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Abstract (English) 

Cell death plays roles in development, homeostasis and diseases. As there is a daily cell 
turnover of 100 billion cells, this is an essential process. Modulating cell death is thus an 
important research field. In clinical settings hyperthermia and hypothermia are used to 
cause or prevent tissue lesions. Hyperthermia is used to treat malignant tissue and 
hypothermia is used to protect vital tissue. These temperature effects are observed, but 
little is understood of the mechanisms behind them. Our purpose was to determine which 
cell death signalling pathways are influenced by hypothermia and hyperthermia. We further 
investigated how these cell death signalling pathways are influenced. 

The L929sAhFas, L929sAhFas RIPK1ΔID, MEF and L929sAhFas LC3-GFP cell lines were used as 
models to test several cell death stimuli on. Cell death was analysed with a FLUOSTAR 
Omega device, which discriminates between different types of cell death, based on 
fluorescent probes. As complementation, cell death was also analysed with a BD pathway 
device, which is also based on fluorescent signals. ATP quantification assays, receptor 
expression measurements and autophagy assays were conducted to reveal underlying 
molecular mechanisms. 

Our research determined that TNFR1/2-induced necroptotic and apoptotic cell death is 
influenced by hyperthermia and hypothermia. TNF-induced apoptotic cell death showed no 
sensitivity to temperature. FLUOSTAR Omega data implied that Fas-induced necroptosis and 

apoptosis were not influenced by hypothermia or hyperthermia. However, experiments with 
the BD pathway suggested that hypothermia suppresses apoptotic cells from undergoing 
secondary nercrosis. It also shows necroptotic cell death reduction at 32°C. TRAIL-R/zVAD-
induced necroptotic cell death is influenced by hypothermia. FLUOSTAR Omega data 
indicated that TLR3-induced cell death is not influenced by hypothermia. However, BD 
pathway results implied that hypothermia has a suppressive effect on apoptosis and 
necroptosis induction by TLR3. Receptor expression levels were measured, but no difference 
between temperatures was detected. The immunoprecipitation of the necrosome revealed 
that there were differences in posttranslational modifications of the necrosome proteins, 
between 37°C and 32°C. ATP measurements revealed no differences between temperatures. 

We concluded that TNFR1/2 signalling is sensitive to hyperthermia, which increases the 
necroptotic and apoptotic cell death rate. Hypothermia has a protective effect on TNFR1/2-
induced necroptotic and apoptotic cell death. Hypothermia also has a protective effect 
TRAIL-R-induced necroptotic cell death. Some data indicate that Fas-induced cell death is 
hypothermia insensitive, but other data imply that hypothermia has a suppressive effect on 
secondary necrosis and necroptosis. TLR3-induced apoptosis and necroptosis seem to be 
suppressed by hypothermia, although not all data confirm this. We further concluded that 
receptor expression level is not modulated by temperature. Posttranslational modifications 
of the necrosome proteins are possibly modulated by temperature, but this is not 
necessarily true. The metabolism seems to be unaffected by temperature. 
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Abstract (Dutch) 

Celdood speelt een rol in ontwikkeling, homeostasis en in ziektes. Er is een dagelijkse 
celsterfte en vernieuwing van 100 miljard cellen. Het moduleren van celsterfte is dus een 
belangrijk onderzoeksveld. Hyperthermie wordt gebruikt om kwaadaardig weefsel te 
bestrijden en hypothermie wordt gebruikt om vitaal weefsel te beschermen tegen schade. 
Deze temperatuur effecten zijn duidelijk zichtbaar, maar er is weinig geweten van de 
onderliggende mechanismen. Onze doelstelling was het bepalen welke celdood-
signalliserende paden worden beïnvloed door hypothermie en hyperthermie. We 
onderzochten verder op welke manier deze paden werden beïnvloed. 

De L929sAhFas, L929sAhFas RIPK1ΔID, MEF and L929sAhFas LC3-GFP celculturen werden 
gebruikt als modellen om verschillende celldood-inducerende stimuli op te testen. Celdood 
werd geanalyseerd met een FLUOSTAR Omega toestel, die kan discrimineren tussen 
verschillende soorten van celdood, gebaseerd op fluorescente probes. Om deze 
experimenten te ondersteunen, werd celdood ook geanalyseerd met een BD pathway 
toestel. Alsook werden ATP kwantificatie assays, receptor expressive metingen en 
autophagie assays uitgevoerd om de onderliggende mechanismen bloot te leggen.  

Ons onderzoek heeft uitgewezen dat TNFR1/2-geïnduceerde necroptotische en apoptotische 
celdood beïnvloed wordt door hyperthermie en hypothermie. FLUOSTAR Omega data 
impliceerde dat Fas-geïnduceerde necroptose en apoptose niet werden beïnvloed door 

hyperthermie of hypothermie. Echer, met de BD pathway, bleek er wel een temperatuur 
effect te zijn. Het lijkt erop dat hypothermie apoptotisch cellen ontmoedigt om secundaire 
necrose te ondergaan. Ook werd gezien dat anti-Fas/zVAD-geïnduceerde necroptotische 
celdood gereduceerd werd bij 32°C. Andere FLUOSTAR data tonen aan dat TRAIL-R-
geïnduceerde necroptotische celdood beïnvloed wordt door hypothermie. TLR3-
geïnduceerde celdood is volgens FLUOSTAR Omega experimenten ongevoelig aan 
hypothermie, maar andere experimeten spreken dit tegen. Receptor expressie niveaus 
werden onderzocht, maar geen verschil werd gemeten. Immunoprecipitatie van het 
necrosoom toonde aan dat de eiwitten van het necrosoom verschillen in posttranslationele 
modificaties hebben, bij verschillende temperatuur. ATP metingen toonden geen grote 
verschillen aan tussen 37°C en 32°C. 

We besluiten dat TNFR1/2 signalisatie gevoelig is aan hyperthermie, waarbij de 
inductiesnelheid van necroptotische celdood toeneemt. Hypothermie heeft een 
beschermend effect op TNFR1/2-geïnduceerde necroptotische en apoptotische celdood. 
Hypothermie heeft tevens een beschermend effect op TRAIL-R/zVAD-geïnduceerde 
necroptotische celdood. Sommige data impliceren dat Fas-geïnduceerde celdood ongevoelig 
is aan hypothermie, maar andere data wijzen op een onderdrukkend effect. Hypothermie 
zou een inhiberend effect hebben op Fas-geïnduceerde secundaire necrose en necroptose. 
TLR3-geïnduceerde apoptose en necroptose lijken onderdruktte worden door hypothermie, 
hoewel niet alle experimenten dit bevestigen. Receptor expressie niveau lijkt niet 
gemoduleerd door temperatuur. Posttranslationele modificaties worden mogelijks 

gemoduleerd door temperatuur, maar ditis niet per se zo. Het metabolisme lijkt niet 
beïnvloed te worden door temperatuur. 
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1. Introduction 

1.1 Cell death 
1.1.1 Cell death roles in development, homeostasis and diseases 

Without cell death, there would be no life. Estimations indicate that there is a daily cell 
turnover of 100 billion cells. Cell death is an important process that already starts in the 
embryo where it plays a major sculpturing role. In the embryo, limb bud development is 
accompanied by cell death. Also heart loops are formed by selective cell death (Fuchs & 
Steller, 2011). Nervous system formation is partly guided by cell death. Cell death helps 

maintain homeostasis by regulating the cell number, removing self-reactive cells that can 
lead to auto-immunity, damaged cells or infected cells. Also improperly differentiated cells 
are eradicated by cell death mechanisms. Numerous diseases are known to be caused by 
dysregulation of cell death. Deregulated inhibition of cell death is a basis for cancer 
development, some autoimmune diseases and it is also involved in viral infections (Hay & 
Kannourakis, 2002). In contrast, over activation of cell death can lead to neurodegenerative 
diseases like Parkinson's disease, hematologic diseases, and tissue damage. Influencing cell 
death is thus a possible therapeutic strategy in the clinic. Cell death can be influenced by 
non-physiological temperatures. Non-physiological temperatures can be reached by cooling 
(hypothermia) or heating (hyperthermia). Today, hyperthermia is used in clinical trials to 
locally induce cell death in malignant tissues. Hypothermia is used to improve outcome of 

patients that have suffered from hypoxia-ischemia in the brain. Hypothermia is also used for 
cardioprotection and organ transplantation. The protective effect is supposedly due to a 
decreased rate and induction of cell death. Although using hypothermia in the clinic is 
considered as a useful practice, the underlying cellular and biochemical mechanisms of these 
protective effects are unknown. Uncovering how and which cellular pathways and processes 
are influenced by non-physiological temperatures could open the door to combination 
therapies where temperature treatment is combined with adjuvant therapy. 

Cell death is described as the point in the process of dying at which vital functions have 
ceased at the molecular level. By international definition, a cell is considered dead when the 
cell has lost the integrity of its plasma membrane in vitro and/or the cell, including its 

nucleus, has undergone complete fragmentation and/or its corpse has been engulfed by an 
adjacent cell in vivo. Different kinds of cell death have been described. Apoptosis is known as 
a regulated form of cell death whereas necrosis was long thought to be a form of 
uncontrolled cell death. However, it has recently been shown that there are different forms 
of regulated necrosis, among which necroptosis. Apoptosis is executed through caspases 
activation cascades (Kroemer et al., 2009). Necroptosis on the other hand is executed 
through necrosome formation (Zong et al., 2004). The necrosome is a multiprotein complex 
containing receptor-interacting protein kinase 1 (RIPK1) and receptor-interacting protein 
kinase 3 (RIPK3). 

Due to its importance in development, homeostasis and diseases, cell death induction, 
execution and morphology are documented extensively. The morphological features of 

apoptosis are well established and include: decreased cellular volume, membrane blebbing, 
cell shrinkage, chromatin condensation and nuclear fragmentation (figure 1A). Necrosis and 
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necroptosis have similar morphological features, but are distinct from apoptosis. Necrosis 
and necroptosis are characterized by an increase in cell volume, the swelling of organelles, 
the permeabilization of the plasma membrane and the release of cellular products (figure 
1B). 

  
Figure 1. Apoptotic and necrotic cell 
An image of a typical apoptotic cell is depicted, acquired with an electron microscope (A). An image of a 
typical necrotic cell is also depicted, acquired with an electron microscope (B). Figures taken from Ueda et al., 
2007. 

As mentioned above, necroptosis and apoptosis are morphologically and biochemically 
distinct. Being able to distinguish between the two is important because they execute cell 
death via different signalling pathways and executioner mechanisms. This is also a clinically 
relevant distinction, for example when you want to treat an apoptosis-resistant tumour.  

 

1.1.2 Cell death pathways 

Various signalling pathways are known to be involved in cell death regulation. Some of the 
known cell death signalling pathways are: tumour necrosis factor receptor 1/2 (TNFR1/2) 
signalling, tumour necrosis factor-related apoptosis-inducing ligand receptor (TRAIL-R) 

signalling, Fas signalling and Toll-like receptor 3 (TLR3) signalling. 

In the TNF signalling pathway, TNF will bind TNFR1 and TNFR2. After binding of the TNF to its 
ligand, TNFR1/2 will be internalized via clathrin mediated endocytosis. The endosomal 
compartments where the receptors reside are called receptosomes (Ali et al., 2013). 
TNFR1/2 can induce cell death or cell survival depending on the microenvironment (Wertz & 
Dixit, 2008). When the microenvironment inclines the cell to initiate cell death, TNFR1/2 can 
induce apoptosis or necroptosis, if the apoptotic pathway is inhibited. The apoptotic 
pathway can be inhibited by a pan-caspase inhibitor like Z-VAD.fmk. Thus, after TNF binding, 
the death-inducing signalling complex (DISC) will be formed. This protein complex will 
initiate apoptotic cell death. In the event that apoptosis is blocked, the necrosome will be 
formed instead and the necrosome can induce necroptosis (Vandenabeele et al., 2010). The 

Fas ligand (FasL) will bind Fas and internalization will ensue. Internalization is however not 
required for active Fas signalling. Remarkably, when an antagonistic Fas antibody is used for 

A B 
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Fas activation, Fas needs to be internalized before active Fas signalling is observed (Chaigne-
Delalande et al., 2009). Activation of the Fas signalling pathway can lead to cell death. Fas 
activation can result in DISC formation and can lead to apoptotic cell death, but can also lead 
to necroptotic cell death, if apoptosis is blocked (Schutze et al., 2008). Tumour necrosis 
factor-related apoptosis-inducing ligand (TRAIL) will bind a TRAIL-R. There are multiple TRAI-
Rs like death receptor 4 and death receptor 5, but we will refer them as the TRAIL-R. After 
binding, TRAIL-R will be internalized rapidly via clathrin-mediated endocytosis. However, in 
contrast to TNFR1/2 signalling, receptor-ligand internalization is not strictly required for cell 
death induction, which questions the biological relevance of internalization of TRAIL-R. 
TRAIL-R induction will lead to DISC formation and apoptosis, unless apoptosis is blocked, in 
which case necroptosis will be induced (Clarke et al., 2000). In the event that a dsRNA 

molecule is taken up by the cell and detected in an endosome by the TLR3, the TLR3 
signalling pathway will be activated. Usually, the synthetically produced 
polyinosinic:polycytidylic acid (poly I:C) is used as molecular trigger. This pathway will not 
induce DISC formation but can lead to necrosome formation (among others). TLR3 activation 
is usually associated with inflammatory responses like IFNβ induction and NFKB activation, 
but TLR3 activation can also lead to necroptosis and some apoptosis (figure 2).  

 
Figure 2. Cell death inducing triggers 
Multiple triggers can induce apoptotic and/or necroptotic cell death. TRAIL will bind the TRAIL-R and can 
induce DISC formation or necrosome formation which can lead to apoptosis, or necroptosis, if apoptotic 
signalling is blocked. The apoptotic pathway can be inhibited by a pan-caspase inhibitor like Z-VAD.fmk. FasL 
can bind its receptor Fas and can induce DISC formation or necrosome formation which can lead to apoptosis, 
or necroptosis, if apoptotic signalling is blocked. TNF will bind TNFR1 and TNFR2. Stimulation of TNFR1/2 can 
possibly lead apoptosis or necroptosis, or cell survival. When poly I:C (synthetic dsRNA) is detected by the 
TLR3, it can activate RIPK3 (component of the necrosome) and (mainly) necroptosis will ensue. Figure made 
with servier medical art. 

zVAD.fmk 
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1.1.3 Apoptosis 

Apoptosis is a form of programmed cell death.  It is usually characterized by the activation of 
the caspase cascade. There are 2 pathways of apoptosis: the extrinsic and the intrinsic 
pathway. Both pathways eventually lead to activation of executioner caspases. 

The extrinsic pathway 

The extrinsic pathway of apoptosis is triggered by extracellular ligands who bind their 
receptors. Normally TRAIL, FasL and TNF can trigger the extrinsic apoptotic pathway. The 
L929sAhFas clone we used during the experiments however has the tendency to undergo 
apoptosis, mainly when stimulated by FasL and TRAIL (figure 3). TRAIL will induce 
oligomerization of the TRAIL-R and the active signalling can lead to DISC. This protein 

complex consists of the activated TRAIL-R, Fas-associated protein with a death domain 
(FADD) and procaspase 8. The DISC will process procaspase 8 to caspase 8. In a similar 
fashion the FasL will bind Fas and Fas can induce DISC, which in turn can activate caspase 8. 
Thus, both receptors can indirectly activate caspase 8 (McIlwain et al., 2013). Caspase 8 will 
cleave RIPK1 and RIPK3, thus blocking the necroptotic signalling pathway. Caspase 8 is an 
initiator caspase which will initiate the extrinsic caspase cascade by cleaving procaspase 3 to 
the executioner caspase 3. Also executioner caspase 6 and 7 will be activated in the cascade. 
This caspase cascade will lead to activation of nucleases, proteases and hydrolyses (Walters 
et al., 2009). Eventually the cell will undergo apoptotic cell death.  

 

Figure 3. TRAIL-and FasL-induced apoptosis 
TRAIL binds its TRAIL-R and FasL binds Fas. Both 
signalling pathways will activate caspase 8. Caspase 8 
will cleave RIPK1 and RIPK3, thus inhibiting the 
necroptotic cell death pathway. Caspase 8 also 
activates the caspase cascade. This caspase cascade 
activates numerous proteases, nucleases and 
hydrolyses. Eventually, the cell will show the typical 
apoptotic morphology and apoptosis will be 
completed. Figure made with servier medical art. 
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TNF can also induce apoptosis, but induction is slightly different than FasL and TRAIL 
induction. When TNF binds TNFR1/2, these receptors will trimerize and a complex at the 
membrane level will be formed, called complex I. Complex I includes TNF receptor-
associated death domain (TRADD), receptor-interacting protein kinase 1 (RIPK1), cellular 
inhibitor of apoptosis proteins (cIAPs),  TNF receptor-associated factor 2 (TRAF2) and TRAF5 
(Wertz & Dixit, 2008). Depending on the ubiquitination level of RIPK1, this complex will 
initiate cell survival signalling or cell death signalling. In the event that the ubiquitination 
level of RIPK1 is low, it will dissociate from complex I and form a cytosolic complex IIa, 
known as the DISC. If caspase 8 is active in the DISC it will cleave RIPK1 and RIPK3, thus 
blocking the necroptotic signalling pathway and activating the caspases cascade, leading to 
apoptosis. 

The intrinsic pathway 

The intrinsic pathway of apoptosis is not dependent on extracellular ligands, but depends on 
factors released by the mitochondria. This pathway is usually activated by cellular stress like 
DNA damage, hypoxia, cytoskeletal disruption and many others. When the mitochondria 
activate the intrinsic apoptosis pathway they start leaking cytochrome C. Cytochrome C will 
activate the initiator caspase 9. This initiator caspase will activate executioner caspase 3 and 
subsequently executioner caspases 6 and 7. Eventually the cell will undergo apoptotic cell 
death. 

 

1.1.4 Necroptosis 

TNFR1/2-induced necroptosis 

Necroptosis is another form of programmed cell death. As mentioned above, cell death will 
occur via the necroptotic program if the apoptotic program is blocked. TNF signalling can 
lead to apoptosis, necroptosis or cell survival. However, not all cell lines respond in the same 
fashion to cell death triggers. In case of the L929sAhFas murine cell line, TNF signalling will 
mainly induce necroptosis. The L929sAhFas cell line is a murine fibrosarcoma cell line. The 
cell line is used because TNF induces (mainly) necroptotic cell death in this clone.  

The first part of necroptosis signalling is comparable to apoptotic TNF signalling. TNF binds 
TNFR1/2 and these receptors will trimerize and complex I will be formed. Complex I includes 

TRADD, RIPK1, cIAPs, TRAF2 and TRAF5 (Wertz & Dixit, 2008). Depending on the 
ubiquitination level of RIPK1, this complex will initiate cell survival signalling or cell death 
signalling. In the event that the ubiquitination level of RIPK1 is low, it will dissociate from 
complex I and form a cytosolic complex IIa. Complex IIa consists of receptor-interacting 
serine/threonine-protein kinase 3 (RIPK3), RIPK1, TRADD (not strictly needed), caspase 8 and 
FAS-associated protein with a death domain (FADD) (Micheau & Tschopp, 2003). When 
caspase 8 is inactive or blocked by an inhibitor, RIPK3 will phosphorylate RIPK1. RIPK1 will 
also undergo autophosphorylation. RIPK3 will subsequently be phosphorylated (Declercq et 
al., 2009). This protein complex where RIPK1, RIPK3 are the major molecular effectors is 
called the necrosome. The necrosome, also known as complex IIb will initiate necroptosis 

(figure 4). Mixed lineage kinase domain-like protein (MLKL) is activated upon 
phosphorylation by RIPK3 and it will translocate to the plasma membrane. At the plasma 
membrane MLKL will, by itself or via interactors change the sodium influx in the cell. MLKL 
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increases the sodium or calcium influx which in turn will increase the osmotic pressure, 
eventually leading to membrane rupture. On the other hand, some studies suggest that 
MLKL stimulates formation of a pore in the membrane. Although necroptosis needs to be 
characterized further, preliminary data show that necroptosis is executed via the same 
mechanisms as necrosis. Data indicates that RIPK3 directly activates enzymes responsible for 
ROS overproduction. RIPK1 can recruit NOX1, a plasma membrane NADPH oxidase which 
also contributes to ROS production. Other data suggest that the necrosome can also 
stimulates ROS production indirectly by favouring the degradation of ferritin. ROS and RNS 
play an important role in the execution by causing lipid peroxidation and damage, leading to 
cell membrane permeabilization and mitochondrial membrane permeabilization. Also 
lysosome membrane permeabilization, caused by ROS is an important factor in necroptosis 

(Orrenius et al., 2007).  

 

Figure 4. TNF-induced necroptosis 
TNFR1/2 activation by TNF will induce formation of 
complex I. Complex I contains TNF receptor-
associated death domain (TRADD), receptor-
interacting protein kinase 1 (RIPK1), cellular 
inhibitor of apoptosis proteins (cIAPs), TNF receptor-
associated factor 2 (TRAF2) and TRAF5. Depending 
on the ubiquitination level of RIPK1, this complex 
will initiate cell survival signalling or cell death 
signalling. In the event that the ubiquitination level 
of RIPK1 is low, it will dissociate from complex I and 
form a cytosolic complex IIa. This protein complex is 
comprised of receptor-interacting serine/threonine-
protein kinase 3 (RIPK3), RIPK1, TRADD (although 
not necessary for formation), caspase 8 and FAS-
associated protein with a death domain (FADD). In 
the event that caspase 8 is not active, RIPK3 will 
phosphorylate RIPK1. RIPK1 and RIPK3 are 
considered to be the necrosome (complex IIb). 
When activated, RIPK1 will undergo 
autophosphorylation. RIPK3 will subsequently be 
phosphorylated. This protein complex will activate 
numerous other proteins, under which MLKL, 
eventually leading to necroptosis. Figure made with 
servier medical art. 

 
TRAIL-and FasL-induced necroptosis 

TRAIL and FasL can both induce necroptosis, in the event that apoptosis is blocked. When 
caspase 8 is inhibited by an inhibitor like zVAD, caspase 8 won’t be able to induce the 
caspase cascade. Although there has been no undisputable evidence, the standing 
hypothesis is that the necrosome will be formed and it will induce necroptosis.  

TLR3/4-induced necroptosis 

As described above, poly I:C can induce necroptotic cell death as well as a small amount of 

apoptotic cell death (Alexopoulou et al., 2001). Poly I:C is a mismatched double-stranded 
RNA with one strand being a polymer of inosinic acid, the other is a polymer of cytidylic acid. 

http://en.wikipedia.org/wiki/Polymer
http://en.wikipedia.org/wiki/Inosinic_acid
http://en.wikipedia.org/wiki/Cytidylic_acid
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Poly I:C will bind the TLR3 in the endosome. TLR3 activation can result in NFKB activation and 
MAP kinase cascades activation that leads to the production of cytokines and subsequent 
inflammatory responses. This inflammatory response is caused by induction of the 
inflammasome. Caspase-1 is one of the principal proteins of the inflammasome. The 
inflammasome can possibly induce pyroptosis, an apoptosis-like cell death. TLR3 activation 
can however also lead to the initiation of necroptosis. TLR3 signalling is different from TNF 
signalling, due to the fact that TLR3 signalling is RIPK1 independent. TLR3 will activate RIPK3 
via TIR-domain-containing adapter-inducing interferon-β (TRIF). When RIPK3 is activated it 
will phosphorylate MLKL, leading to necroptosis (Kawai & Akira, 2005)(figure 5). Another 
receptor which signals via RIPK3 and independently of RIPK1 is TLR4. TLR4 is a receptor that 
detects lipopolysaccharides (LPS) and when activated it can also induce necroptosis (Kaiser 

et al., 2013). 

 

Figure 5. Poly I:C-induced necroptosis 
When TLR3 is activated by dsRNA like 
polyI:C, it can activate RIPK3. RIPK3 will 
subsequently fosphorylate MLKL. MLKL and 
RIPK3 will then execute the necroptotic 
program. Figure made with servier medical 
art. 

 
 
1.2 Autophagy 
1.2.1 Intro 

There are 3 forms of autophagy; microautophagy, chaperone-mediated autophagy and 
macroautophagy. In microautophagy, the lysomsome engulfs relatively small components by 
invagination. Chaperone-mediated autophagy uses chaperones who translocate cargo 
through a translocator protein on the lysosome membrane. Macroautophagy, which is 

usually abbreviated to autophagy, is the most common and most investigated form of 
autophagy. Autophagy is considered as a cellular process that is responsible for cell 
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homeostasis and that is activated to promote survival in case of cellular stress. Known stress 
conditions where autophagy plays a role are energy depletion, endoplasmatic reticulum 
stress, starvation, oxidative stress and hypoxia. An important survival role is illustrated in a 
study where the autophagy machinery of mice was knocked-out, and all mice died during 
the neonatal starvation period. Autophagy is also about adaption of the organism to 
starvation conditions. Studies have indicated that autophagy derived amino-acids are used 
for proteins that are essential for adapting to starvation conditions (Mizushima & Komatsu, 
2011). In starvation conditions, some of the autophagy derived amino-acids are used to 
replenish the energy reserves, by converting them to intermediates of the tricarboxylic acid 
(TCA) cycle. The TCA cycle produces thus ATP with autophagy derived amino-acids (Singh et 
al., 2009). The process can clear damaged subcellular components like mitochondria and 

peroxisomes. Also the clearing of specifically ubiquitinated proteins or protein aggregates 
can be cleared. Autophagy is known to have an effect on cellular renovation and there are 
indications that autophagy is a common downstream effector in some life-prolonging 
signalling pathways (Morselli et al., 2010). It is also involved in the regulation of various cell 
death forms (Mizushima & Komatsu, 2011). The progression of autophagy is well 
characterized. During the nucleation phase an isolation membrane is formed, which is 
commonly referred to as the phagophore. The phagophore will elongate to increase its 
volume. When the phagophore has a sufficient size it will take up cytosolic cargo, thus 
maturing into the autophagosome. The autophagosome will fuse with a lysosome. After this 
fusion the lysosomal hydrolytic enzymes and lysosomal proteases will degrade the cargo 
(Eskelinen & Saftig, 2009) (figure 6). 

 

Figure 6. The autophagy process 
This membrane-dependent process is characterized by a strict series of phases. In the nucleation phase an 
isolation membrane is formed. This phagophore will elongate to an appropriate size. When the phagophore is 
large enough to engulf its intended target, it will do so and form the autophagosome. This autophagosome 
will fuse with a lysosome, thus exposing the cytosolic cargo to lysosomal hydrolases and proteases. The cargo 
will be degraded and afterwards the degraded contents will be released. Figure taken from Ryter et al., 2014.  
 
The molecular signalling pathway that regulates the autophagosome initiation is complex 
and dependent of different pathways. The principal regulating proteins are mammalian 

http://en.wikipedia.org/wiki/Mammalian_target_of_rapamycin
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target of rapamycin complex 1 (mTORC1) and Beclin 1. Activated mTORC1 will have a 
suppressing effect on autophagy and Beclin 1 activation will have a promoting effect (Ryter 
et al., 2014). Other systems regulating autophagy are the conjugation system of autophagy-
related genes (ATG5-ATG12) and the LC3 conjugation system. Activation of the LC3 system is 
typically used as a molecular marker for autophagosome formation. The LC3 protein 
undergoes several modifications before it is inserted in the autophagosome membrane. In 
the first step it will be cleaved to form LC3-I. LC3-I will then be conjugated with 
phosphatidylethanolamine (PE) to form LC3-II. LC3-II is finally lipidated and inserted in the 
autophagosome (Wang et al., 2013). LC3-II is often used as a molecular marker to detect 
autophagosome formation in cells. LC3-II is either detected by using a LC3-II antibody or 
measured by fluorescence if LC3-II is fused to a fluorescent protein. 

 

1.2.2 Link between autophagy and cell death 

Autophagy is mainly associated with cell survival mechanisms, but recent data has 
implicated that autophagy is also involved in cell death regulation. Often autophagy is 
observed in cells that are in a cell death process. There is cross-talk between autophagy and 
apoptotic proteins. It is however unclear whether cell death happens in coincidence with 
autophagy or whether the one process initiates the other. Experiments have been described 
where accumulation of autophagosomes was described in cells that where undergoing cell 
death (Galluzzi et al., 2008). This could indicate a failed attempt of the cell to prevent cell 

death, where autophagy was insufficient to do so. Also there is evidence that, in select 
toxicological models there may be a link between autophagy and the promotion of apoptosis 
(Chen et al., 2008). On the other hand, in experiments where the cells were treated with z-
VAD.fmk, thus inhibiting the apoptotic pathway, contradicting results were observed. In 
some experiments autophagy protected the cells from necrotic cell death (Wu et al., 2008). 
In other experimental setups, necrotic cell death was accompanied with massive 
accumulation of autophagosomes (Xu et al., 2006). In yet another model, where apoptosis 
was blocked with z-VAD.fmk, autophagy regulated necroptosis (Bonapace et al., 2010). In 
certain studies necrostatin-1 (nec-1) was used as a suppressor of necroptosis. When nec-1 
suppressed necroptosis, it was observed that autophagy was also suppressed, leading to the 
hypothesis that autophagy may be induced by necroptosis (Lu & Walsh, 2012). It is thus 

possible that autophagy is associated with necroptosis, necrosis and apoptosis and that 
there is cross-talk between the pathways. It is however unclear how the regulation is 
organized, thus there is more research needed to elucidate the links between the different 
pathways. 

 
1.3 Hyperthermia  
1.3.1 In vitro hyperthermic models 

The hyperthermic effect on in vitro cell death is associated with an increase in cell death. An 
experiment performed at 40.5°C showed that mouse L929sA and human HCT-15 cell lines 

respond a 1000 fold to TNF-α at this temperature. The cells were more sensitive to TNF-α 
and thus to cell death (Klostergaard et al., 1996). A study conducted at 42°C with human 
HL60 cells showed an induction of cell death (Burattini et al., 2010). Very recently, VX2 

http://en.wikipedia.org/wiki/Mammalian_target_of_rapamycin
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carcinoma cells were injected in the oesophagus of a rabbit where they developed to a 
tumour. Upon local injection of magnetic nanoparticles followed by magnetic waves 
treatment to heat up the particles to 46°C,  massive carcinoma cell death was observed (Liu 
et al., 2013). This indicates that hyperthermia is associated with an increase in cell death. 

 

1.3.2 In vivo hyperthermic models 

Experiments in vivo also indicate that hyperthermia has a destructive effect. Hyperthermia is 
associated with an increase in cell death, so therapeutic hyperthermia can be used to treat 
solid cancers. This treatment has become a new strategy for cancer treatment, next to 
surgery, chemotherapy, radiation and biological therapy. Several studies have been 

conducted to support the use of therapeutic hyperthermia. An oesophageal cancer in rabbits 
was treated with magnetic nanoparticles and a magnetic stent. In the case of the magnetic 
nanoparticles, they were injected with a physiological solution, directly in the tumour. In the 
case of the magnetic stent, which is composed of the same magnetic material as the 
nanoparticles, the stent was placed in the cervical oesophagus using a stent delivery device. 
Above mentioned procedures were followed by the generation of magnetic fields by a 
generator at 300 kHz with adjustable field intensity (Liu et al., 2013) (figure 7).  

 

Figure 7. Generator that produces magnetic fields inside a 
coil. 
The alternating current generator has a capacity of 300kHz and 
the coil inductor diameter is large enough to fit a test animal. 
A probe was placed inside the area of the coil inductor to 
measure the temperature. Figure taken from Lui et al.,2013. 

 

In a slightly different fashion and in a different study, animal experiments have been 
conducted to treat liver tumours. The administration of magnetic nanoparticles was done by 
embolization. This is possible because it is known that macroscopic liver tumours derive their 
blood supply from the hepatic arterial system. This is in contrast with the healthy liver tissue, 
which derives its blood supply from the portal venous system. Based on this distinction, 
arterial injection of sufficiently large magnetic nanoparticles leads to embolism in the liver 
tumour (Moroz et al., 2001). 

In the treatment of patients, there have been significant shrinkages in tumour size when 
patients were treated with irradiation and hyperthermia. The radiotherapy was delivered 

using 10–18-MV X-rays. The device is placed above the prostate, to locally maximize 
temperature and minimize patient discomfort (Kalapurakal et al., 2003). 
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1.4 Hypothermia 
1.4.1 In vitro hypothermic models 

An experiment at 35°C with a H9C2 cardiac cell line, which was treated with toxic 
doxorubicin concentration showed a reduction in total cell death in comparison with the 
same experiment at 37°C (L'Ecuyer et al., 2012). Another experiment performed at 33.5°C 
with perinatal piglets after hypoxia-ischemia revealed a reduction in total cell death in the 
brain (Faulkner et al., 2011). Adult rats, treated at 32°C after a traumatic brain injury had a 
reduced lesion size in the hippocampus (Jia et al., 2009). At a similar experiment, conducted 
at 31°C, rat pups were inflicted with hypoxia-ischemia, but once again there was reduction 

of total cell death (Askalan et al., 2011). These experiments indicate that hypothermia has a 
protective effect against cell death. 

 

1.4.2 In vivo hypothermic models 

There are different classes of hypothermia, in which light hypothermia ranges from 34.0°C to 
35.9 °C, mild hypothermia ranges from 32.0 to 33.9°C, intermediate hypothermia ranges 
from 30.0°C to 31.9°C and deep hypothermia is hypothermia under 30°C. Trial and error 
have shown that the use of mild and intermediate hypothermia have the best balance 
between protection and undesirable effects of hypothermia. Undesirable effects can be 

violent shivering, muscle miss-coordination and mild confusion. Eventually, if the low body 
temperature endures there will be a decrease in heart rate, decrease in blood pressure, 
decrease in respiratory rate and clinical death will follow (McCullough & Arora, 2004). In this 
context it is interesting to note that females have a significantly lower chance to die during 
therapeutic hypothermia (TH) than males do (Greenberg et al., 2014). 

Treating a patient with TH is comprised of 3 steps; the induction phase, the maintenance 
phase and the reheating phase. In the induction phase a cooling is done to attain the 
therapeutic effect. This phase should be as short as possible, so that undesirable effects are 
minimized. In this phase the patient exhibits physiological compensation mechanisms like 
vasoconstriction and shivering. Shivering is undesirable during treatment, because it implies 
a higher degree of metabolism which translates into increased heat production. There are 

various methods to inflict hypothermia on a patient. Infusion of a cold (4°C) physiological 
solution, ice baths, cooling blankets, intranasal cooling and a cooling helmet or a 
combination of the above. There is also an experimental technique of pharmacological 
cooling where neurotensin is used to obtain hypothermia. Neurotensin (NT) is a peptide that 
is expressed in the central nervous system (CNS) and it is a regulator of central temperature 
control through its interaction with neurotensin receptors (NTR). Overexpression or 
intravenous injection of neurotensin or neurotensin derivatives induces TH (30°C) and 
thereby decreasing cell death and brain lesions in haemorrhagic stroke mice (Wei et al., 
2013). After the therapeutic temperature is reached, the maintenance phase begins. In this 
phase, the temperature is kept as stable as possible. Mainly endovascular cooling is suitable 

for this phase. In this phase the main obstacle is the prevention of respiratory infections (if 
patient is treated for an extended period of time). The longer the treatment is continued, 
the more undesirable effects are observed. Despite all the guidelines above, the practical 
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use of hypothermia and it’s beneficial effects are still not substantiated enough to be used 
on large scale for multiple indications (Polderman, 2009).  

One of the most prominent effects of hypothermia on patients that have suffered from 
hypoxia-ischemia in the brain is that it reduces brain lesions. A study has proven that 
prolonged, moderate cerebral TH, initiated within a few hours after hypoxia-ischemia due to 
cardiac arrest, can reduce neuronal loss and improve recovery in infants and adults (Drury et 
al., 2010). Classically the suppression of metabolism was considered the primary mechanism 
of protection, but we now know that hypothermic neuroprotection is a multifactorial 
phenomenon. The processes and pathways which are affected by hypothermia are still 
unknown. In other studies, where controlled trails were followed, the research team 

observed that the use of TH on cardiac arrest patients is associated with a 20% decrease in 
mortality (van der Wal et al., 2011). Besides the direct neuroprotective effect of 
hypothermia, it could be used to create a larger therapeutic time window in which other and 
more neuroprotective agents could be administered (Ceulemans et al., 2010).  

But TH is not only used for cerebral-related injuries. There are also cases where TH is used 
for organ transplantation or cardioprotection. At the department of Urology in the Ohio 
State University robotic kidney transplantation is done with intraoperative regional 
hypothermia to improve the outcome (Abaza et al., 2014). The use of hypothermia during 
transport of transplants is also a wildly spread technique to decrease organ deterioration. 
Several studies on myocardial infarction in animal models have indicated that TH results in a 
reduced myocardial infarct size. TH also has the tendency to reduce ischemia-reperfusion 

injury and also recovery of the coronary blood flow is improved (Schwartz et al., 2012).  

 

1.4.3 Effect on autophagy 

Autophagy is correlated with cell survival and thus also with cell death. In light of this 
knowledge, several temperature based experiments have been conducted to investigate the 
effect of hypothermia on cell death in correlation with autophagy. In studies with rabbits, 
where spinal cord ischemia was induced in hypothermic conditions, motor neuron cell death 
was suppressed in comparison to normothermic conditions. This suppression of cell death 
was linked to the suppression of autophagosome formation and a significant lower 

expression of essential autophagy proteins (Fujita et al., 2014). When long-lasting ischemia-
reperfusion was induced in the rat brain, huge amounts of cell death occurred, in 
combination with excessive autophagy. When long-lasting ischemia-reperfusion was 
combined with mild hypothermia, an inhibition of LC3-II and thus autophagy was observed. 
This suppression of autophagy was accompanied with a decrease in total cell death (Lu et al., 
2014). Although the link between autophagy and cell death is obscured, experimental data 
shows that hypothermia has a suppressing effect on autophagy and cell death.  
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2. Aim 

In the clinic hypothermia is used to reduce tissue lesions in patients. Hyperthermia is used to 
increase cell death in certain cancerous tissues. These macroscopic temperature effects are 
known, but the underlying molecular mechanisms are not. We want to perform a 
comparative study of necroptosis and apoptosis to define the kinetics and mechanisms of 
cell death induction by different signalling pathways at different temperatures. The 
mechanisms and effects of hypothermia and hyperthermia on cell death are uncharted and 
we would like to elucidate if temperature has an effect on certain mechanisms, and if so, 
investigate how extensive this effect is.  

The primary goal is to determine whether hypothermia and hyperthermia have an effect on 
cell death pathways. To achieve this goal we will monitor the cell death induction by 
TNFR1/2, TRAIL-R, Fas and TLR3 signalling. We will induce cell death via these signalling 
pathways and determine whether hyperthermia and hypothermia have an effect on 
induction, rate and total cell death. This will be quantatively studied in cellulo by monitoring 
apoptosis and necroptosis via fluorogenic approaches.  

The secondary goal is to investigate the effect of hypothermia and hyperthermia on a 
molecular level. We will elucidate on which level the temperature effect might perturb signal 
transduction. We will begin by investigating the expression level of the death receptors on 
the cell membrane. In a next phase the degree of internalisation will be determined at 

different temperatures. Further down the signalling pathway we will study if necrosome 
formation is influenced by temperature. The kinase activity of RIPK1 and RIPK3 will also be 
studied. Autophagy was investigated at different temperatures. The temperature effect on 
metabolism was determined via ATP measurement. 

The clinically relevant aim of this study is to increase our insight in the potentially protective 
role of hypothermia and to uncover the potentially destructive role of hyperthermia. 
Identifying which pathways are affected is the main goal. The secondary goal is identifying 
how and why these pathways are affected (table 1). Our insight in these kinetics and cell 
death processes can contribute to the development of clinical applications and procedures. 
An understanding of the potential effect of hypothermia on cell death could lead to more 

effective treatment of hypoxia-ischemia in the brain or better functional outcome of the 
kidneys after transplantation. This could be accomplished by temperature treatments in 
combination with adjuvant treatment. Increasing our knowledge about the potential 
hyperthermic effect on cell death could help develop more effective cancer treatments. 

Table 1. Aims of the project 

Aim 

Primary 1) Kinetics of TNFR1/2, TRAIL-R, Fas and TLR3 induced cell death 

Secondary 

2.1) Receptor expression level 

2.2) Receptor internalization 

2.3) Necrosome formation 

2.4) Kinase activity 

2.5) Autophagy involvement 
2.6) Effect on metabolism 
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3. Results 

3.1 Hyperthermia effect on cell death 
As previously introduced, hyperthermia has been shown to increase cell death. We decided 
to use the mouse L292sAhFas cell line, in order to evaluate the effect of hypothermia on 
both apoptosis and necroptosis cell death modalities. For this purpose, we used fluorogenic 
approaches, on a FLUOstar Optima Microplate Fluorometer, in order to be able to 
discriminate between apoptosis and necroptosis induction. Briefly, total cell death was 
monitored by cell permeabilisation with the SYTOX Green probe, while Caspase 3 activity 
was measured with a DEVD-MCA probe to quantify apoptosis induction.  

The L929sAhFas cells were treated at 37°C and 42°C, and cell permeabilisation and Caspase-
3 activity were monitored during 24h (Figure 8).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 8. Cell death induction of L929sAhFas cells at 37°C and 42°C 
Cell death induction was measured by monitoring cell permeabilization with the Sytox green probe (A). 
Apoptotic cell death was monitored via caspase 3 activity (B). Cell death was monitored for 24 consecutive 
hours. The results have been normalized with a triton control. 
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At 37°C, there is no cell permeabilisation and no Caspase-3 activity detected (Figure 8). At 
42°C, we show an increase of cell permeabilisation along the time (Figure 8A), which 
correlates with an increase in Caspase-3 activity (Figure 8B). Besides, the data show a higher 
Caspase-3 activity at 42°C during the first hours, which could be due to an effect of 
hyperthermia on the DEVD-AMC probe fluorescence properties. 

In conclusion, hyperthermia induces by itself the death of L929sAhFas cells, and this cell 
death is partly apoptotic. 

 

3.1.1 Hyperthermia effect on TNF-induced cell death 

Although hyperthermia induces cell death by itself, we decided to study the effect of 
hypothermia on TNF-induced cell death. The L929sAhFas cells were treated at 37°C and 42°C 
with 1.000 IU/mL of murine TNF (mTNF). Cell permeabilisation and Caspase-3 activity were 
monitored during 8h (Figure 9,10). The non-treated condition was subtracted so that only 
cell death induced by mTNF is observed.  

 
Figure 9. Cell death induction in L929sAhFas after  mTNF stimulation at 37°C and 42°C 
Cell death induction was measured by monitoring cell permeabilization with the Sytox green probe. Cell death was 
monitored for 8 consecutive hours. Treatment of the cells was performed at 37°C and 42°C. The results have been 
normalized with a triton control condition and the non-treated condition has been subtracted.  
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Figure 10. Caspase 3 activation in L929sAhFas cells in response to mTNF stimulation at 37°C and 42°C 
Caspase 3 activity was measured by monitoring the DEVD-MCA probe. Apoptosis was monitored for 8 
consecutive hours. Treatment of the cells was performed at 37°C and 42°C. TNF is the death inducing stimulus 
and DMEM is medium, without any stimuli (non-treated controle). The results have been normalized with a 
positive controle, the FasL. 

 

 

The results show that the cell permeabilisation occurs faster at 42°C than at 37°C (figure 9). 

Besides, no Caspase-3 activity was detected neither at 37°C, nor at 42°C (figure 10). We can 
then conclude that the cell death induced by TNF in L929sAhFas cells is not apoptotic, but  
necrotic. Furthermore, hyperthermia sensitizes the cells to TNF-induced necrosis. 

We then used the clone L929sAhFas RIPK1ΔID which expresses the kinase RIPK1 deleted for 
its intermediate domain containing the RHIM domain. This deletion is known to inhibit the 
recruitment of RIPK3 to RIPK1, impeding necroptosis induction and inducing a switch 
towards apoptosis. The L929sAhFas RIPK1ΔID cells were treated at 37°C and 42°C with 1.000 
IU/mL of murine TNF (mTNF). Cell permeabilisation and Caspase-3 activity were monitored 
during 8h (Figure 11). 
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As for the L929sAhFas RIPK1ΔID, cell permeabilisation occured faster at 42°C than at 37°C 
(figure 11A). Furthermore, Caspase-3 activity was detected at both 37°C and 42°C (figure 
11B), and this caspase activity was higher at 42°C than at 37°C. We confirmed thus that TNF 
induces apoptosis if RIPK1 is deleted for its RHIM domain. Furthermore, in these conditions, 
hyperthermia sensitizes the cells to TNF-induced apoptosis. 

In combination with previous results, we can thus conclude that mTNF induces necroptotic 
cell death in L929sAhFas cells at 37°C. And this kind cell death can switch to apoptosis if 

RIPK1 is deleted for its RHIM domain. Finally, hyperthermia (42°C) sensitizes the cells to TNF-
induced cell death, either apoptosis or necroptosis. 

 

 

 
Figure 11. Cell death induction in L929sAhFas RIPK1ΔID after  mTNF stimulation at 37°C and 42°C 
Cell death induction was measured by monitoring cell permeabilization with the Sytox green probe (A). Cell 
death was monitored for 8 consecutive hours. Caspase activity was measured with the DEVD probe. 
(B)Treatment of the cells was performed at 37°C and 42°C. The results have been normalized with a triton 
control condition and the non-treated condition has been subtracted.  
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3.1.2 Hyperthermia effect on anti-Fas-induced cell death 

In order to determine the effect of hyperthermia on anti-Fas-induced cell death, L929sAhFas 
cells were treated at 37°C and 42°C with 0,2µg/ml of anti-Fas antibody. Cell permeabilisation 
and Caspase-3 activity were monitored during 8h. The non-treated condition was subtracted 
so that only the cell death induced by the anti-Fas antibody is observed (figure 12).  

 
Figure 12. The response of L929sAhFas cells to Anti-Fas stimulation at 37°C and 42°C 
Cell death induction was measured by monitoring cell permeabilization with the Sytox green probe. Cell death 
was monitored for 8 consecutive hours. Treatment of the cells was performed at 37°C and 42°C. The results 
have been normalized with a triton control condition and the non-treated condition has been subtracted. 

 

 
Figure 13. Caspase 3 activation in L929sAhFas cells in response to anti-Fas stimulation  
Caspase 3 activity was measured by monitoring the DEVD-MCA probe. Apoptosis was monitored for 8 
consecutive hours. The cells were treated at 37°C and 42°C. The results were normalized with the maximum 
caspase 3 activity value detected during the experiment.  
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We observed that the cell permeabilisation occurred similarly along the time at both 42°C 
and 37°C (figure 12). Besides, Caspase-3 activity was detected at both 37°C and 42°C 
(figure 13). However, the increase in Caspase-3 activity was more important at 37°C than 
at 42°C. We can then conclude that hyperthermia doesn’t seem to influence the total 
amount of cell death induced by the anti-Fas antibody. However, hyperthermia could 
induce a switch from apoptosis towards necroptosis. 

 

3.2 Hypothermia effect on cell death induction 
First, as for hyperthermia, we analysed the effect of hypothermia (32°C) itself on cell death 
induction. The L929sAhFas cells were then treated at 37°C and 32°C, and cell 

permeabilisation was monitored during 24h (Figure 14). 

 

 
 
 
 
 
 
 
 

 

 

In non treated conditions, we didn’t observe any cell permeabilisation at both temperatures. 
In conclusion, hypothermia doesn’t induce cell death by itself in L929sAhFas cells. 

 

3.2.1 Hypothermia effect on TNF-induced cell death 

In order to study the effect of hypothermia on TNF-induced cell death, the L929sAhFas cells 
were treated at 37°C and 32°C with 1.000 IU/mL of murine TNF (mTNF). Cell 
permeabilisation and Caspase-3 activity were monitored during 24h (Figure 15). The non-
treated condition was subtracted so that only cell death induced by mTNF is observed.  

Figure 14. Cell death induction of L929sAhFas cells at 37°C and 32°C 
Cell death induction was measured by monitoring cell permeabilization with the Sytox green probe. Cell death 
was monitored for 24 consecutive hours. The results have been normalized with a triton control. 
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Figure 15. The response curves of L929sAhFas cells to mTNF stimulation at 37°C and 32°C 
Cell death induction was measured by monitoring cell permeabilization with the Sytox green probe. Cell death 
was monitored for 24 consecutive hours. Treatment of the cells was performed at 37°C and 32°C. The results 
have been normalized with a triton control condition and the non-treated condition has been subtracted. 

We observed that cell permeabilisation induced by mTNF at 37°C along the time was 
importantly slow down at 32°C. No Caspase-3 activity was monitored (data not shown). This 
implicates that the hypothermia slows down TNF-induced necroptosis. 

We then used the clone L929sAhFas RIPK1ΔID to evaluate the effect of hypothermia on TNF-
induced apoptosis. The L929sAhFas RIPK1ΔID cells were treated at 37°C and 32°C with 1.000 
IU/mL of murine TNF (mTNF). Cell permeabilisation and Caspase-3 activity were monitored 
during 24h (Figure 16). 

 

 

 

0

10

20

30

40

50

60

70

80

90

100

0 5 10 15 20

%
 o

f 
ce

lls
 p

e
rm

e
ab

ili
ze

d
 

Hours after stimulus 

TNF (32°C)

TNF (37°C)



   

29 

 

-10

0

10

20

30

40

50

60

70

0 5 10 15 20 25

%
 o

f 
ce

lls
 p

e
rm

e
ab

ili
ze

d
 

Hours after stimulation 

TNF (32°C)

TNF (37°C)

Figure 16. The response curve of L929sAhFas RIPK1ΔID cells to mTNF stimulation 
Cell death induction was measured by monitoring cell permeabilization with the Sytox green probe. Cell death 
was monitored for 24 consecutive hours. Treatment of the cells was performed at 37°C and 32°C. The results 
have been normalized with a triton control condition and the non-treated condition has been subtracted. 
 
We observed that cell permeabilisation induced by mTNF at 37°C along the time was 
importantly slow down at 32°C. Furthermore, the Caspase-3 activity monitored at 37°C was 
also largely reduced at 32°C (data not shown). This implicates that the hypothermia slows 

down TNF-induced apoptosis. 

 

mTNF dose-response 

In light of these results we were encouraged to determine if this protective effect of 
hypothermia was dose-dependent. We compared 3 doses of mTNF: 1.000 IU/ml, 5.000 IU/ml 
and 10.000 IU/ml (figure 17). Cell permeabilisation was monitored 16 hours after the cells 
stimulation.  
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Figure 17. The cell death response of L929sAhFas cells to mTNF stimulation at 37°C and 32°C for different 
concentrations of mTNF 
Cell death induction was measured by monitoring cell permeabilization with the Sytox green probe. Cell death 
was detected 16 hours after stimulation. Treatment of the cells was performed at 37°C and 32°C. The results 
have been normalized with a triton control condition and the non-treated condition has been subtracted 
 

We observed first a dose-dependent cell permeabilisation induced by mTNF at both 
temperatures. However, at a concentration of 1.000 IU/ml mTNF, hypothermia  reduced 
mTNF-induced cell permeabilisation by 94.8%. At a concentration of  5.000 IU/ml, 
hypothermia  reduced mTNF-induced cell permeabilisation by 95.1%. And at 10.000 IU/ml, 
mTNF-induced cell permeabilisation was reduced by 88.3% at 32°C. These findings indicate 
that the hypothermia protective effect on TNF-induced cell death is dose-dependent. 

 

hTNF dose-response 

As mentioned before, mTNF can bind TNFR1 and TNFR2. There are however multiple TNF 
orthologs which bind differently on TNFR1 and TNFR2. Indeed, mTNF binds on both TNFR1 
and TNFR2, whereas human TNF (hTNF) only binds on TNFR1. To determine whether the 
protective effect of hypothermia discriminates between TNFR1 and TNFR2, we stimulated 
L929sAhFas cells with multiple doses of hTNF: 1000U/ml, 5000U/ml and 10000U/ml (figure 
18). Cell permeabilisation and Caspase-3 activity were monitored 16 hours after the cells 
stimulation.  

 
Figure 18. The cell death response of L929sAhFas cells to hTNF stimulation at 37°C and 32°C for different 
concentrations of hTNF 
Cell death induction was measured by monitoring cell permeabilization with the Sytox green probe. Cell 
death was detected 16 hours after stimulation. Treatment of the cells was performed at 37°C and 32°C. The 
results have been normalized with a triton control condition and the non-treated condition has been 
subtracted. 
 

We observed first a dose-dependent cell permeabilisation induced by mTNF only at 32°C. 
At 37°C, 85% of cell permeabilisation is already induced with 1.000 IU/ml of hTNF. At this 
concentration, hypothermia  reduced hTNF-induced cell permeabilisation by 90.4%. At 
5.000 IU/ml, hypothermia  reduced hTNF-induced cell permeabilisation by 85.8%. And at 

10.000 IU/ml, hypothermia  reduced hTNF-induced cell permeabilisation by 75.9%. These 
results thus show that the protective effect of hypothermia is also dose dependent for 
hTNF-induced necroptosis. Furthermore, the data also points towards a more potent 
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efficiency of hTNF, in comparison with mTNF, at a dose of 1.000 IU/ml. Finally, these 
results indicate that the protective hypothermia effect does not discriminate between 
TNFR1 and TNFR2. 

 

MEFs cell line 

In order to evaluate if this hypothermia protective effect on TNF-induced cell death was 
dependent of our model, we also tested the MEF cell line. MEF cells were treated at 37°C 
and 32°C with 1.000 IU/mL of murine TNF (mTNF), in presence or not of 10 µM z-VAD 
(sensitizing condition). Cell permeabilisation and Caspase-3 activity were monitored after 
16h (Figure 19).  

 

 

 

 

 

 

 
 
 
 
 
 
Figure 19. The cell death response of MEF cells to hTNF and TNF/zVAD stimulation at 37°C and 32°C  
 
Figure 19. Cell death induction of MEFs by TNF and TNF/zVAD at 37°C and 32°C 
Cell death induction was measured by monitoring cell permeabilization with the Sytox green probe. Cell 
death was detected 16 hours after stimulation. Treatment of the cells was performed at 37°C and 32°C. The 
results have been normalized with a triton control condition and the non-treated condition has been 
subtracted. 

 

We observed that cell permeabilisation induced by mTNF or mTNF/z-VAD at 37°C was 

importantly inhibited at 32°C. No Caspase-3 activity was monitored (data not shown). This 
implicates that the hypothermia also inhibits TNF-induced necroptosis in MEF cell line. 

 

HCS (High Content Screening) analysis 

Invigorated by these results, we decided to confirm this data by using a HCS fluorogenic 
approach with the BD pathway device. This microscopy based method also allowed us to 
discriminate between alive, apoptotic and necrotic cells. This experiment was set up to study 
the effect of TNF alone or in sensitizing conditions. L929sAhFas cells are sensitized for 
necroptotic cell death when they are treated with zVAD, as zVAD inhibits caspase activation, 
or with TAK-inhibitor (TAKi), which inhibits NFKB-mediated cell survival signalling. We 

detected cell death 4 hours after stimulation, at 37°C and 32°C (figure 20).  
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Figure 20. Total L929sAhFas cell population 4 
hours after stimulation 
The L929sAhFas cell population was monitored 
with the BD pathway. In the first setup, the cells 
were stimulated with mTNF and cell death was 
measured 4 hours after stimulation at 37°C and 
32°C (A). A second setup monitored the cells 4 
hours after stimulation with mTNF/zVAD, at 37°C 
and 32°C (B). In the last setup cells were 
stimulated with mTNF/zVAD at 32°C and 37°C. 
Detection took place 4 hours after treatment (C). 
The red population fraction resembles the cells 
that have undergone necroptosis. The purple cell 
population resembles the cells that have 
undergone apoptosis. The blue population 
fraction resembles live cells with condensated 
chomatin, which are undergoing apoptosis. The 
green population fraction resembles the health, 
alive cells. 

 

The results of this experiment showed that mTNF induced less than 5% of cell death at 37°C 
after 4 hours, whereas mTNF/zVAD induced 36.56% of necrosis and mTNF/TAKi induced 
30.42% of necrosis. Furthermore, TNF-induced cell death is completely blocked at 32°C for 
all conditions. These results confirm the protective effect of hypothermia on TNF-induced 
necroptotic cell death.  

In conclusion, we have demonstrated that hypothermia has a protective effect on TNF-

induced cell death, either apoptosis or necroptosis, in both L929sAhFas and MEF cells. Our 
findings also indicate that the hypothermia protective effect is dose-dependent for both 
mTNF and hTNF.  
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3.2.2 Hypothermia effect on anti-Fas-or FasL-induced cell death 

As for hyperthermia, we investigated then whether hypothermia has an effect or not on Fas-
induced cell death. L929sAhFas cells were treated at 37°C and 32°C with 0,2µg/ml of anti-Fas 
antibody, in presence or not of 10 µM of z-VAD to induce necroptosis. Cell permeabilisation 
and Caspase-3 activity were monitored during 24h. The non-treated condition was 
subtracted so that only the cell death induced by the anti-Fas antibody is observed (figure 
21,22).  

 
Figure 21. The cell death response of L929sAhFas cells to anti-Fas stimulation at 32°C and 37°C 
Cell death induction was measured by monitoring cell permeabilization with the Sytox green probe. Cell death 
was monitored for 24 consecutive hours. Treatment of the cells was performed at 37°C and 32°C. The results 
have been normalized with a triton control condition and the non-treated condition has been subtracted. 

 

 
Figure 22. The cell death response of L929sAhFas cells to anti-Fas/zVAD stimulation at 32°C and 37°C 
Cell death induction was measured by monitoring cell permeabilization with the Sytox green probe. Cell death 
was monitored for 24 consecutive hours. Treatment of the cells was performed at 37°C and 32°C. The results 
have been normalized with a triton control condition and the non-treated condition has been subtracted. 
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The results showed that hypothermia (32°C) fastened cell permeabilisation for the anti-Fas 
condition, compared to 37°C, whereas it didn’t seem to affect anti-Fas/z-VAD-induced 
necroptosis. In conclusion, hypothermia seems to sensitize the cells to antiFas-induced 
apoptosis only.   

 

Comparison anti-Fas antibody/FasL 

We then decided to compare the effect of the anti-Fas antibody and human recombinant 
FasL on cell death induction. The L929sAhFas RIPK1ΔID were thus treated at 37°C and 32°C 
with 0,2µg/ml of anti-Fas antibody, or 100 ng/mL of FasL. Cell permeabilisation and Caspase-
3 activity were monitored after 16h (figure 24).  

 
Figure 24. The cell death response of the L929sAhFas RIPK1ΔID cell line cells to FasL and anti-Fas stimulation 
at 37°C and 32°C  
Cell death induction was measured by monitoring cell permeabilization with the Sytox green probe. Cell death 
was detected 16 hours after stimulation. Treatment of the cells was performed at 37°C and 32°C. The results 
have been normalized with a triton control condition and the non-treated condition has been subtracted. 

 

The percentage of cell permeabilisation induced by both stimuli was very close (about 50-

55%). Furthermore, the percentage of cell permeabilisation was similar at 32°C, after 16h of 
treatment. In conclusion, there was no significant difference in cell death induction between 
FasL and the anti-Fas Antibody. And hypothermia doesn’t seem to affect Fas-induced cell 
death at a late time point. 

 

HCS (High Content Screening) analysis 

As for TNF-induced cell death, we decided to confirm this data by using the HCS fluorogenic 
approach. L929sAhFas cells were treated at 37°C and 32°C with 0,2µg/ml of anti-Fas 
antibody, in presence or not of 10 µM of z-VAD to induce necroptosis. We monitored cell 

death 4 hours after stimulation (figure 24).  
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Figure 24. Total L929sAhFas cell population 4 hours after stimulation 
The L929sAhFas cell population was monitored with the BD pathway. In the first setup, the cells were 
stimulated with anti-Fas and cell death was measured 4 hours after stimulation at 37°C and 32°C (A). A second 
setup monitored the cells 4 hours after stimulation with anti-Fas/zVAD, at 37°C and 32°C (B). The red 
population fraction resembles the cells that have undergone necroptosis. The purple cell population resembles 
the cells that have undergone apoptosis. The blue population fraction resembles live cells with condensated 
chomatin, which are undergoing apoptosis. The green population fraction resembles the health, alive cells. 
 

We observed that at 37°C, anti-Fas antibody induced 34.11% of necrosis and 18.99% of  
apoptosis, whereas at 32°C it induced 25.55% of necrosis and 40.97% of apoptosis. So 
hypothermia increases anti-Fas induced apoptosis and decreases secondary necrosis 
induction. On the other hand, at 37°C, the anti-Fas/z-VAD condition induced 54.46% of 
necrosis (and almost no apoptosis), whereas it induced 24.22% of necrosis at 32°C after 4h 
of treatment. So hypothermia decreases necroptosis induction.  

In conclusion, hypothermia fastens anti-Fas-induced apoptosis by increasing apoptosis 
induction, but decreasing secondary necrosis induction. For the anti-Fas/zVAD condition, our 
results are contradictory.  

 

3.2.3 Hypothermia effect on TRAIL-induced cell death 

As we obtained different results on the effect of hypothermia on cell death induction, we 
decided to evaluate the effect of hypothermia on other cell death stimuli. We stimulated 
thus the L929sAhFas cells with 100 ng/mL of TRAIL Super Killer at 32°C and 37°C, in presence 
or not of 10 µM of z-VAD to induce necroptosis. Cell permeabilisation and Caspase-3 activity 
were monitored after 16h (figure 25).  
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Figure 25. The cell death response of the L929sAhFas cell 
line cells to TRAIL and zVAD stimulation at 37°C and 32°C  
Cell death induction was measured by monitoring cell 
permeabilization with the Sytox green probe. Cell death 
was detected 16 hours after stimulation. Treatment of 
the cells was performed at 37°C and 32°C. The results 
have been normalized with a triton control condition and 
the non-treated condition has been subtracted. The TRAIL 
stimulus alone does not induce cell death, while the 
TRAIL/zVAD stimulus does (A). The caspase 3 activity of 
the L929sAhFas cell line was measured (16 hours after 
stimulation), following TRAIL/zVAD stimulation, in order 
to confirm that there was (practically) no caspase activity 
(B). 

 

No cell permeabilisation, nor Caspase-3 activity, were detected for both temperature with 
TRAIL alone, whereas TRAIL/z-VAD induced 75% of cell permeabilisation. The blockage of 

caspases for the TRAIL/zVAD condition was experimentally confirmed by the absence of the 
DEVD-MCA probe fluorescence (figure 25B), indicating that necroptotic cell death is 
observed. At 32°C however, TRAIL/zVAD-induced necroptosis was strongly inhibited (figure 
25A).  

 In conclusion, we have presented data that implies that TRAIL alone is insufficient to induce 
cell death in the L929sAhFas cell line. The TRAIL/zVAD stimulus will induce necroptotis. 
When the L929sAhFas cell line is treated with TRAIL/zVAD at 32°C, hypothermia will reduce 
TRAIL/zVAD-induced necroptosis dramatically. 

 

3.2.4 Hypothermia effect on TLR3-induced necroptosis  

In order to further investigate the effect of hypothermia on necroptosis induction, we 
decided to use a necroptosis model induced independently from the death receptors. In the 
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literature, a treatment with IFNγ/poly(I:C) has been shown to induce necroptosis ina RIPK1-
independent, RIPK3-dependent manner. L929sAhFas cells were pre-treated 24h with IFNγ 
(50 IU/mL) and then treated with poly(I:C) (25 µg/ml) at 37°C and 32°C. Cell permeabilisation 
and Caspase-3 activity were monitored after 16h (figure 26).  

 

Figure 26. The cell death response of the 
L929sAhFas cell line cells to poly(I:C) 
stimulation at 37°C and 32°C  
Cell death induction was measured by 
monitoring cell permeabilization with the 
Sytox green probe. Cell death was detected 
16 hours after stimulation. Treatment of the 
cells was performed at 37°C and 32°C. The 
results have been normalized with a triton 
control condition and the non-treated 
condition has been subtracted. Cell death 
induction by poly(I:C) is uninfluenced by 
hypothermic (32°C) conditions.  

 

We observed the same percentage of cell permeabilisation induced by IFNγ/poly(I:C) at both 

temperatures. These results indicate thus that hypothermia does not seem to affect TLR3-
induced necroptosis. 

 

HCS (High Content Screening) analysis 

As for the other stimuli, we decided to confirm this data by using the HCS fluorogenic 
approach. L929sAhFas cells were were pre-treated 24h with IFNγ (50 IU/mL) and then 
treated with poly(I:C) (25 µg/ml) at 37°C and 32°C. We monitored cell death 4 hours after 
stimulation (figure 26).  
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 Figure 26. The cell death response of the L929sAhFas 
cell line cells to poly(I:C) stimulation at 37°C and 
32°C  
Cell death induction was monitored with the BD 
pathway (high content screening analysis). 
L929sAhFas cells were stimulated with poly (I:C) and 
cell death was measured 4 hours after stimulation. 
The red population fraction resembles the cells that 
have undergone necroptosis. The purple cell 
population resembles the cells that have undergone 
apoptosis. The blue population fraction resembles 
live cells with condensated chomatin, which are 
undergoing apoptosis. The green population fraction 
resembles the health, alive cells. 

 

 

We observed that at 37°C, IFNγ/poly(I:C) treatment induced 43.45% of necrosis and 17.49% 
of  apoptosis, whereas at 32°C it induced 16.88% of necrosis and almost no apoptosis. So 
hypothermia decreases cell death induction, both apoptosis and necroptosis.  

 

In conclusion, we obtained contradictory results with the two approaches. According to first 
method, hypothermia does not seem to affect  TLR3-induced necroptosis, whereas with the 
HCS method, hypothermia decreases necroptosis induction. We can explain this difference 
by the fact that poly(IC) is recognized and labeled by Sytox Green, inducing an artefact 
during the measurements with the FluoSTAR device. 

 

3.3 Hypothermia effect on autophagy induction 
In order to evaluate autophagy induction, we decided then to use the L929sAhFas LC3-GFP 
cell line in combination with the HCS method on the BD Pathway device. Indeed, the 
expression of LC3-GFP fusion protein cells is often used to visualize in real time the 

formation of autophagosomes. 

L929sAhFas LC3-GFP cells were treated at 37 and 32°C with 1.000 IU/ml mTNF, 0,2µg/ml of 
anti-Fas antibody or 100 ng/ml TRAIL Super Killer, in presence or not of 10 µM of z-VAD to 
induce necroptosis. Or they were pre-treated 24h with IFNγ (50 IU/mL) and then treated 
with poly(I:C) (25 µg/ml) at 37°C and 32°C. We monitored autophagy induction 4 hours after 
stimulation. 

Unfortunately, the signal detected was too low to be able to analyse properly the data. 

 

3.4 Hypothermia effect on metabolism and enzymes activity 
3.4.1 Hypothermia effect on cell metabolism 
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In order to determine if hypothermia has an effect on metabolism, we quantified the 
intracellular ATP concentration with the Celltiter-GLO® luminescent cell viability assay. 
L929sAhFas cells were stimulated with DMEM (medium) at 37°C and 32°C for 16 hours 
(figure 27).  

 

Figure 27. The ATP concentration in 
L929sAhFas cells at 37°C and 32°C  
ATP was quantified via the celltiter-glo® 
luminescent cell viability assay, which 
generates a luminescent signal. The 
luminescent signal, which correlates with ATP 
quantity was detected at 37°C and 32°C. n=1 

 

Our results showed that the intracellular ATP concentration was approximatively the same 
for both temperatures. Besides, hypothermia didn’t affect neither the intracellular ATP 
concentration changes occurring during cell death treatments. 

 These data indicate thus that hypothermia doesn’t have a major effect on cell metabolism. 

 

3.4.2 Hypothermia effect on caspases activity 

In order to evaluate the effect of hypothermia on caspases activity in non-treated 

conditions, the L929sAhFas cells were treated at 37°C and 32°C, and Caspase-3 activity was 
monitored during 24h (Figure 28). 
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Figure 28. Caspase 3 activity at 32°C and 37°C 
Caspase activity monitored at 32°C and 37°C to check whether it was effected, even without a cell death 
stimulus. Activity was monitored with a DEVD probe. 

 

There was no Caspase-3 activity detected along the time for both temperatures. However, 
the data showed a lower Caspase-3 activity at 32°C as from the beginning of the treament, 

which could be due to an effect of hypothermia on the DEVD-AMC probe fluorescence 
properties. Furthermore, some previous results showed that Caspase-3 could be activated at 
32°C in some treatment conditions like with the anti-Fas antibody. 

In conclusion, hypothermia has no effect on caspases activity. 

 

3.4.3 Hypothermia effect on RIPK1/3 kinase activity 

In order to evaluate the effect of hypothermia on RIPK1 and RIPK3 kinase activity, we 
realised a kinase assay with human recombinant RIPK1 and RIPK3 kinase domains, at both 37 
and 32°C. 

Unfortunately, were not able to run properly the blots, to be able to analyse the experiment. 

 

3.5 Hypothermia effect on Death Rc expression and 
internalisation 
3.5.1 Hypothermia effect on Death Receptors expression 

In order to evaluate the effect of hypothermia of some death receptors (TNFR1, Fas, TRAIL-
R4/5), we analysed their expression at the cell membrane level by flow cytometry. 
L929sAhFas cells were treated with DMEM (medium) at 32 and 37°C during 24h (figure 29). 
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Figure 29. Death receptor expression at 37°C and 32°C  
Cells were incubated at 37°C and 32°C with and death receptor expression was monitored after 4 hours. There 
were no differences in receptor expression levels observed between 32°C and 37°C. 

We showed that the expression of Fas, TRAIL-R4 and TRAIL-R5 was the same at both 

temperatures, after 24h of treatment. We were not able to detect TNFR1 properly as there 
are only a few number of receptors present at the membrane level. In conclusion, 
hypothermia has no effect on death receptors expression at the surface of L929sAhFas cells. 

 

3.5.2 Hypothermia effect on Death Receptors internalisation 

In order to evaluate the kinetics of some death receptors (TNFR1, Fas, TRAIL-R4/5) 
internalisation, we realised an internalisation assay at both 37 and 32°C, by a fluorescence-
based method coupled to the HCS method on the BD Pathway device. L929sAhFas cells were 
treated at 37 and 32°C with 1.000 IU/ml mTNF, 0,2µg/ml of anti-Fas antibody or 100 ng/ml 
TRAIL Super Killer. We monitored the receptors internalisation 2 hours after stimulation. 

Unfortunately, due to a poor resolution, we were not able to analyse properly the 
experiment. 

 

3.6 Hypothermia effect on the necrosome formation 
In order to evaluate whether hypothermia has an effect or not on necrosome formation, we 
performed an immunoprecipitation (IP) of the Caspase-8, which is involved in necrosome 
formation. We stimulated L929sAhFas cells with 3 µg/ml of mTNF and incubated them at 
37°C and 32°C for 0, 30 minutes, 1 hour or 3 hours. We detected then RIPK1, RIPK3 and 
Caspase-8 protein levels by Western-blotting (figure 30).  
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Figure 30. Western blot detection after Caspase-8 immunoprecipitation 
We performed an immunoprecipitation of Caspase-8 after mTNF stimulation and incubation at 37°C and 32°C. 
After running a SDS-page gel with the IP material we detected RIPK1, RIPK3 and caspase 8. RIPK1 bands were 
detected and resemble different conditions, ranging from left to right: non treated condition, treated for 30 
minutes, treated for 1 hour and treated for 3 hours with TNF. These conditions were repeated at 37°C and 
32°C (A). RIPK3 bands were detected under the same conditions as described for RIPK1 (B). Caspase 8 bands 
were detected under the same conditions as RIPK1 (C). 

There were no clear differences in RIPK1 and Caspase-8 expression levels inside the 

necrosome between the two temperatures. There were however more posttranslational 
modifications (PTMs) on RIPK1 at 32°C than at 37°C. These PTMs look like ubiquitination. For 
RIPK3, it seemed that there was more RIPK3 recruited inside the necrosome at 32°C, but 
there were no PTMs detected at 32°C, except for the 30min time point (B). And the type of 
PTM detected in this case looks more like ubiquitination, whereas RIPK3 PTMs detected at 
37°C look like phosphorylation bands. 

In conclusion, the necrosome formation seems to be influenced by hypothermia. 
Furthermore, RIPK1 and RIPK3 seem to get different posttranslational modifications at 32°C 
compared to 37°C. These PTMS could thus affect the activity and ability of these two kinases 
to induce necroptosis.  
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4. Conclusion and discussion (English) 

Macroscopic hyperthermia and hypothermia effects have been observed on tissues and 
tissue lesions, in multiple clinical and experimental settings. The underlying signalling 
processes and mechanisms however, are unchartered territory. In this study we attempted 
to reveal how cell death was influenced by temperature. Our first focus was thus to 
determine which signalling pathways were affected by temperature. In a later stage we tried 
to uncover on which molecular level temperature played a role, going from the receptor 
expression level down to the necrosome formation in case of necroptosis induction. During 
our research we focused on 4 particular signalling pathways; the TNFR1/2, TRAIL-R4/5, Fas 

and TLR3 signalling pathways.  

In light of several studies that were conducted in the past on the cell death promoting 
properties of hyperthermia we started by investigating the effect of hyperthermia on cell 
death. Following mTNF stimulation of the TNFR1/2 of the L929sAhFas cell line we saw 
different patterns of cell death at 42°C, compared to 37°C. At 42°C the rate of cell death is 
higher than at 37°C. We uncovered that this hyperthermia effect influenced necroptotic cell 
death, since no caspase activation, and thus no apoptosis was detected. In L929sAhFas 
RIPK1ΔID cells, hyperthermia had an effect on apoptosis. Hyperthermia was also studied in 
the setting of anti-Fas-induced cell death. It was confirmed that stimulation of Fas (mainly) 
induced apoptotic cell death. Total anti-Fas-induced cell death was not different between 

42°C and 37°C. Anti-Fas mediated caspase activity was slightly elevated at 42°C.  

According to the literature, hypothermia has a protective effect on cell death.  We explored 
this hypothermia effect in the L929sAhFas cell line. mTNF stimulation induced mTNF-induced 
necroptosis at 37°C. When the cells were stimulated at 32°C, necroptosis was nearly 
completely blocked. Following this discovery we used 2 orthologues of TNF, mTNF and hTNF 
to induce cell death. mTNF binds both receptors and hTNF only binds TNFR2, but results 
indicated that the hypothermia effect does not discriminate between stimulation by mTNF 
and hTNF. Data did imply that hTNF is more potent for inducing cell death. We further 
wondered whether the hypothermia effect worked in a dose-dependent manner. The 
hypothermia effect decreased slightly with increasing mTNF and hTNF doses. The 
hypothermia effect is thus slightly dose dependent. In L929sAhFas RIPK1ΔID cells, 

hypothermia had a protective effect on apoptosis. In order to ratify our previous results, we 
studied the protective hypothermia effect with another cell-death analysing technique. 
These results confirmed the protective hypothermia effect on TNF-induced necroptosis, but 
also displayed a slight reduction of apoptosis at 32°C. Aside from this the technique 
illustrated the potency of the cell death sensitizing characteristics of zVAD and TAKi. zVAD is 
a known caspase-inhibitor which will thus inhibit apoptosis and force the cell to undergo 
necroptotic cell death. TAKi is an inhibitor of NFKB-mediated cell-survival signalling. We also 
used a L929sAhFasRIPK1ΔID cell line to induce mTNF-induced apoptosis. The mTNF-induced 
cell death was influenced by temperature. We further investigated TNF-induced cell death in 
MEF cells. TNF alone did not stimulate cell death, but TNF/zVAD stimulated necroptosis. At 
32°C the TNF/zVAD-induced necroptotic cell death was reduced by half. This once again 

confirmed the protective hypothermia effect on TNF-induced necroptosis. 
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Another pathway we investigated in the context of the hypothermia effect is the Fas 
signalling pathway. After studying the stimulation of Fas by anti-Fas at 37°C and 32°C, we 
concluded that hypothermia does not have a protective effect on anti-Fas-induced 
apoptosis. We also wanted to study this pathway in a necroptotic fashion; we measured 
anti-Fas/zVAD-induced necroptotic cell death. In the presence of zVAD, apoptotic cell death 
is inhibited, so necroptosis could be studied at 37°C and 32°C. The kinetic pattern of 
Fas/zVAD-induced necroptotic cell death did not differ at 32°C compared to 37°C. This leads 
to the conclusion that hypothermia has no effect on anti-Fas or anti-Fas/zVAD-induced cell 
death. We wondered whether the absence of the hypothermia effect had something to do 
with the fact that an antibody was used to activate Fas, instead of the natural ligand. To 
unravel this question, we compared the cell death inducing ability of both molecules. The 

hypothermia effect was absent in both cases and cell death induction was comparable 
between the 2 stimuli. When we wanted to study the cells at 32°C with the BD pathway we 
discovered that Anti-Fas-stimulated cell death seemed influenced by hypothermia. It would 
seem that hypothermia inhibits a fraction of apoptotic cells from undergoing secondary 
necrosis. When we detected Anti-Fas/zVAD-induced cell death, we saw a strong reduction of 
cell death. The fraction of apoptotic cells remained the same, but the necroptotic fraction 
was reduced by half. This indicates that hypothermia seems to discourage cells to undergo 
necroptosis and secondary necrosis. However, this BD pathway data conflicts with the 
kinetic results obtained with the FLUOstar OPTIMA, where no reduction of cell death was 
monitored at 32°C. Further investigation will have to clear op this contradiction. 

The TRAIL-R pathway was the third pathway we studied in relationship to hypothermia. 
When we tried to induce cell death via the TRAIL ligand alone, no cell death was observed. In 
order to circumvent this, we stimulated the L929sAhFas cells with TRAIL/zVAD. The 
TRAIL/zVAD stimulus induced a large amount of necroptotic cell death. When we stimulated 
cells with TRAIL/zVAD at 32°C and 37°C we observed a total blocking of cell death at 32°C. 
We thus conclude that TRAIL/zVAD-induced necroptotic cell death is sensitive to 
hypothermia.  

The last pathway we inspected in relationship to hypothermia is the TLR3 signalling pathway. 
The TLR3 signalling pathway was stimulated with poly(I:C) at 37°C and 32°C. Cell death was 
measured with the FLUOSTAR Omega and equally large cell death quantities were observed 
at both temperatures. We tried to confirm this data, but results of the BD pathway indicated 

a large reduction of apoptotic and necroptotic cell death. This confliction in results could be 
attributed to the poly(I:C) stimulus. Since poly(I:C) is a dsRNA molecule, it is possible that 
Sytox green intercalates with it and thus generates a cell death signal. It would thus seem 
that TLR3 signalling can be influenced by hypothermia, but more research is necessary to 
confirm this. 

After our primary research objectives were accomplished, we investigated possible 
underlying mechanisms of the hypothermia effect. We probed into the possibility that 
receptor expression levels were influenced by hypothermia. We studied TNFR1/2 and TRAIL-
R expression levels with flow cytometry at 32°C and 37°C. No difference in expression of 
TNFR1/2 or TRAIL-R was detected. We thus conclude that the hypothermia effect is not 

caused by modulation of the level of receptor expression. In our attempt to uncover the 
underlying mechanism(s) of the protective hypothermia effect, we studied the necrosome 
formation and expression. We performed an IP of the necrosome via the FADD protein at 
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37°C and 32°C. RIPK1, RIPK3 and caspase 8 were detected after the IP and the results 
indicated alterations in the PTMs. At 32°C more PTMs were detected for RIPK1 and caspase 
8. In contrast, it seems that there are less PTMs on RIPK3 at 32°C. These findings indicate 
that PTMs of the necrosome proteins are possibly modulated by temperature. This is not 
necessarily the case, because this PTM-difference between 37°C and 32°C could just be the 
consequence of an upstream modulation. We further analysed ATP concentrations at 37°C 
and 32°C to determine whether metabolism plays a role. The results were not entirely 
conclusive, but it would seem that there is no real effect on ATP concentration. Another 
mechanism that has been loosely associated with cell survival and cell death is autophagy. 
We tried to detect autophagy activity, but the autophagic signal was not strong enough or 
not enough autophagy occurred to discriminate between 37°C and 32°C, so no conclusions 

could be made.  

In summary, by using fluorogenic approaches we discovered that the rate of TNFR1/2-
induced necroptotic cell death will increase when the cell line is incubated at 42°C in 
comparison to incubation at 37°C. Hyperthermia has thus a stimulating effect on TNFR1/2-
induced necroptotic cell death and apoptotic cell death. In contrast, anti-Fas-induced cell 
death seems unaffected by hyperthermia although a slight increase in caspase 3 activity is 
detected. Incubation of cells at 32°C will strongly reduce the rate and quantity of mTNF-
induced cell death. Two orthologues of TNF; mTNF and hTNF were tested. Both orthologues 
induce the same kind of cell responses, although hTNF is more potent at low concentrations. 
The hypothermia effect was found to be slightly dose dependent. When studying mTNF-

induced apoptosis in L929sAhFasRIPK1ΔID cells, we determined that hypothermia has an 
effect on apoptosis as well. We confirmed the protective hypothermia effect against TNF-
induced necroptosis in MEF cells and with the BD pathway. TRAIL-R-induced necroptotic cell 
death was tested under hypothermic conditions. Hypothermia has a protective effect on 
TRAIL-R-induced necroptotic cell death. On the other hand, we discovered that Fas-induced 
apoptotic and necroptotic cell death seemed insensitive to hypothermia and hyperthermia. 
After trying to confirm this with the BD pathway we discovered that hypothermia does have 
an effect. Hypothermia discourages anti-Fas induced cells to enter secondary necrosis and it 
also seems de reduce anti-Fas/zVAD-induced necroptotic cell death. These contradictory 
results need further investigation. In a similar fashion, hypothermia did not have an effect on 
TLR3-induced cell death according the FLUOSTAR Omega. However, the BD pathway device 

detected a reduction of apoptotic and necroptotic cell death. The high cell death signal that 
the FLUOSTAR Omega detected could be attributed to the poly(I:C) which is dsRNA. Our 
secondary goal was to determine underlying mechanisms of the hypothermia effect. During 
our investigation in the underlying mechanisms of the protective hypothermia effect we 
determined that receptor expression is not influenced by hypothermia. We performed an IP 
of the necrosome, followed by western blot detection. This lead to the discovery that PTMs 
of RIPK1, RIPK3 and caspase 8 are possibly influenced by temperature. We investigated 
possible metabolism modulation by means of ATP measurement. However, we did not find 
evidence that implies that hypothermia has an effect on ATP concentration. Although 
experiments on autophagy did not yield reliable data, we encourage research on this topic in 
the future because there is presumably a link between temperature and autophagy. 

We propose follow-up research in line with this project. We would conduct experiments to 
further explore the underlying mechanisms of the temperature effects. As mentioned 
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before, quantifying receptor internalization could be done. RIPK1 and RIPK3 kinase activity 
could be monitored with an ATP-γ-S kinase assay. Several other molecular approaches can 
be considered to determine PTMs on the proteins of the necrosome. Besides 
phosphorylation assays also lipid modification assays, methylation assays and ubiquitin 
assays can be conducted. To take this research to the biologically relevant next step we 
would suggest in vivo experiments. Working with cells in a strictly controlled environment 
has its merits, but the reaction of cells in an organism could be considerably different due to 
cell-cell communication and systemic responses. We would use animal trials to confirm the 
protective hypothermia effect as well as the cell death stimulating effect of hyperthermia. A 
first experiment could be done with a model that is related to sepsis; the TNF-induced 
systemic inflammatory response syndrome (SIRS) model (developed by the unit of Peter 

Vandenabeele). TNF-induced SIRS mimics the acute hyper inflammatory phase of SIRS. In 
this model TNF injections are done intravenously in mice. After the TNF injections, the mice 
would be exposed to hypothermic or hyperthermic environments. After the acute hyper 
inflammatory phase of SIRS the mice are terminated and their organs are microscopically 
checked for injuries. In this model different stimuli can be checked, under different 
temperature conditions. The unit of Peter Vandenabeele is also developing a hypoxia-
ischemia mouse model. In this particular model, the blood flow is mechanically blocked to 
induce hypoxia-ischemia in the brain. After inducing hypoxia-ischemia the mice could be 
treated with hypothermia to test whether the outcome is improved. This approach could 
also be combined with intravenous injections of cell death stimuli or cell death inhibitors.  

If these animal models are successful, one could start to consider clinical trials in which cell 
death signalling is blocked or enhanced by drugs and this in combination with temperature 
treatment. In some clinics, hypothermia is already applied to patients that are suffering from 
hypoxia-ischemia, to minimize cerebral lesions. If this approach would be combined with 
specific drug treatment that inhibits pathways that are not blocked by hypothermia, this 
could possibly improve outcome. The same rationale can be applied for patients suffering 
from sepsis, where temperature treatment could be combined with specific drugs that 
target temperature-insensitive cell death inducing pathways. In organ transplantations or 
organ transportation, the same inhibitors could be used to reduce tissue damage. If this kind 
of research is pursued, it is possible that the component or process which is modulated by 
temperature is discovered. If this happens, the component could be modulated with specific 

drugs to inhibit or enhance its activity. This approach would circumvent the need to apply 
hypothermia and thus minimize patient discomfort. Besides the acute medical afflictions 
mentioned above, also chronic diseases could eventually benefit from further research. One 
of the major players in the pathophysiology of rheumatoid arthritis, psoriasis, psoriatic 
arthritis and ankylosing spondylitis is TNF, which is involved in the inflammatory response 
and thus cell death. Current therapeutic strategies focus on blocking/preventing the 
interaction between TNF and its receptor with anti-TNF agents (infliximab, etanercept, 
adalimumab, certolizumab pegol and golimumab). If future research with hypothermia could 
uncover the processes or components that are modulated by temperature, perhaps this will 
lead to drug-target discovery. With new therapeutic targets, perhaps more efficient or 
cheaper treatments can be devised to block TNF signalling. Although developing cheaper and 

more effective treatments is a principal medical concern, more in depth research on this 
topic is needed before this will become reality 
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4. Conclusion and discussion (Dutch) 

Hyperthermie an hypothermie hebben een duidelijk effect als deze in ziekenhuizen worden 
toegepast op patiënten. En hoewel deze effecten duidelijk zijn, zijn de onderliggende 
mechanismen hiervan tot op heden onbekend. In deze studie trachten we te achterhalen 
welke celdood-signaliserende wegen temperatuurs gevoelig zijn. Onze primaire doelstelling 
was het ontdekken van celdood-signaliserende wegen die gevoelig zijn aan hypothermie 
en/of aan hyperthermie. In een later stadium zijn we op zoek gegaan naar het moleculair 
niveau waar temperatuur precies een rol speelt. Dit gaat vanaf het receptor expressie niveau 
tot aan metabole processen. Gedurende het onderzoek hebben we de nadruk gelegd op 4 

celdood-signaliserende wegen: de TNFR1/2, TRAIL-R, Fas en TLR3 signaliserende cascaden.  

Met het oog op verschillende studies die uitgevoerd werden in het verleden omtrent de 
celdood-bevorderende eigenschappen van hyperthermie zijn wij begonnen met het 
onderzoeken van hyperthermie in vitro. We hebben L929sAhFas cellen gestimuleerd met 
muis TNF (mTNF) bij 42°C en 37°C. Er werden verschillende celdood patronen waargenomen. 
Bij 42°C was de toename van celdood sneller en finaal groter dan de celdood bij 37°C. We 
stelden vast dat dit hyperthermie effect invloed had op necroptotische celdood, omdat er 
geen caspase activiteit waar te nemen was (en dus ook geen apoptose). Bij het gebruiken 
van L929sAhFasRIPK1ΔID stelden we echter wel een hyperthermische invloed op apoptose 
vast. In deze context is ook de Fas-signalisatie onderzocht geweest. Er werd vastgesteld dat 

stimulatie met anti-Fas leidde tot Fas-gemedieerde apoptotische celdood. Deze anti-Fas-
gemedieerde celdood bleek ongevoelig te zijn voor hyperthermie, hoewel er een lichte 
stijging van caspase 3 activiteit was bij 42°C. 

Volgens de literatuur zou hypothermie een beschermend effect hebben tegen celdood. We 
gingen dit na in de L929sAhFas cellen. mTNF stimulatie induceerde necroptotische celdood 
bij 37°C. Wanneer de cellen bij 32°C gestimuleerd werden met mTNF werd zo goed als geen 
celdood waargenomen. Dit impliceert dat hypothermie een beschermend effect heeft op 
mTNF-geïnduceerde necroptotische celdood. Na het testen van L929sAhFasRIPK1ΔID cellen 
met TNF, bleek ook apoptose gevoelig te zijn aan hypothermie. Na deze ontdekking wouden 
we controleren of dit hypothermie effect discrimineerde tussen TNFR1 en TNFR2. mTNF 
bindt namelijk TNFR1 en TNFR2, maar humane TNF (hTNF) bindt enkel TNFR2. Resultaten 

toonden aan dat hypothermie geen onderscheid maakt tussen stimulatie door mTNF of 
hTNF. In ditzelfde experiment werd getest of het beschermende hypothermie effect dosis-
afhankelijk was. Onze data toonden aan dat het beschermende hypothermie effect lichtjes 
verkleinde, naargelang de dosis mTNF of hTNF toenam. Om voorgaande resultaten te 
bevestigen op een alternatieve manier, besloten we om de beschermende hypothermie met 
een andere celdood-analyse techniek te onderzoeken. Via deze alternatieve techniek 
hebben we bovenstaande resultaten kunnen bevestigen en ook nog eens aangetoond dat 
bepaalde moleculen cellen kunnen senitizeren voor celdood. Deze celdood sensitizerende 
moleculen zijn zVAD en TAKi. zVAD is een caspase-inhibitor dat dus apoptose blokkeert en 
de cellen dus enkel toelaat om via necroptose te sterven. TAKi is een een inhibitor dat cel-
overlevingssignalisatie van NFKB blokkeert, wat dus cellen gevoeliger maakt voor celdood. 

We hebben ook een L929sAhFasRIPK1ΔID cellijn gebruikt om de invloed van hypothermie op 
mTNF-geïnduceerde apoptose na te gaan. Celdood werd hier niet beïnvloed. Verder hebben 
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we nog gebruik gemaakt van MEF cellen. Deze cellen bleken ongevoelig te zijn voor TNF-
geïnduceerde celdood, maar ze ondergingen wel necroptotische celdood bij TNF/zVAD-
stimulatie. TNF/zVAD-geïnduceerde necroptose werd sterk gereduceerd bij 32°C. 

Een ander celdood signalisatiecascade is Fas-gemedieerde celdood. We stimuleerden 
L929sAhFas cellen met anti-Fas bij 37°C en 32°C. We merkten echter geen reductie van anti-
Fas-geïnduceerde apoptotische celdood. Om na te gaan of deze ongevoeligheid voor 
hypothermie ook bij anti-Fas-geïnduceerde necroptotische celdood het geval was hebben 
we L929sAhFas cellen behandeld met anti-Fas/zVAD. Celdood verliep dan via het 
apoptotisch programma. De resultaten toonden echter geen verschil tussen de celdood 
patronen bij 32°C in vergelijking met 37°C. Dit betekent dus dat hypothermie ook geen effect 

heeft op anti-Fas-geïnduceerde apoptotische celdood. We vroegen ons af of de afwezigheid 
van dit hypothermie effect te maken had met de stimulatie van Fas, aangezien we een 
antagonistisch antilichaam gebruiken om celdood te induceren in plaats van het natuurlijke 
ligand. Om dit na te gaan hebben we de L929sAhFas cellen gestimuleerd met FasL en de 
celdood vergeleken met anti-Fas-gemedieerde celdood. Het hypothermie effect was afwezig 
in beide condities en de hoeveelheid celdood was vergelijkbaar tussen de 2 stimuli. We 
hebben celdood ook nagegaan met de BD pathway. Hier viel echter op dat anti-Fas-
geïnduceerde celdood wel wat beïnvloed werd door hypothermie. Het lijkt erop dat 
hypothermie een deel van de apoptotische cellen verhindert om secundaire necrose te 
ondergaan. Toen de cellen gestimuleerd werden met anti-Fas/zVAD, werd een sterke 
reductie van necroptotische celdood waargenomen. Deze data is in strijd met de FLUOSTAR 

Optima data, en er zal dus nog onderzoek naar moeten uitgevoerd worden. 

Verder is de TRAIL-R celdood signalisatie bestudeerd. Na TRAIL stimulatie van L929sAhFas 
cellen werd echter geen celdood waargenomen, noch bij 37°C, noch bij 32°C. In een poging 
om TRAIL celdood signalisatie toch te kunnen bestuderen, werden de L929sAhFas cellen 
behandeld met TRAIL/zVAD. TRAIL/zVAD stimulatie veroorzaakte massale necroptotische 
celdood bij 37°C. TRAIL/zVAD veroorzaakte bij 32°C echter minimale celdood, wat ons deed 
besluiten dat hypothermie ook in TRAIL-geïnduceerde necroptotische celdood een 
beschermende rol speelt.  

De laatste celdood signaalcascade die we onderzocht hebben is TLR3. We hebben deze 
celdood-inducerende signaalcascade bestudeerd door ze te stimuleren met poly(I:C) bij 37°C 

en 32°C met de FLUOSTAR Optima. De celdood was bij beide temperaturen even groot. Toen 
we dit resultaat echter wouden bevestigen met de BD pathway, werden voorgenoemde 
resultaten tegengesproken. Hier leek hypothermie zowel de necroptotische celdood als de 
apoptotische celdood te reduceren. Een mogelijke verklaring voor het verschil in resultaten 
is dat de FLUOSTAR Optima ook Sytox green meet dat intercaleert met de poly(I:C). 

Nadat onze primaire doelstelling bereikt was, hebben we ons toegelegd op het zoeken naar 
de specifieke mechanismen die beïnvloed kunnen worden door temperatuur. We 
onderzochten de mogelijkheid of receptor expressie niveaus beïnvloed worden door 
hypothermie. De TNFR1/2 en TRAIL-R expressie werden bestudeerd bij 37°C en 32°C. Er 
werd echter geen verschil in expressieniveau vastgesteld tussen de 2 temperaturen, voor 
geen van beide receptoren. Hieruit besluiten we dat het hypothermie effect niet wordt 

veroorzaakt door modulatie van het receptor expressie niveau. In een volgende stap hebben 
we necrosoom formatie bestudeerd. L929sAhFas cellen werden gestimuleerd bij 37°C en 
32°C en vervolgens werd er werd een IP van FADD uitgevoerd. Detectie van RIPK1, RIPK3 en 
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caspase 8  wezen op een verschil in posttranslationele modificaties tussen 37°C en 32°C. Bij 
32°C werden meer posttranslationele modificaties opgemerkt bij RIPK1 en caspase 8, in 
contrast met RIPK3 waar minder posttranslationele modificaties gedetecteerd werden. Het 
is dus mogelijk dat hypothermie posttranslationele modificaties van eiwitten van het 
necrosoom beïnvloed. Dit is echter niet per se het geval, aangezien het ook gewoon kan 
gaan om het gevolg van een ‘upstream’ modulatie. Verder onderzochten we of het 
metabolisme op zich sterk werd beïnvloed door hypothermie. We onderzochten de ATP 
concentraties bij 37°C en 32°C, maar we vonden geen grote verschillen tussen beide. Als 
laatste mechanisme onderzochten we autophagie in relatie tot hypothermie. Het 
apoptotisch signaal was in onze experimentele setup echter te zwak om er conclusies uit te 
trekken.  

Samengevat, hebben wij via fluorometrische methoden vastgesteld dat TNFR1/2-
geïnduceerde necroptotische en apoptotische celdood versnelt wanneer cellen worden 
geïncubeerd bij 42°C.Hyperthermie heeft dus een stimulerend effect op TNFR1/2-
geïnduceerde necroptotische celdood. In contrast is anti-Fas-geïnduceerde celdood 
schijnbaar ongevoelig voor hypothermie, hoewel er een lichte toename is van caspase 3 
activiteit bij 42°C. Incubatie van de cellen bij 32°C geeft een sterke reductie van TNF-
geïnduceerde necroptotische celdood. Met andere woorden, hypothermie heeft een 
beschermend effect op TNFR1/2-geïnduceerde necroptotische celdood. 
L929sAhFasRIPK1ΔID cellen leerden ons dat hypothermie ook een beschermende invloed 
heeft op apoptose. Er werd ontdenkt dat hTNF meer potent is om celdood te induceren dan 

mTNF. Het hypothermie effect is dosis-afhankelijk. We hebben het beschermende 
hypothermie effect bevestigd in MEF cellen, waar necroptose werd geïnduceerd met 
TNF/zVAD. L929sAhFasRIPK1ΔID cellen werden gebruikt om te bevestigen dat hypothermie 
geen invloed heeft op TNF-geïnduceerde apoptose. Hypothermie heeft een beschermend 
effect op TRAIL-R-geïnduceerde necroptotische celdood. Langs de andere kant, hebben we 
ook ontdekt dat Fas-geïnduceerde necroptotische en apoptotische celdood ongevoelig zijn 
aan hypothermie en hyperthermie op het eerste zicht. Toen we deze resulaten wouden 
besvestigen met de BD pathway, hebben we ontdekt dat hypothermie apoptotische cellen 
ontmoedigt om secundaire necrose te ondergaan. Ook hebben we gezien dat ant-Fas/zVAD-
geïnduceerde necroptotische celdood gereduceerd wordt bij 32°C. Dit is echter in strijd met 
de FLUOSTAR data. Met de FLUOSTAR Omega detecteerden we dat hypothermie geen effect 

heeft op TLR3-geïnduceerde celdood. Maar toen we dit wouden controleren met de BD 
pathway, leek er sprake van reductie van zowel apoptotische als necroptotische celdood. Dit 
verschil in resultaten is mogelijks veroorzaakt door de poly(I:C). Het is mogelijk dat de Sytox 
green hiermee intercaleert en een vals-positief celdood signaal geeft. In de tweede fase van 
het project hebben we ons toegelegd op het vinden van de onderliggende mechanismen die 
temperatuur gevoelig zijn. Tijdens ons onderzoek hebben we ontdekt dat receptor expressie 
niveaus niet beïnvloed worden door hypothermie. Een immunoprecipitatie dat werd 
uitgevoerd en gedetecteerd via western blot, toonde aan dat de posttranslationele 
modificaties van RIPK1, RIPK3 en caspase 8 misschien worden gemoduleerd door 
temperatuur. Er werd ook nagegaan of hypothermie een invloed heeft op het metabolisme. 
ATP metingen wijzen niet op een hypothemie effect op het metabolisme. Autophagie 

experimenten zijn mislukt omdat de experimentele opstelling geen voldoende sterk signaal 
kon genereren.  
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We stellen toekomstig onderzoek voor dat aansluit bij dit project. We zouden verder 
experimenten uitvoeren om te bepalen welke onderliggende mechanismen beïnvloed 
worden door temperatuur. Zoals eerder aangehaald, zou receptor internalisatie kunnen 
beïnvloed worden door temperatuur. RIPK1 en RIPK3 kinase activiteit zou gemeten kunnen 
worden met een ATP-γ-S kinase assay. Verschillende moleculaire methoden kunnen gebruikt 
worden om posttranslationele modificaties van de necrosoom-componenten op te sporen. 
Buiten phophorylatie assays kunnen ook lipide modificatie assays, methylatie assays en 
ubiquitinatie assays uitgevoerd worden. Om dit onderzoek naar de volgende, biologisch 
relevante stap te brengen, stellen wij in vivo experimenten voor. Want hoewel het werken 
met celculturen zeker zijn voordelen heeft, kan de reactie van cellen in een organisme heel 
verschillend zijn omwille van cel-cel communicatie en systemische responsen. Wij zouden 

dierenproeven opzetten om het effect van hypothermie en hyperthermie na te gaan. Een 
eerste experiment zou kunnen gedaan worden met een model dat gerelateerd is aan sepsis; 
het TNF-geïnduceerde systemisch inflammatoir response syndroom (SIRS) model. TNF-
geïnduceerde SIRS bootst de acute hyper inflammatoire phase van SIRS na. In dit muis-
model worden TNF injecties intraveneus toegediend. Na de TNF injecties worden de muizen 
blootgesteld aan hyperthermie of hypothermie. Na de acute hyper inflammatoire phase van 
SIRS worden de muizen afgemaakt en hun organen worden microscopisch gecontroleerd op 
letsels. In dit model kunnen verschillende stimuli worden gebruikt, en dit onder 
verschillende temperatuur condities. Een ander model dat mogelijks gebruikt kan worden is 
het hypoxia-ischemia muis-model. In dit model wordt de bloodsomloop naar de hersenen 
mechanisch onderbroken zodat er hypoxia-ischemia optreedt in de hersenen. Na het 

induceren van hypoxia-ischemia worden de muizen behandeld met hypothermie om te 
testen of de uitkomst wordt verbeterd. Deze aanpak zou ook kunnen gecombineerd worden 
met intraveneuze injecties van celdood stimuli of celdood inhibitoren. 

Indien deze dierenproeven succescvol zijn, zou men kunnen beginnen denken aan clinische 
studies. In deze studies zouden dan celdood signaalcascaden worden geblokkeerd, en dit in 
combinatie met temperatuur behandeling. In sommige ziekenhuizen wordt hypothermie nu 
al reeds gebruikt om patienten die lijden aan hypoxia-ischemia te helpen. Als deze aanpak 
nu gecombineerd zou worden met geneesmiddelen die celdood signalisatiecascaden 
blockeren die niet geblockeerd worden door hypothermie, zou de uitkomst van deze 
patiënten misschien verbeteren. Dezelfde manier van denken zou kunnen toegepast worden 

op patiënten die lijden aan sepsis. In orgaantransplantaties of orgaantransport, zouden 
dezelfde inhibitoren kunnen gebruikt worden om weefselschade te beperken. In het geval 
dat dit onderzoek verder wordt gezet, is het niet ondenkbaar dat het process of de 
component die rechtstreeks beïnvloed wordt door hypothermie gevonden wordt. Dit zou 
ervoor kunnen zorgen dat deze mechanismen rechtstreeks kunnen beïnvloed worden. Deze 
aanpak zou het gebruik van hypothermie kunnen overbodig maken en het comfort van de 
patiënt verhogen. Er zijn ook chronische ziektes die baat kunnen hebben bij verder 
onderzoek. Zo is TNF een belagrijke speler in de pathologie van reumatoïde artritis, psoriasis, 
psoriatische artritis en spondylitis ankylopoetica. De huidige therapeutisch strategie is het 
blokkeren van interactie tussen TNF en zijn receptor met anti-TNF agentia (infliximab, 
etanercept, adalimumab, certolizumab pegol en golimumab). Indien toekomstig onderzoek 

het process zou kunnen blootleggen dat wordt beïnvloed door hypothermie, kunnen 
misschien nieuwe drug-doelwitten worden gevonden. Met deze nieuwe doelwitten zouden 
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dan eventueel nieuwe, beter en goedkopere therapiëen kunnen ontwikkeld worden. Hoe 
dan ook, er zal nog veel onderzoek moeten gebeuren voor het zover is. 
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5. Materials and methods 

5.1 Products 
Recombinant human TNF, produced and purified to at least 99% homogeneity in our 
laboratory, has a specific biological activity of 3*10^7 IU/mg. Murine TNF, produced in the 
same conditions has a specific biological activity of 6.12*10^9 IU/mg. Human recombinant 
TRAIL Super killer and FasL were from Alexis. Agonistic anti-human Fas (clone 2R2) was from 
Cell Diagnostica (Munster, Germany). The caspase peptide inhibitor benzyloxycarbonyl-Val-
Ala-Asp(OMe)-fluoromethylketone (zVAD-fmk) was from Bachem (Bubendorf, Switzerland). 
The Tak1 inhibitor NP-009245 was purchased from AnalytiCon Discovery GmbH (Potsdam, 

Germany). Ac-DEVD-amc was from PeptaNova GmbH (Sandhausen, Germany). Sytox green 
was purchased from Thermo Fisher Scientific (brand life technologies). Poly(I:C) was ordered 
from sigma Aldrich.  

 
5.2 Cell culture 
L929sA is a murine fibrosarcoma cell line, derived from L929. It was selected for its 
sensitivity to the cytotoxic activity of TNF, which has a (mainly) necroptosis-inducing effect. 
The L929sA cell line was transfected with human Fas receptor cDNA, after which it is 
referred to as L929sAhFas. All cell lines were cultured in DMEM supplemented with 10% 

fetal calf serum (FCS), L-glutamine (1%), Na-pyruvate (0.4%) and NIAA (1%). The cell line was 
put through every 2-3 days. Cells were treated with trypsin (3ml in a 75cm2 flask) for 5 
minutes. Trypsin was neutralized with 7 ml of DMEM (as described above) and a fraction was 
transferred to a new flask. Cell flasks were always flushed with 5% CO2 for 15-20 seconds. In 
the event that cells had to be seeded out for an experiment, the cells were counted. A 
dilution in trypan blue determined the cell concentration. Cells were seeded at 10000 
cells/well, 24 hours before the experiment. 

We also used the L929sAhFas RIPK1ΔID cell line. This cell line is derived from the L929sAhFas 
cell line, after transfection of RIPK1ΔID cDNA. This cell line is thus more inclined to undergo 
apoptotic cell death, since the defective RIPK1 will tamper with necroptotic cell death 
machinery. Although the necroptotic machinery is partly impaired, there is still active 

endogenous RIPK1, so the cell is still capable to undergo necroptotic cell death. This cell line 
is cultured and treated in the same way as the L929sAhFas cell line. A third cell line that was 
cultured was the L929sAhFas LC3-GFP. This is another cell line derived from L929sAhFas, in 
which a LC3-GFP construct is stably transfected. Culturing the cell line is done as described 
above. Also MEF cells were kept in culture and are treated as mentioned above. 

 
5.3 Assays and methods 
5.3.1 Cell death and caspase activity analysis 

FLUOSTAR Omega  

Cell death induction and kinetics were detected via a FLUOSTAR Omega (BMG Labtech, 
Offenburg, Germany). For this purpose, transparent 96-well plates were used which were 
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seeded with 10000 cells/well, the day before the experiment. At the start of the experiment 
stimuli and/or inhibitors were added to the wells. The final concentrations of the stimuli in 
the wells are shown in addendum 7.2. These stimuli also contained fluorescent probes to 
detect cell death and caspase activity. 5mM of Sytox green (SG) was added and 5mM of Ac-
DEVD-amc was also present in the wells. Depending on the experiment, the cells were 
incubated at 32°C, 37°C or 42°C for different periods of time. An environmental control unit 
kept the temperature constant and 5% CO2 was maintained at all times. In kinetic 
experiments, cells were monitored for 24 hours, with detection ever hour. Among the 
stimuli is the Triton-X100 (0.1%) control. This condition sets the maximum cell death, 
because the SG fluorescent signal is at its maximum in this condition. SG had an excitation 
maximum at 485 nm and an emission maximum at 520 nm. Executor caspase 3 activity is 

detected when caspase 3 cleaves ac-DEVD-amc. The release of fluorescent 7-amino-4-
methylcoumarin (amc) was monitored with an excitation maximum at 355 nm and an 
emission maximum at 460 nm. Every well was flashed 20 times by the Xe-laser at different 
intensities. The data was analysed afterwards manually (see data analysis). 

BD pathway 

Cell death was also analysed on a BD PathwayTM 855 instrument (BD Biosciences). Cells 
were seeded in a 96-well BD-imaging plate. 10000 cells/ well were seeded, the day before 
the experiment. Various stimuli were used (final concentrations described in addendum 7.2) 
in combination with Hoechst 33342 (1 µg/ml, Invitrogen, USA) and propidium iodide (1 
µg/ml, PI, Sigma). Propidium iodide (PI) is an intercalating agent that will stain nucleic acids, 

but it is not permeant to living cells, so it will only stain dead cells. PI has an excitation 
maximum at 535 nm and an emission maximum at 617 nm. Hoechst 33342 is a cell 
membrane permeable dye that will also intercalate in nucleic acids. Hoechst 33342 has an 
excitation maximum at 346nm and an emission maximum at 497nm. Images were acquired using a 
BD PathwayTM 855 instrument (BD Imaging Systems, San José, USA). During detection, an 
environmental control unit maintained the temperature at 37°C and 5% CO2 was maintained 
at all times. Images were taken with a 10x objective (Olympus, Center Valley, USA) in a 
montage of 4x4. The nuclei were segmented, based on the Hoechst labeling, which extracted 
PI and Hoechst intensity values of each nucleus. The BD attovision analysis software was 
used to calculate the percentage of PI positive nuclei per image. 

 

5.3.2 ATP quantification assay 

The CellTiter-Glo® luminescent cell viability assay (Promega, Madison, WI) was used to 
quantify the amount of ATP in cells. Quantification of the ATP is an indication of the 
metabolic state of cells. L929sAFas cells were seeded in transparent 96-well plates at 10000 
cells/well, 1 day before treatment. After 16 hours of stimulation (final concentrations 
described in addendum 7.2) CellTiter-Glo reagent was added to every well on the 96-well 
plates. After a short incubation of 12 minutes, the plate was read on a GloMax® 96 
microplate luminometer (Promega, Madison, WI). The thermostable luciferase in the 
CellTiter-Glo reagent will generate a luminescent signal which is proportional to the amount 

of ATP in the well. Full protocol is in addendum 7.3. 

 

http://en.wikipedia.org/wiki/Intercalating_agent
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5.3.2 Receptor expression assay 

To detect the receptor expression levels of TNFR1 and TRAIL-R with The BD FACSVerse™ flow 
cytometer (BD Biosciences, USA), 2 cell plates were prepared 1 day before the experiment. 
Two 6-well plates were prepared with 1*10^6 cells per well. One plate was incubated at 
37°C and the other at 32°C. After 16 hours of incubation, antibodies were added to detect 
the different receptors. 5 different antibody combinations were measured with The BD 
FACSVerse™ flow cytometer. The first condition was only cells and no antibodies. The second 
condition was an anti-TNFR1 (mouse) antibody in combination with an anti-mouse antibody 
which is coupled to Alexa Fluor® 488 (excitation maximum is 480nm and emission maximum 
is 519nm). The third condition was a control condition with mouse-IgG in combination with 

anti-mouse antibody, coupled to Alexa Fluor® 488. The fourth condition was detected with 
an anti-TRAIL-R (rat) antibody in combination with an anti-rat-Alexa Fluor 488 antibody. The 
last control condition was a rat-IgG in combination with an anti-rat-Alexa Fluor 488 antibody. 
All antibodies should be diluted to 1 µg/mL. The data analysis was performed in FlowJo 
software BD FACSuite software. 

 

5.3.3 Receptor internalisation assay 

L929sAhFas cells were seeded at 10000cells/well the day before the experiment in black 96-
well plates in 100µL medium. Cells were treated with mTNF 1000IU/ml, 5000IU/ml, hTNF-
FLAG 50ng/ml, hTNF-FLAG 100ng/ml, hTNF-FLAG 200ng/ml, antiFas and TRAIL SK. After 4 

hours of treatment, the cells were fixed. After fixation, non-specific binding sites were 
blocked with 5% normal goat serum. The cells were incubated with primary antibodies (see 
addedun 7.3.4 for concentrations and species). After incubation of the secondary antibody, 
the cells were counterstained with Hoechst. The plates were read on the BD pathway after 
washing. Full detailed protocol is in addendum 7.3.4. 

 

5.3.4 RIPK1/3 Kinase assay 

The recombinant RIPK1/3 proteins were diluted and different substrates were added, as 
described in addendum 7.3.5. Diluted ATP-γ-S was added and the samples were exposed to 
37°C and 32°C for 30 minutes, 1 hour and 3 hours. The reaction was stopped by putting the 

samples on ice. Para-nitrobenzyl mesylate salts (PNBM) was added to the mix, in order to 
alkylate the thiophosphorylated reaction products. After boiling the samples at 95°C, the 
samples were run by a SDS-PAGE. After western blotting, the thiophosphate esters-specific 
monoclonal antibody was used for the detection of the thiophosphorylated reaction 
products. Full protocol and concentrations in addendum 7.3.5. 

 

5.3.5 Autophagy assay 

Autophagy was analysed on a BD PathwayTM 855 instrument (BD Biosciences). Cells were 
seeded in a 96-well BD-imaging plate. 10000 cells/ well were seeded, the day before the 

experiment. Various stimuli were used (final concentrations described in addendum 7.2) in 
combination with Hoechst 33342 (1 µg/ml, Invitrogen, USA) and propidium iodide (1 µg/ml, 
PI, Sigma). The amount of autophagy detected by detecting the fluorescence of the LC3-GFP 
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coupled protein. Since LC3 is directly correlated with autophagy, the GFP signal gives an 
indication of the amount of autophagy. 

 

5.3.6 Immunoprecipitation and detection 

The experiment has need of 100 million L929sAhFas cells. The experiment preparation 
involves coating protein G beads with anti-FADD antibodies (goat Ab from Sta Cruz FADD (M-
19, sc-6036), 1µg Ab per 20µl beads. The day after coating the beads, the cells were 
stimulated with mTNF (1000IU/ml) for 30 minutes, 1 hour and 3 hours. After treatment, the 
cells were lysed and the lysate was added to the coated beads. After overnight incubation, 
the samples were boiled and loaded on a SDS-PAGE gel. After running the gel, the proteins 

were blotted on a PVDF membrane. RIPK1, RIPK3 and caspase 8 were finally detected. Full 
protocol is added in addendum 7.3.  

 
5.4 Data analysis 
FLUOSTAR Omega  

The data compiled from the FLUOSTAR Omega are absolute values resembling the 
fluorescent intensity from 1 well. Depending on the filter that was used, this is either a signal 
from SG or from the DEVD-probe. We normalize SG values to decrease experimental 
variation between experiments and to give a context to the values. By dividing the absolute 

values of all the conditions by the maximum signal (TRITON induced), the results are 
normalized. Thus, 100% SG signal correlates with the maximum achievable cell death. After 
normalization we also subtract the DMEM (non-treated) condition from all other conditions. 
This is done because in our research, we are only interested in the cell death that is induced 
by stimuli. By removing the background cell death from the value, only the cell death that is 
specifically induced by the stimulus will remain. This is complete for all stimuli, in order to 
simplify the data. We normalize the DEVD-probe signal to decrease experimental variation 
between experiments and to give a context to the values. For the DEVD-probe signal there is 
however no control condition. We normalize the data by using the highest value (anti-Fas, 32 
hours after stimulation) of the experiment as the maximum caspase activation. Thus, 100% 
DEVD-probe signal corresponds to the maximum amount of caspase activation. The DMEM 

(non-treated) condition is usually subtracted from the other conditions to clarify the data. It 
is mentioned in the results if this was done, because sometimes removing the DMEM 
condition gives poorly representable graphs.  

In all the different graphs and ways of representation, the error bars always represent the 
standard deviation between the biological triplicates. 

BD pathway 

BD pathway data is directly rendered by the program and no manual adaptations are made 
to this data set. This is true for all the experiments done with the BD pathway. 

BD FACSVerse 
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The BD FACSVerse data is compiled by the program and only intern parameters like gating 
were adjusted. Control conditions were subtracted from the measurements to clear 
background. No manual adaptations were made otherwise. 
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7. Addendum 

7.1 Expected cellular responses to stimuli 
7.1.1 Stimuli and expected response for the L929sAhFas cell line 

CELL LINE STIMULUS APOPTOSIS NECROPTOSIS 

L929sAhFas 
cell line 

Anti-Fas YES NO 

Anti-Fas/zVAD NO YES 

TNF NO YES 

TNF/zVAD NO YES 

TNF/TAKi NO YES 

FasL YES NO 

FasL/zVAD NO YES 

TRAIL YES NO 

TRAIL/zVAD NO YES 

IFNg/poly(I:C) NO YES 

 

7.1.2 Stimuli and expected response for the L929sAhFas RIPK1ΔID cell 
line 

CELL LINE STIMULUS APOPTOSIS NECROPTOSIS 

L929sAhFas 
RIPK1ΔID 

Anti-Fas or FasL YES NO 

Anti-Fas/zVAD NO NO 

TNF YES NO 

TNF/zVAD NO NO 

TNF/TAKi YES NO 

TRAIL YES NO 

TRAIL/zVAD NO NO 

polyI:C NO YES 

 
7.2 List of the used concentrations 

Molecule final concentration 

zVAD 10µM 

TAK1 -inhibitor 1 µM 

TNF (mureine) 1*10^3U/ml 

TRAIL SK 0,1ng/ml 

Anti-Fas (Ab) 0,2µg/ml 

TNF (human) 1*10^4 U/ml 

TRITON 0,10% 

Fas Ligand 0,1ng/ml 

Interferon γ 50 U/ml 

Poly(I:C) 25µg/ml 

Sytox-Green 5µM 

DEVD-MCA 5µM 
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7.3 Detailed protocols 
7.3.1 The CellTiter-Glo® luminescent cell viability assay 

Materials to Be Supplied by the User: 

• opaque-walled multiwell plates adequate for cell culture 

• multichannel pipette or automated pipetting station for reagent delivery 

• device (plate shaker) for mixing multiwell plates 

• luminometer or CCD camera imaging device capable of reading multiwell plates 

• optional: ATP for use in generating a standard curve (Section 3.C) 

3.A. Reagent Preparation 

1. Thaw the CellTiter-Glo® Buffer, and equilibrate to room temperature prior to use. For 
convenience the CellTiter-Glo® Buffer may be thawed and stored at room temperature for 
up to 48 hours prior to use. 

2. Equilibrate the lyophilized CellTiter-Glo® Substrate to room temperature prior to use. 

3. Transfer the appropriate volume (10ml for the A size or 100ml for the B size) of CellTiter-
Glo® Buffer into the amber bottle containing CellTiter-Glo® substrate to reconstitute the 
lyophilized enzyme/substrate mixture. This forms the CellTiter-Glo® Reagent. Note: The 

entire liquid volume of the CellTiter-Glo® Buffer bottle may be added to the CellTiter-Glo® 
Substrate vial. 

4. Mix by gently vortexing, swirling or by inverting the contents to obtain a homogeneous 
solution. The CellTiter-Glo® Substrate should go into solution easily in less than one minute. 

3.B. Protocol for the Cell Viability Assay 

1. Prepare opaque-walled multiwell plates with mammalian cells in culture medium, 100μl 
per well for 96-well plates or 25μl per well for 384-well plates. Multiwell plates must be 
compatible with the luminometer used. 

2. Prepare control wells containing medium without cells to obtain a value for background 

luminescence. 

3. Add the compound to be tested to experimental wells, and incubate according to culture 
protocol. 

4. Equilibrate the plate and its contents at room temperature for approximately 30 minutes. 

5. Add a volume of CellTiter-Glo® Reagent equal to the volume of cell culture medium 
present in each well (e.g., add 100μl of reagent to 100μl of medium containing cells for a 96-
well plate, or add 25μl of reagent to 25μl of medium containing cells for a 384-well plate). 

6. Mix contents for 2 minutes on an orbital shaker to induce cell lysis. 

7. Allow the plate to incubate at room temperature for 10 minutes to stabilize luminescent 

signal. Note: Uneven luminescent signal within standard plates can be caused by 
temperature gradients, uneven seeding of cells or edge effects in multiwall plates. 
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8. Record luminescence. (Note: Instrument settings depend on the manufacturer. An 
integration time of 0.25–1 second per well should serve as a guideline.) 

 

7.3.2 Necrosome IP and detection 

1. Wash protein G beads 3 times in PBS 
2. Evenly distribute beads over all epps: 20µl beads (dissolved in 100µ IP buffer)  
3. Coat protein G beads with antibody (anti FADD, goat Ab from Sta Cruz FADD (M-19, 

sc-6036)): 1µg Ab per 20µl beads in IP buffer(include one epp with uncoated beads) 
4. Stimulate cells for 0, 15, 30, 45, 60 or 75 min 
5. Wash cells 2x in cold PBS 
6. Lyse cells in 500µl lysis buffer /IP  
7. Incubate cells on ice for 10 min 
8. Centrifuge 10 min at max speed, 4°C 
9. Isolate 20µl supernatant of each lysate (add 5µl 5x laemli and boil) 
10. Add rest of supernatant to epps containing the Ab-coated beads 
11. Incubate overnight at 4°C on turning wheel 
12. Wash 3 times in IP buffer 
13. Add 20µl 5x laemli to  beads 
14. Boil 7 min at 95°C 
15. Load all on mini-gel 15 wells, Run on mini-gel (10%) for 1.5 hours, 150V 
16. Transfer to PVDF membrane (1.5hours) 
17. Block in Pierce blocking buffer 
18. Add casp8 Ab (rat monoclonal) 1/1000, overnight 
19. After detection, strip AB and perform again for another protein. 

 

NP-40 lysis buffer (based on linde) for 200ml 50ml 

 
      
  

desired conc in 
mM 

Stock conc in 
mM 

# ml 
stock   

 Tris-HCl pH 8 10 1000 2 0,5 ml 

NaCl 150 1000 30 7,5 ml 

protease Inhib 
cocktail     4 tablet 

1 
tablet 

 

phosstop      20 tablets 
5 
tablets 

 calyculin 500x   0,4 0,1 ml 

  in% in%     

 NP40 1 10 20 5 ml 

glycerol 10 100 20 5 ml 

mQ     128 32 ml 
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7.3.3 SDS-PAGE and Western Blot                     
First step: SDS-PAGE to separate the proteins according to their molecular weight 

 Assemble glass plates and clean thoroughly with 70% EtOH to get rid of all the remainders of 

the polyacrylamide gels; 

 mount the glass plates in the rack and test for leaking with H2O;  

 prepare the separation and stacking gel: 

o Seperation gel 12.5% (recipe for 40ml): 5ml/gel 

1.   17.3 ml nuclease free H2O 

2.   10 ml 4x separation buffer 

3.   12.5 ml acrylamide 

4.   100 µl/10ml 10% APS (2.5 g in 25 ml) 

5.   12 µl/10 ml TEMED – add just before pouring the gel!! 

o Stacking gel 6%  

1. 11.7 ml nuclease free H2O 

2. 5 ml 4x spacer buffer 

3. 3.2 ml acrylamide 

4. 100 µl 10x APS (2.5 g in 25 ml) 

5. 20 µl TEMED – add just before pouring the gel!! 

 pipet 5 ml of separation gel in between the glass plates; 

 add 200 µl of isopropanol on top to even out the surface of the separation; 

 let the separation gel harden – you can use the tube with leftover gel as a reference; 

 rinse away the isopropanol with water and use paper towel to remove exces H2O; 

 pour stacking gel on top until the glass plates are filled completely; 

 carefully place the comb in the stacking gel and pipet some more gel in between the corners; 

 let the stacking gel harden – you can use the tube with leftover gel as a reference; 

 carefully remove the comb and use suction to remove bubbles or any remaining liquids; 

 add 1x Tris/Glycine buffer to prevent the gel from drying; 

 load the gel into the SDS-PAGE container and fill with 1x Tris/Glycine buffer until the upper 

level of the glass plates; 

 load the gel with the desired ladder (5 µl) and samples (20 µl); 

 close the lid – make sure the electrodes are placed correctly! – and let the gel run at 125V for 

1 hour 15 mins; 

While waiting for the SDS-PAGE to finish you can prepare the Whatman papers (8.5 cm/6.5 cm) , 

nitrocellulose filters (8.5 cm/6.5 cm) and 1x transfer buffer, TBST, 5% milk TBST or 5% BSA TBST for 

the Western Blot. 

 

Second step: Western Blot for transferring the previously separated proteins on a membrane 

 Prepare a tray filled with 1x transfer buffer to wet the Whatman papers, gel and 

nitrocellulose membrane; 
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 place 3 Whatman papers on top of the Western Blot tray and softly rub over it with a pipet in 

order to remove any bubbles in between; 

 carefully open the glass plates to remove the gel: first remove the stacking gel and next 

remove a tiny part of the bottom of the gel (to prevent it from curling up); 

 place the gel onto the sandwich, wet with 1x transfer buffer and softly rub over it with a 

pipet to remove any bubbles in between the sandwich;  

 mark the back of the membrane with your initials and gel information and carefully place it in 

the 1x transfer buffer – make sure that you do not touch the membrane before it is 

completely wetted with 1x transfer buffer to avoid unwanted protein stains!; 

 carefully place the nitrocellulose membrane on top of the sandwich and softly rub over it 

with a pipet to remove bubbles – the ladder should be on the right; 

 finally place 3 more 1x transfer buffer soaked Whatman papers on top of the sandwich and 

again remove any bubbles by rubbing sofly with a pipet; 

 carefully put on the lid of the blotting device – once the lid has touched the sandwiches you 

cannot move it again! – and put 4 water weights on top to prevent movement; 

 connect the electrodes with the little blue electricity box and program it for 75 mA/gel (the 

positive electrode is the red one with the circle – be careful!); 

 let the blotting device run for approximately 1 hour; 

 remove the gel and Whatman papers and carefully place the membrane in a tray filled with 

Ponceau red to get an idea if the proteins have transferred; 

 rinse the blotting device with destilled H2O; 

 re-use the Ponceau red and wash the membrane with H2O to remove excess Ponceau red;  

 cut off unused parts of the membrane and block for 1 hour in 5% milk TBST or 5% BSA TBST 

(according to which antibody you’re using); 

 add the primary antibody into 5% milk TBST or 2% BSA TBST (the user concentration should 

be on the data sheet for the specific antibody) and incubate o/n at 4°C on the shaker (leave 

empty tubes at 4°C as well to recover the antibody afterwards). 

DAY 2 

 Recover the antibody and wash 3 times with 1x TBST for 10 mins on the shaker; 

 according to the species of the primary antibody the secondary antibody will be selected and 

dissolved in 5% milk TBST (1/2000) – dilute 5 µl of antibody in 10 ml of 5% milk TBST; 

 add the secondary antibody and leave on the shaker at RT for 1 hour. 

 

While waiting prepare the next step: cut two pieces of plastic foil, stick them together and cut in 

the exact same size as the film that will be used for development; this should fit the cassette 

perfectly.  

 

 Wash 3 times with 1x TBST for 5 mins on the shaker; 

 prepare the substrate mix in a tray: 1/1 volume Oxidizing reagent (white bottle) and 

Enhanced Luminol reagent (brown bottle) stored at 4°C; 
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7.3.4 Receptor internalization immunostaining (BD pathway) 

 References : 

Rabbit Anti-m/h TNF (1 mg/mL), Sigma, Ref : AB-984 

Rabbit anti-Flag Ab, Sigma, Ref : AB-656 

Mouse anti-hFas, Upstate Technology, ref : S-002 

Rat anti-mTRAIL-R2, R&D, ref : AB-1024 

Mouse IgG1 anti Penta-His Ab, Qiagen, ref : AB-106 

 Method: Seed the cells the day before in BD Pathway MW96 plates (with black 
border), e.g. 10.000 cells/well in 100µL medium for L929sA cells 

Treat the cells by adding 100 µL medium containing : 

- m/hTNF 

- hTNF-Flag 

- mouse anti-hFas  

- hTRAIL-SK 

- hTRAIL-Histidine or hTRAIL-Flag … 

1. Fix the cells by adding carefully 100µL of  4% PFA (prewarmed 37°C) for 10 min @ RT 

2. After 10 min, remove carefully all the medium with a multichannels pipet. BE 
CAREFUL NOT TO TOUCH THE CELLS AT THIS STEP ! 

3. Adding carefully 100µL of  4% PFA (prewarmed 37°C) for 10 min @ RT 

4. After 10 min, remove carefully the PFA with a multichannels pipet. BE SURE TO 
REMOVE ALL THE PFA ! 

5. Wash the cells 2 times in PBS (prewarmed 37°C) @  RT  

6. Non-specific binding sites are blocked with 5% NGS = normal goat serum (in PBS, 

0.5% BSA, 0.1% sodium azide) for 1h @ RT. DO NOT USE LESS THAN 5% SERUM (goat 
serum is available  in  stock microscopy core). Wrap the plates into an humidified 
paper to provide moisture! 

7. Incubate the cells with the primary antibody (dilution 1/100e-1/200e) in PBS, 0.5% 
BSA, 0.1% sodium azide + 5% NGS, at least for 2 h @ RT or overnight @ 4°C if 
possible. Wrap the plates into an humidified paper to provide moisture! KEEP SOME 
NON TREATED CELLS WITHOUT PRIMARY AB FOR AUTOFLUORESCENCE ! 

8. Wash the cells 2-3 times with PBS, 0.5% BSA, 0.1% sodium azide 

9. Incubate the cells with the goat secondary antibody (Alexa Fluor: 1/500e, 
Dylight:1/1000e) in PBS, 0.5% BSA, 0.1% sodium azide + 2.5% NGS for 1 hour @ RT in 

dark. Wrap the plates into an humidified paper to provide moisture! 
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10. Wash the cells 2-3 times with PBS, 0.5% BSA, 0.1% sodium azide 

11. Counterstain with DAPI (1/1000e) or Hoechst (1/1000e) for 15 min @ RT  

12. Wash the cells 3-4 times with PBS, 0.5% BSA, 0.1% sodium azide.  

13. Add 100µL of PBS and read the plates on the BD Pathway 

 

7.3.5 Receptor internalization immunostaining (BD pathway) 

25 mg ATP-γ-S Tetralithium salt, Roche, Ref : 10102442001  

 stock 10 mM (ask Yves) 

Para-nitrobenzyl mesylate (PNBM)  

 stock 37.5 mM in DMSO (30X) (ask Yves) 

Complete, mini, EDTA-free protease inhibitor cocktail tablets for 10 mL, Roche, réf : 
04693159001 (30 tablets) 

Recombinant kinases 

For human RIPK1 and RIPK3 KD, ask to Ria  

Method : 

 Preparation of RIPK1 buffer (5X) : 

  [Stock] (mM) [final] (mM)   µl for 5x 

Hepes pH 7,5 1000 20   30 

MnCl2 1000 10   15 

DTT 1000 2 

 

3 

protease inh 25x     60 

phosphatase 
inh 10x     150 

UPW       42 

 

 Preparation of samples on ice (Vfinal =27 µL) : 

Prepare : 

-6 µL RIPK1 or RIPK3 buffer recombinant kinases (0.2-0.75 µg/µL final) Dilute them in 50 mM 
Tris-HCl, 100 mM NaCl (pH 8) 

-chemical inhibitors (10 µM final) if needed 

-2 µL MBP (0.25 µg/µL  0.5 µg/µL final) if needed 

-Complete to 27 µL with UPW (UltraPure Water) 

 

 Thiophosphorylation experiment : 
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1. Prepare the samples on ice as previously described 

2. Put the samples at 30°C for 10 minutes to allow the action of the chemical inhibitors 
(if needed) 

3. Put the samples back on ice for few minutes 

4. Dilute the ATP-γ-S (10 mM) with UPW to 100 µM (dilution 1/100e) and add 3 µL to 
the samples 

5. Final concentration = 10 µM (final volume = 30 µL) 

6. Put the samples at 30°C for 30 minutes minimum to allow the phosphorylation 
reaction 

7. Put the samples back on ice to stop the reaction or terminate it with EDTA (0.025 mM 
final concentration) 

8. Add 1 µL of Para-nitrobenzyl mesylate salts (PNBM) to each sample and mix, in order 
to alkylate the thiophosphorylated reaction products 

9. Put the samples at RT for 30-40 minutes minimum 

10. Add 8µL of Laemli buffer 4X 

11. Put the samples for 10 minutes at 95°C 

12. Run them by SDS-PAGE (Western-Blotting method) 

13. Use a thiophosphate esters-specific monoclonal antibody for the detection of the 
thiophosphorylated reaction products (UPva AB-985) 

 

 


