NHEKs. Several 

approaches were used to measure cell death with the aim of determining the 

most accurate method to study necroptosis in NHEK. Results obtained using 

PI-based and LDH-based cell death assays, as well as the WST-1 viability 

assay, showed that HMGB1 was unable to induce necroptosis or affect NHEK 
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viability in vitro. These results were confirmed by microscopic assessment of 

cell morphology. One possible explanation for this result might be that 

phosphorylated MLKL has necroptosis-independent functions in NHEK. 

Activated ph-MLKL has been linked with autophagy and is proposed to disrupt 

auto-lysosomal functions by translocating to intracellular membranes (Frank 

et al., 2019; X. Wu et al., 2020; Q. Zhan et al., 2021). Other than inducing cell 

death, MLKL has been shown to translocate to the nucleus and might be 

involved in gene regulation in specific contexts (reviewed in C. Zhan et al., 

2021). 

However, HMGB1 treatment of NHEKs leads to phosphorylation of MLKL at 

S358 and T357, an event which has been principally linked to the necroptotic 

cascade (I. Khan et al., 2021; L. Sun et al., 2012; Huayi Wang et al., 2014). An 

alternative explanation for the fact that HMGB1 does not appear to induce 

necroptosis in NHEK might be that downstream regulation of ph-MLKL could 

be preventing NHEK from achieving cell death. Several regulatory checkpoints 

downstream of ph-MLKL have been described, which modulate events such as 

MLKL oligomerisation and disengagement from the necrosome (Garnish et al., 

2021), membrane translocation and membrane accumulation (Petrie et al., 

2020; Samson et al., 2020). These mechanisms are thought to interfere with 

ph-MLKL-mediated pore formation and plasma permeabilization. Exocytosis 

through the ESCRT-III system or flotillin-mediated endocytosis of 

oligomerised ph-MLKL also act to prevent cell death downstream of pore 

formation at the plasma membrane (Y. N. Gong et al., 2017; Yoon et al., 2017). 

Immunostaining of ph-MLKL, together with Annexin V, in HMGB1-treated 

NHEKs would allow us to identify possible extracellular or intracellular vesicles 

containing ph-MLKL and determine its intracellular localisation. Furthermore, 

large-scale proteomic analysis of ph-MLKL immunoprecipitates could help 

elucidate the proteins that ph-MLKL associates with upon HMGB1 treatment 

of NHEKs. 
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7.1.2   Role of IL-33/ST2 and RAGE signalling in Casp-8EKO 

  animals 

The second part of this thesis focused on exploring the effect of IL-33, ST2 

and HMGB1 through RAGE signalling, in the necroptosis-dependent skin 

inflammation Casp-8EKO model. This analysis was carried out using a genetic 

approach, by generating four double knock-out lines - Casp-8EKO Il-33-/-, 

Casp-8EKO St2-/- (Chapter 5), Casp-8EKO Rage-/- and Casp-8EKO RAGEEKO 

(Chapter 6) - which have been compared to Casp-8EKO animals.  

In Chapter 5, I have shown that the IL-33/ST2 axis is a major mediator of 

necroptosis-induced skin inflammation. Deletion of IL-33 or ST2 from Casp-

8EKO animals resulted in a major rescue of the skin inflammatory phenotype 

which led to an increase in the survival of the animals. In line with the reduced 

severity of the phenotype, immunohistological analysis of the skin of Casp-

8EKO Il-33-/- and Casp-8EKO St2-/- animals showed significant decrease in the 

epidermal thickness and reduced alterations of keratinocyte proliferation and 

differentiation markers as well as general proliferation markers. 

Skin inflammation induced by the specific deletion of FADD or Casp-8 in 

epidermal keratinocytes has been confirmed to be necroptosis-dependent by 

rescue of the phenotype through ablation of RIPK3 (Bonnet et al., 2011; 

Weinlich et al., 2013). In this thesis, the specific immunostaining of 

phosphorylated MLKL is shown, for the first time, in a necroptosis-dependent 

skin inflammation model (Chapters 6 and 7). Plasma membrane-bound ph-

MLKL was specifically detected in keratinocytes found in hyperplastic patches 

of skin as well as in non-hyperplastic skin before detection of hyperplasia and 

immune cell infiltration of the dermis. The presence of ph-MLKL in non-

hyperplastic skin, detected soon after birth (P5 is the first timepoint studied) 

confirms that necroptosis precedes and initiates inflammation in this model.  
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The initiation of necroptosis is not affected by the deletion of IL-33 or ST2, as 

phosphorylation of MLKL is detected at similar timepoints in the epidermis of 

Casp-8EKO, Casp-8EKO Il-33-/- and Casp-8EKO St2-/- animals. Hence, the initial 

trigger of necroptosis in the skin of Casp-8EKO animals remains to be 

elucidated. However, early detection of MLKL phosphorylation is followed by 

the expression of IL-33 in the epidermis, in line with reports of increased IL-

33 mRNA expression in P3 Casp-8EKO and FADDEKO animals (Bonnet et al., 

2011; Kovalenko et al., 2009). Moreover, the expression pattern of IL-33 and 

ph-MLKL affects similar areas of the epidermis, supporting the idea that 

keratinocyte necroptosis induces the release of IL-33. Indeed, necroptosis has 

been shown to directly release biologically active IL-33 in vitro and in vivo 

(Shlomovitz et al., 2019).  

A reduction in granulocyte recruitment to the sites of inflammation was 

observed upon deletion of IL-33 or ST2, suggesting that IL-33 recruited 

granulocytes play an important role in amplifying necroptosis-dependent 

inflammation. Indeed, IL-33 has been shown to act in recruiting mast cells and 

neutrophils during inflammation (Artru et al., 2020; Bessa et al., 2014; Zeng et 

al., 2021). In the skin, IL-33-dependent activation of mast cells are responsible 

for the recruitment of neutrophils to sites of inflammation (Axel J. Hueber et 

al., 2011). Identification of the subtypes of granulocytes recruited by the 

release of IL-33 could be investigated through the specific immunostaining of 

neutrophils, mast cells and eosinophils in Casp-8EKO, Casp-8EKO Il-33-/- and 

Casp-8EKO St2-/- skin. The delay in granulocyte recruitment coincides with an 

apparent reduction of TNF expression in the dermal compartment. The fact 

that both the recruitment of granulocytes and TNF expression were observed 

to be similarly delayed suggested that granulocytes were the main source of 

TNF in Casp-8EKO skin inflammation. A double immunofluorescence staining 

would allow confirmation of this hypothesis and the optimisation of this protocol 

is currently in progress. As necroptosis-dependent skin inflammation is in part 
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dependent on TNF (Bonnet et al., 2011; Kovalenko et al., 2009), TNF 

potentially secreted by IL-33-recruited granulocytes, might contribute to the 

severity of the inflammatory phenotype in Casp-8EKO skin. This would identify 

IL-33 as regulator of necroptosis-dependent skin inflammation upstream of 

TNF. This would be a highly relevant finding, not only to understand the 

molecular pathways implicated in necroptosis-dependent skin inflammation but 

also for potential therapeutical consideration in skin diseases that have been 

associated with TNF or necroptosis such as psoriasis and psoriatic arthritis. It 

is also important to consider that both mast cells and neutrophils can release 

inflammatory proteases that modulate the biological activity of extracellular 

IL-33 (Cayrol & Girard, 2018). Hence, decreased recruitment of granulocytes 

to early skin inflammation sites could also be delaying the release of proteases 

and the production of more active forms of IL-33, that would further reinforce 

inflammation. 

Necroptosis-dependent skin inflammation models have been associated with a 

Type 1 immune responses for the following reasons. First, skin lesions found 

in necroptosis models of skin inflammation have morphological and histological 

characteristics which resemble pustular psoriasis skin lesions in humans, 

primarily driven by Th-1/Th17 responses. Second, the inflammatory phenotype 

is more severe in animals with a C57BL/6 genetic background (Bonnet et al., 

2011; Kovalenko et al., 2009), which exhibit a Th1-predominant immune 

response, than BALB/c mice (Pedro Lee et al., 2009), which mostly shows Th2-

predominant immune responses, associated with mild inflammation and no 

lethality. Finally, inflammation in these models is dependent on TNF signalling, 

a typical hallmark of Th-1-dependent inflammation. Taking this into 

consideration and recent supporting studies, neutrophils stand out as possible 

candidates for the IL-33-recuited granulocyte subtype, although experimental 

evidence would be needed to support this idea. The results reported here, 

challenge the traditional notion of IL-33 as a purely type-2 cytokine. This idea 
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is supported by additional studies that associate IL-33 activity with Th-1/Th-

17 immune responses, such as those driving rheumatoid arthritis. In a murine 

model of rheumatoid arthritis, collagen-induced arthritis, treatment with anti-

ST2 antibody or sST2-Fc fusion protein attenuated the disease and decreased 

production of IFN-g, TNF and IL-17 (Leung et al., 2004; Palmer et al., 2009). 

Given its role in Th-2 immune responses, IL-33 has been extensively studied 

in the context of AD. However, given the identification of IL-33 as a potent 

amplifier of psoriasis-like inflammation in the Casp-8EKO model, IL-33 might 

also act as a potential regulator in psoriasis. Indeed, some studies have 

suggested that IL-33 contributes to psoriasis-like inflammation in murine 

models and IL-33 is upregulated in human psoriatic skin samples (Balato et al., 

2012; Zeng et al., 2021, Di Meglio's lab BSID 2021).  

Interestingly, the effect of RAGE signalling in Casp-8EKO animals, described in 

Chapter 6, does not appear to be determinant for the development of 

necroptosis-dependent skin inflammation. Full-body deletion of RAGE or cell-

specific genetic ablation from epidermal keratinocytes does not contribute to 

the inflammatory phenotype, as Casp-8EKO Rage-/- and Casp-8EKO RAGEEKO 

show similar lesion development, survival and epidermal thickness than Casp-

8EKO animals. Indeed, no changes were observed in skin proliferation and 

differentiation markers, necroptotic markers, immune cell infiltration or 

cytokine release between these lines. These results differ from several studies 

reporting that RAGE contributes to the severity of other models of 

inflammatory diseases including septic shock or atherosclerosis (Bucciarelli et 

al., 2002; Liliensiek et al., 2004). A link has been established between 

keratinocyte derived HMGB1 and psoriasis-like dermatitis (Z. Wang et al., 

2021)given that knock-down of HMGB1 by subcutaneous injection of a 

lentivirus expressing shRNA against HMGB1, or specific deletion of HMGB1 

from keratinocytes significantly ameliorates IMQ-induced psoriatic skin lesions 

(Z. Wang et al., 2021). However, whether RAGE is the receptor responsible for 
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such HMGB1 functions has not been addressed. RAGE is not required for the 

initiation of inflammatory process but rather its maintenance in TPA-

carcinogenic inflammation (Gebhardt et al., 2008).  

Nevertheless, it should be emphasised that HMGB1 is a ligand with multiple 

receptors and that other receptors, such as TLR-4 and CXCR4, may be 

involved in HMGB1 signalling in necroptosis-dependent skin inflammation. 

Both receptors, either through pro-inflammatory signalling or chemotactic 

functions, respectively, have shown to contribute to the recruitment of immune 

cells and inflammation (R. Kang et al., 2014; Schiraldi et al., 2012).  

7.2   Limitations of the study 

The main limitation encountered when working with epidermal keratinocytes in 

vitro is related to the complexity of obtaining, maintaining and handling primary 

cells, especially when large quantities of cell lysate are needed. Although 

working with cell lines generally generates more reproducible results, some 

necroptosis triggers can be cell type specific, and immortalised cell lines, 

although extensively used to study necroptosis, are not expected to respond in 

the same manner to different death-inducing stimuli. Consequently, extensive 

in-depth and time-consuming optimisations of the experimental procedures 

has been needed to adapt experimental conditions to NHEKs.  

The source of NHEKs from different human donors, as well as the progressive 

differentiation of the keratinocytes in culture, led to variability between 

experiments. Consequently, inconsistency in the results requires increasing 

experimental replicates, which further adds to the challenge of working with 

NHEKs. Although donor differences represent intrinsic variables when working 

with primary cells, other factors can be more easily controlled. The use of FCS, 

as well as the Ca+2 concentrations in the culture media can induce keratinocyte 

differentiation (Carolina, 2016) and further enhance variability. Commercially 
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available keratinocyte culture mediums are serum-free and low on Ca+2 and, 

although briefly tested in Chapter 4, in depth growth rate analysis of NHEKs in 

these conditions have not been performed. Future studies using NHEKs could 

focus on investigating this approach to minimise keratinocyte differentiation 

and variability in vitro.  

The epidermis has been shown to be particularly sensitive to necroptosis when 

compared to other tissues (Dannappel et al., 2014; Takahashi et al., 2014). 

However, difficulties were encountered when attempting to induce 

keratinocyte death in vitro. Crosstalk between epidermal keratinocytes and 

dermal fibroblasts, together with other cell types, has been shown to be critical 

for epidermal maturation and the pathophysiological processes in vivo. 

However, and unfortunately, recapitulation of the complex paracrine 

interactions between keratinocytes and the dermal compartment in vitro 

remains a challenge. The use of skin explants ex vivo or commercially available 

skin equivalents in vitro provides a deeper mechanistic analysis of the role 

HMGB1 plays in the skin. Indeed, stimulation of skin explants with HMGB1 has 

been performed (Dr. MC Bonnet’s lab). However, this approach does not allow 

the analysis of molecular cascades triggered in HMGB1-treated keratinocytes 

such as the immunoprecipitation procedures. 

Numerous reports identify the genetic background as a major source of 

phenotypical variation in animal models due to differences in the innate immune 

response and multiple reported passenger mutations (Eisfeld et al., 2019; S. K. 

Kang et al., 2018; Thach et al., 2000; Tom Vanden Berghe, Hulpiau, et al., 

2015). This issue has been noted by several groups as impact on the severity 

of necroptosis-dependent skin inflammation models is background-dependent 

(Bonnet et al., 2011; I.-D. Kim et al., 2010; Kovalenko et al., 2009). The Casp-

8EKO animals that I have used throughout this thesis have a mixed genetic 

background. Thus, it is possible that the mixed background of these mice had 
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a distinct impact on their immune responses which may in turn have had a 

knock-on effect in the phenotypical variabilities described in Appendix III. 

Furthermore, strain-specific differential mutations can affect immune 

responses in animals, such as mutations in Nlrp12 that cause defects on 

neutrophil recruitment (Ulland et al., 2016). Strain differences have also been 

identified regarding a mutation in serine (or cysteine) peptidase inhibitor, clade 

A, member 3I (Serpina3i), which encodes a protein that normally acts inhibiting 

IL-33 degradation in vitro and in vivo. BALB/c mice, specifically, have been 

shown to produce a truncated version of this protein and are therefore unable 

to successfully inhibit IL-33 degradation (Teufelberger et al., 2020). 

Considering the implication of IL-33 in necroptosis-dependent skin 

inflammation, strain-dependent genetic differences in mice could explain the 

variability of the severity of inflammation observed in Casp-8EKO models. This 

strain-dependent variations could be the cause of the phenotypical differences 

between Casp-8EKO Il-33-/- and Casp-8EKO St2-/- animals, which were mostly 

observed in adults and significantly affected the survival of the animals. Future 

strategies should focus on obtaining animals with a pure genetic background to 

facilitate the analysis of the results and allow a clear understanding of the 

models. Furthermore, it would prove informative to identify significant genetic 

modifiers of the necroptosis-dependent inflammatory response that modulate 

inflammation in different genetic backgrounds since these variations may play 

an important part in skin inflammation. 

Another clear limitation has been encountered when drawing conclusions from 

the results obtained from immunofluorescence stainings. Unlike macroscopical 

or histological observations which were easily quantifiable, the obtention of 

full-size projections of the immunostained skin samples was unfeasible. The 

obtention of formal quantification from the stainings produced would have 

supported the observations made for each condition and would have added 

strength to the conclusions drawn from these. In hindsight, establishing clear 
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criteria regarding the acquisition of the images would have allowed the 

normalisation and quantification of the results. For example, taking images of 

all lesions in a sample and normalising the positive staining to the total number 

of lesions or taking a determined number of randomised images per sample. 

These reflections should be taken into consideration in future studies in order 

to produce stronger quantifiable data.  

7.3   Future directions 

The work presented in this thesis rises interesting questions regarding the role 

of HMGB1 and IL-33 in skin necroptosis. For example, the kinase responsible 

for MLKL phosphorylation upon HMGB1 treatment of NHEKs remains to be 

elucidated. Further understanding of the function of HMGB1 in skin necroptosis 

could be achieved through large-scale proteomic analysis of HMGB1-treated 

NHEKs or ph-MLKL immunoprecipitate eluates obtained using the novel ph-

MLKL immunoprecipitation protocol described here. This approach would 

additionally shed light on possible necroptosis-independent roles of ph-MLKL 

in NHEKs, as well as potential regulators of necroptosis execution that are not 

easily identifiable through targeted approaches using specific antibodies.  

The use of different commercially available necroptosis inhibitors that target 

known necroptotic effector molecules would also help elucidate the molecular 

signalling involved in HMGB1-dependent MLKL phosphorylation in NHEKs. 

Considering HMGB1 has been shown to play a role in inducing other forms of 

programmed necrosis in different cell types, investigating HMGB1-dependent 

induction of necroptosis in other cell types could be of interest. However, as 

with other necroptosis triggers, HMGB1-induced MLKL phosphorylation could 

be specific to keratinocytes.  

Other than investigating the role of ph-MLKL in HMGB1-treated NHEKs, 

further studies could focus on determining the means by which HMGB1 is 
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recognised and the signalling transduction activated. HMGB1 has been reported 

to signal through several receptors, of which RAGE and TLR-4 are best 

described. Considering the deletion of RAGE did not affect necroptosis-

dependent inflammation in vivo (Chapter 6), it could be hypothesised that 

HMGB1-induced activation of the necroptotic pathway in vitro is mediated by 

TLR-4. Indeed, TLR-4 has been found to induce RIPK3- and TRIF-dependent 

necrosis in response to LPS in macrophages (He et al., 2011). To further 

investigate the role of HMGB1 in skin necroptosis, different blocking antibodies 

for known receptors of HMGB1 could be used. Specifically, RAGE and TLR-4 

receptors would be of special interest. Additional research could focus on the 

generation of Casp-8EKO Tlr-4-/- mice in a pure C57/BL6N genetic background 

and the obtained phenotype with Casp-8EKO Rage-/- animals with the same 

background. Similarly, the generation Casp-8EKO HMGB1EKO would provide 

useful information regarding the role of necroptosis-released HMGB1 in skin 

inflammation.  

Finally, the finding that IL-33 is an early mediator of necroptosis-dependent 

psoriasis-like skin inflammation leaves abundant room for future research in 

different contexts. This could include investigating whether IL-33 is involved 

other necroptosis-associated inflammatory diseases in which TNF plays a role 

such as multiple sclerosis and inflammatory arthritis. Indeed, ST2 blockade was 

effective in animal models of arthritis. IL-33/ST2 pathway may be a target for 

disease such as psoriatic arthritis in which skin and joint inflammation occur in 

the same patient. Future translational research could benefit from some of the 

procedures described in this thesis. In-depth analysis of the expression of IL-

33 and ph-MLKL at different times of lesion development could be an 

interesting future area of research. 
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7.4   Concluding remarks 

Since its discovery, necroptosis has drawn the attention of numerous studies 

and is today the best studied form programmed necrosis. The present thesis 

addresses several questions regarding the relationship between necroptosis 

and DAMPs, which have been traditionally studied as downstream pro-

inflammatory mediators in the context of cell death. However, results obtained 

by members of my laboratory, together with results obtained by myself and 

shown in this thesis indicate that HMGB1 leads to MLKL phosphorylation in 

keratinocytes in vitro as well as in ex vivo skin explants. These results provide 

a new understanding of how this DAMP might interact with epidermal 

keratinocytes The absence of necroptotic cell death when using this stimulus 

in vitro, however, leaves several unanswered interrogations that will need 

further investigation. Cells have intricate regulatory mechanisms aiming at 

maintaining cell survival after MLKL phosphorylation, which could be acting in 

HMGB1-treated NHEKs in vitro. Considering that HMGB1/RAGE signalling 

does not contribute to Casp-8EKO skin inflammation, suggests that either i) 

HMGB1 could not, in fact, induce necroptosis in keratinocytes (therefore ph-

MLKL plays a necroptosis-independent role in this context), or ii) HMGB1 

contributes to necroptosis in keratinocytes through a different receptor, such 

as TLR-4, but regulatory mechanisms prevent necroptosis in vitro. These 

questions remain to be elucidated, leaving abundant room for further work. 

Several new strategies for studying necroptosis have been described in this 

thesis, including the successful immunoprecipitation of ph-MLKL (from HT-29 

cell line and NHEK primary cells) and the specific immunostaining of ph-MLKL 

in mouse-collected skin tissue. These applications of a ph-MLKL antibody 

make an important contribution to the field as they will facilitate the 

investigation of necroptotic signalling in vitro and in vivo. The present thesis 

also makes a major contribution to understanding necroptosis-dependent skin 
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inflammation in vivo by identifying IL-33/ST2 signalling as a central mediator 

of the inflammatory response in Casp-8EKO animals (Fernandez-Nasarre et al., 

in preparation). Improved understanding of the molecular mechanisms driving 

necroptosis-induced inflammation in the skin could extend our knowledge 

regarding chronic and acute sterile inflammation diseases in humans, 

positioning the work presented here as a notable and promising research topic.  
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Supplementary material 

Appendix I – Reagents 

Reagent 
Working 

concentration  
Provider 

DMEM, high glucose GlutaMAX 

Supplement 

1X Gibco 

Foetal calf serum (FCS) 10% (v/v) Gibco 

Penicillin (5000 U) – Streptomycin (5 

mg) 

1X Sigma Aldrich 

Dubecco’s Phosphate-Buffered Saline 

(PBS) 

1X Gibco 

Tween-20  0.05% (v/v) Sigma Aldrich 

Trypsin-EDTA (0.05%) phenol red 1X Gibco 

DMSO 1X Sigma Aldrich 

PureCol 0.1 mg/mL (dH20) Advanced 

Biomatrix 

Antibiotic/Antimycotic (100X) 1X Gibco 

Trypsin-EDTA (2.5%), no phenol red 1X Gibco 

Ham’s F12 Nutrient Mix, GlutaMAX 

Supplement 

1X Gibco 

Hydrocortisone (HC) 0.4 µg/mL Sigma Aldrich 

Cholera Toxin (CT) 8.4 ng/mL Sigma Aldrich 

Insulin 5 µg/mL Sigma Aldrich 

Adenine 24 µg/mL Sigma Aldrich 

Human EGF 10 ng/mL R&D Systems 

Recombinant human TNF 20 ng/mL PeproTech 

Birinapant 1 µM SelleckChem  
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Z-VAD-fmk 20 µM SelleckChem 

Disulfide HMGB1, LPS free 50 µM HMGBiotech 

Nec-1s 20 µM SelleckChem 

Necrosulfamide (NSA) 1 µM Gift M-T 

Dimanche-Boitrel 

GSK872 1 µM SelleckChem 

GW806742X 5 µM SYNkinase 

Propidium Iodide (PI) 10 µg/mL Sigma Aldrich 

Triton X-100  10% (v/v) ThermoFisher 

LDH-Glo TM Cytotoxicity Assay MI Promega 

Cell proliferation reagent WST-1 MI Roche 

cOmplete ULTRA tablets, Mini, 

EASYpack  

1X (MI) Roche 

PhosSTOP EASYpack (ROCHE). 

Phosphatase inhibitor cocktail tablets 

1X (MI) Roche 

Bio-Rad Protein Assay  MI Bio-Rad 

Standard 0.3 mg/ml HAS - Sigma Aldrich 

Pierce BCA Protein Assay Kit  MI ThermoFisher 

b-Mercaptoethanol 20% (v/v) Sigma Aldrich 

NuPAGE™ LDS Sample Buffer (4X) 1X ThermoFisher 

Bolt 4-12% (w/v) acrylamide gels MI ThermoFisher 

30% (w/v) Acrylamide/Bis Solution - Bio-Rad 

TEMED - Sigma Aldrich 

Bolt MOPS SDS running buffer (20X) 1X ThermoFisher 

Non-Fat Dried Milk (NFDM) 5% (w/v) Sigma Aldrich 

Bovine serum albumin (BSA) 5% (w/v) Sigma Aldrich 

Amersham ECL Rainbow Marker  5 µL Sigma Aldrich 

Spectra Multicolor Broad Range 

Protein Ladder 

5 µL Thermo Fisher 
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SuperSignal West Pico Luminescent 

Solution 

MI Thermo Fisher 

Supersignal West Femto Maximum 

Sensitivity assay 

MI Thermo Fisher 

Sepharose Protein A/G beads  MI Rockland 

Protein A/G PLUS-Agarose  MI Santa Cruz 

Proteinase K, recombinant PCR grade 3% (v/v) Roche 

Nuclease free distilled water 1X Qiagen  

KAPA Mouse Genotyping kit  MI KAPA 

Biosystems 

Agarose 1,5% (w/v) Appleton  

Ethidium bromide 1% solution 20 µM Fisher Scientific 

100 bp DNA ladder - Invitrogen 

Paraformaldehyde (PFA) 4% (w/v) Sigma Aldrich 

OCT Embedding Matrix  1X CellPath 

Trypsin from porcine pancreas tablet 1:100 Sigma Aldrich 

Goat serum 10% (v/v) Sigma Aldrich 

Gelatine from cold water fish skin 0.02% (v/v) Sigma Aldrich 

Vectashield Antifade Mounting Media  1X Vector 

Laboratories 

Table A1: List of reagents, general working concentration and provider. Stated 

concentration is always used unless stated otherwise. MI: manufacturer’s 

instructions. 
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Appendix II - Primers 

 

Genotype 

Target 

gene 
Sequence (5’-3’) 

Anneal

ing T° 

Amplicon 

size (bp) 

KRT-14 

 

KRT-14 

wt 
GTAGGTGGAAATTCTAGCATCATCC 60 °C 600 bp 

KRT-

14-cre 

TTCCTCAGGAGTGTCTTCGC 

60 °C 350 bp 

GTCCATGTCCTTCCTGAAGC 

Casp-8 
Casp-8 

wt-fl 

ATAATTCCCCCAAATCCTCGCATC 

60 °C 
200 bp (wt) 

300 bp (fl) 
GGCTCACTCCCAGGGCTTCCT 

IL-33 

 

IL-33 

wt 

CCAGATGAACTTGTGATTGTTGCTCCCTC 

61 °C 1000 bp 

CTTGGAGTTGGAATACTTCATTCTAGG 

Citrine 

AGGAGCGCACCATCTTCTTCAAG 

61 °C 370 

CATGTGATCGCGCTTCTCGTTG 

ST2 

 

ST2 wt 

TCGTCCTGGGGTCTGGAAAATGA 

58 °C 500 bp 

CCTGAACAGTACCTTCTGATAACA 

ST2 KO 

TCTCTTCTGGACCCTACCTCA 

54 °C 1300 bp 

CTCTTCGCGCTATTACGCCAGC 

RAGE 

RAGE 
exon 

5/7 

AGCTGGCACTTAGATGGGAAACTT 

60 °C 500 bp 

TGGGCAGAGATGGCACAGGT 

eGFP 

AGTGCTTCAGCCGCTACC 

60 °C 99 bp 

GAAGATGGTGCGCTCCTG 

RAGE 

exon 

6/8 

CCCCACCCAAGGAGGAAC 

60 °C 950 bp 

TCAGGGAGGAGCAGCACAG 

 Table A2: List of primer sequences, annealing temperature and expected amplicon 

size.   
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Appendix III - Characterisation of Casp-8EKO 

skin inflammation model 

The Casp-8EKO skin inflammation model was first described over ten years 

ago. However, differences in the genetic background of these animals led 

to strong differences in the severity of the phenotype as well as the animal 

survival (Kovalenko et al., 2009; Pedro Lee et al., 2009). Indeed, genetic 

background accounts for many of the differences reported in studies based 

in animals (S. K. Kang et al., 2018; Simon et al., 2013; Teufelberger et al., 

2020; Tom Vanden Berghe, Hulpiau, et al., 2015).  

This supplementary information includes a characterisation of the Casp-

8EKO skin inflammatory lesions obtained during the breedings of the 

different double knock-out lines. It reports the phenotype variability 

observed between Casp-8EKO animals obtained from different breedings, 

as well as their phenotype evolution. Furthermore, it details the 

characteristic skin histology observed in the Casp-8EKO animals, which 

coincides with previous reports of necroptotic skin inflammation (Bonnet 

et al., 2011; Kovalenko et al., 2009; P. Lee et al., 2009). 

Casp-8EKO phenotype variability  

The obtained Casp-8EKO animals showed skin inflammation distributed in 

patches around the body, but the distribution and severity of the lesions 

was not the same in all animals. This phenotype variability was most 

obvious when comparing Casp-8EKO animals obtained by crossing 

K14Cre+ Casp-8fl/+ with Il-33-/- or St2-/- animals and their offspring and 

those obtained when crossing K14Cre+ Casp-8fl/+ mice with Rage-/- with 

Ragefl/fl animals and their offspring (Figure A3.1). Specifically, Casp-8EKO 

IL-33+/- or Casp-8EKO, IL-33+/+ littermates and Casp-8EKO St2+/- or Casp-
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8EKO St2+/+ littermates displayed a much less severe skin inflammation 

phenotype than Casp-8EKO Rage+/- or Casp-8EKO Rage+/+ littermates and 

Casp-8EKO Ragefl/+ or Casp-8EKO Rage+/+ littermates.  

 

Figure A3.1: Breeding strategy leads to the obtention of Casp-8EKO animals from 

different crosses. The different Casp-8EKO animals (in boxes) obtained from different 

breeding crosses are referred to in the text as: Casp-8EKO animals obtained from Il-
33+/-, St2+/-, Rage+/- or Ragefl/+ breedings. 

Figure A3.2 shows images of Casp-8EKO at P10 obtained from the four 

different breeding colonies. Casp-8EKO animals obtained from IL-33+/- or 

St2+/- breedings show small, scattered lesions around the back and neck 

area (Figure A3.2A, top left and right panels) while patches of skin 

inflammation in Casp-8EKO animals obtained from Rage+/- or 

Ragefl/+animals are considerably larger and cover a greater portion of the 

body (Figure A3.1A, bottom left and right panels). The severity of the 

phenotype was assessed through the scoring system during the first 10-

11 days after birth (see section 2.8.1). Figure A3.2B shows the lesion 
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score of the animals over time in a scattered plot on which simple linear 

regression has been performed. 

The data for lesion scores obtained from Casp-8EKO IL-33+/-, Casp-8EKO 

St2+/-Casp-8EKO Rage+/- and Casp-8EKO Ragefl/+ breedings were analysed 

and regression lines were calculated for each set of data. The slopes of 

the lines were obtained and compared using Graphpad. This analysis 

showed that the slopes obtained from Casp-8EKO Rage+/- and Casp-8EKO 

Ragefl/+ data are significantly higher than those from Casp-8EKO IL-33+/- 

and Casp-8EKO St2+/- sets of data (Figure A3.2B). This indicates that the 

phenotype of Casp-8 EKO animals born on Rage+/- and Ragefl/+ breedings 

was more severe and developed at a faster rate than Casp-8 EKO animals 

born from IL-33+/-or St2+/- breedings.  

Furthermore, this analysis showed, as observed macroscopically, that the 

phenotype score was not significantly different between Casp-8EKO 

animals obtained from IL-33+/-or St2+/- breedings (Figure A3.2B, pink and 

yellow lines) or between Casp-8EKO animals obtained from Rage+/- and 

Ragefl/+ breedings (Figure A3.2B, green and blue lines). Due to the lack of 

phenotypical differences seen between Casp-8EKO IL-33+/- and Casp-8EKO 

St2+/- mice, data from these animals have been grouped together for 

analysis, as were animals obtained from Casp-8EKO Rage+/- and Casp-8EKO 

Ragefl/+ breedings. Most importantly, all double knock-out animals 

obtained from these breedings have been compared to their Casp-8EKO 

littermates, in order to eliminate any bias from the effect of the genetic 

background. 
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Figure A3.2: Casp-8 EKO animals with obtained from Il-33+/- and St2+/- breedings 

show a less severe skin inflammation phenotype than Casp-8EKO animals from 

Rage+/- and Ragefl/+ breedings. (A) Representative images of Casp-8EKO animals at 

P10 obtained from the four different breeding lines established for study. (B) Graph 

plots of lesion score versus time (in days) for Casp-8EKO animals obtained from the 

four different breeding lines. Each set of data is plotted through individual values that 

represent the mean score of the animals at a determined age. Linear regressions 

were calculated for each set of data and slope comparison was performed using 

Graphpad. 

The differences in the skin inflammation phenotype were also obvious 

when assessing other general wellbeing features of the animals. Casp-
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8EKO animals from Rage+/- and Ragefl/fl breedings were significantly smaller 

and appeared runted when compared to Casp-8EKO animals from Il-33-/- 

and St2-/- breedings (Figure A3.3). Given this variability, and to preserve 

the wellbeing of the animals, the experimental endpoint (lesions affecting 

50% of body surface) was reached earlier, hence study timepoints for 

these genotypes were adjusted.  

 

Figure A3.3: Casp-8EKO animals from 

Ragefl/+ breedings are smaller than 

Casp-8EKO animals from Il-33+/- 

breedings and littermate controls. 

Images of Casp-8EKO Il-33+/- animals 

and littermate controls (top panel) and 

Casp-8EKO RAGEfl/+ and littermate 

control (bottom panel) at P9. 

 

 

 

 

Differences in the necroptosis-dependent skin inflammation phenotype 

have been described before. Both FADDEKO and Casp-8EKO animals 

described by Bonnet et al. and Kovalenko et al. from epidermal 

keratinocytes resulted in mice displaying macroscopic lesions from 

postnatal day 3 (P3) and death at postnatal day 8 (P8) while the Casp-8EKO 

inflammatory phenotype described by Lee et al. was drastically less 

severe, with mild skin lesions developing at P10 (Pedro Lee et al., 2009). 

The main difference between these studies is that animals used by Bonnet 

et al. and Kovalenko et al. were on C57BL/6 genetic background 
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(C57BL/6N in the first case, undefined in the latter) while the Casp-8EKO 

mice described by Lee et al. were on BALB/c background. This highlights 

the importance of the animal’s genetic background on the development of 

the necroptotic-dependent inflammation, suggesting that mutations 

carried by different mouse strains affect the development of necroptosis. 

Animals used in the present study had a mixed genetic background. As 

described in section 2.6.2 of this thesis, both Casp-8fl/fl animals and  

Il-33-/- animals were a backcross on C57BL/6J background mice while 

St2-/-, Rage-/- and Ragefl/fl animals were on a mixed 129sv x C57BL/6J 

background (I Liliensek et al., 2004; Senn et al., 2000). This fact has been 

considered throughout the analysis of the results, especially when making 

direct comparisons to previous research. For this reason, quantification of 

the lesions has been systematically performed for all animals, not only 

macroscopically but also through histological analysis. The observations 

made here further highlights the importance of maintaining the genetic 

background a constant when studying necroptosis in animal models and 

points out the importance of using the appropriate controls in each 

experiment.  

Casp-8EKO skin histology 

The inflammatory lesions found in Casp-8EKO animals are characterised by 

increased dermal cellularity, epidermal hyperplasia (acanthosis) and 

thickening of the cornified layer (hyperkeratosis) (Figure A3.3A and B). 

Widened intercellular spaces in the basal layer of the epidermis were 

observed throughout the lesions, showing loss of cell-to-cell contact 

(Figure A3.3A) due to plasma membrane rupture caused by keratinocyte 

necroptosis. Neutrophil abscesses (Figure A3.3A) could also be seen in 

the inflammatory skin lesions. Necroptotic keratinocytes were observed 

throughout the lesions, characterised by irregular shape and eosinophilic 
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cytoplasm together with hyperchromatic, condensed and partly 

fragmented nuclei (Figure A3.3B). 

 

Figure A3.4: Histological features found in Casp-8EKO lesional skin. (A) Casp-8EKO 

skin samples were fixed and stained for haematoxylin and eosin. Black arrow 

indicates the start of a small lesion. Read arrows indicate widened intercellular 

spaces between keratinocytes. Blue arrow points out a neutrophil abscess. 

Acanthosis and hyperkeratosis are indicated by yellow and green lines respectively. 

(B) Casp-8EKO skin samples were fixed and stained for haematoxylin and eosin. 

Yellow arrows indicate necroptotic keratinocytes. Green arrows indicate retained 

nuclei in the cornified layer (parakeratosis). Images obtained using Zeiss Apotome 

Axio Observer microscope: (A) magnification 40X, (B) magnification 40X. Scale bars 

represents (A) 25 µm, (B) 50 µm.  

The histological features found in Casp-8EKO born from Il-33-/- and St2-/- 

breedings and Rage+/- and Ragefl/fl breedings were similar, with the only 

difference being that inflammatory lesions started appearing earlier in 

Casp-8EKO animals obtained from Rage+/- and Ragefl/fl breedings (as shown 

in phenotype evolution, Figure A3.2B). As the phenotype developed faster, 

the skin of Casp-8EKO animals obtained from Rage+/- and Ragefl/fl breedings 

displayed a characteristic histology around hair follicles (Figure A3.5) that 

was not observed in Casp-8EKO animals born from Il-33-/- and St2-/- 

breedings at the same age. The skin displayed a marked increase in the 
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number of hair follicles which appeared to fuse with each other and have 

inside keratinous layers (Figure 5.5). 

 

Figure A3.5: Characteristic histology found in the skin of Casp-8EKO animals 

obtained from Rage+/- and Ragefl/+ breedings. Image of epidermis morphology and 

hair follicle histology found in the skin of a Casp-8EKO Ragefl/+ animal at P9. 

Images obtained using Zeiss Apotome Axio Observer microscope: left panel, 

magnification 5X; right panel, magnification 40X. Scale bars represents 50 µm.  
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Appendix IV – Uncropped images from 

Western blots 

 

 Figure A4.1: Uncropped Western blots used in Figure 3.1.  
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 Figure 8.2: Uncropped Western blots used in Figure 3.2A, B and C. 
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 Figure A4.3: Uncropped Western blots used in Figure 3.3A and B. 
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 Figure A4.4: Uncropped Western blots used in Figure 3.4A and B. 
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 Figure A4.5: Uncropped Western blots used in Figure 3.5A and B. 
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 Figure A4.6: Uncropped Western blots used in Figure 3.6.  
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 Figure A4.7: Uncropped Western blots used in Figure 3.7. 
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 Figure A4.8: Uncropped Western blots used in Figure 3.8. 
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 Figure A4.9: Uncropped Western blots used in Figure 3.9A and B. 
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 Figure 

A4.10: Uncropped Western blots used in Figure 3.10A, B and C. 
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 Figure A4.11: Uncropped Western blots used in Figure 3.11. 

 

 

 

 Figure A4.12: Uncropped Western blots used in Figure 3.12A and B. 
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 Figure A4.13: Uncropped Western blots used in Figure 3.14A, B and C. 

 

 


