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Abstract 

Cells undergoing regulated cell death communicate with the immune system by releasing 

various protein and non-protein secretomes. Ferroptosis, a recently identified iron-dependent 

form of regulated cell death characterized by extensive lipid peroxidation, involves membrane 

rupture. However, a detailed analysis of ferroptotic secretomes and their biological activity 

has been lacking. In this study, we used a multi-omics approach to create an atlas of 

secretomes induced by ferroptosis and discovered a novel role in macrophage priming. 

Proteins known to function as damage-associated molecular patterns (DAMPs) and innate 

immune system components, such as MIF, heat shock proteins (HSPs), and chaperones, were 

released from ferroptotic cells. Non-protein secretomes with inflammatory functions included 

oxylipins and metabolites from the tricarboxylic acid (TCA) cycle and methionine cycles. 

Notably, when bone marrow-derived macrophages (BMDMs) were incubated with ferroptotic 

supernatants, they underwent transcriptional reprogramming indicative of priming. Exposure 

to ferroptotic supernatants also enhanced cytokine production in response to LPS. These 

findings provide a comprehensive catalogue of ferroptosis-induced secretomes and reveal 

their role in macrophage priming, which has significant implications for modulating 

inflammatory processes. 
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1. Introduction 

1.1. Regulated cell death 

Cell death is an essential part of homeostasis and development of organisms. Accidental cell 

death (ACD) is a spontaneous event that occurs as a result of exposure to external factors like 

chemicals (e.g. pH changes, carcinogens) or physical changes (e.g. high pressure, temperature) 

driving the cell into a state of cellular senescence and loss of plasma membrane integrity. In 

contrast to this, regulated cell death (RCD) involves different signalling cascades with diverse 

effector molecules1. Initially cell death was categorised into three major subgroups based on 

the morphological alterations: type I cell death or apoptosis, type II cell death or autophagy 

and type III cell death or necrosis. However, a great deal of new signalling pathways that 

coordinate regulated cell death have further been identified to date1. 

 
Figure 1. Different types of regulated cell death (RCD) 
Schematic illustration of different types of regulated cell death. ADCD: autophagy-dependent cell 
death, ICD: immunogenic cell death, NET: neutrophil extracellular trap, LDCD: lysosome-dependent 
cell death, MPT: mitochondrial permeability transition. Adapted from Galluzzi et al. 20181. The figure 
has been created using Biorender.  
 

1.1.1. Intrinsic Apoptosis 

Apoptosis is the first type of regulated cell death that has been described in the literature by 

Kerr et al. in 19722. Various morphological changes occur during apoptosis such as cell 
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shrinkage, chromatin condensation (pyknosis), nuclear fragmentation (karyorrhexis) and 

plasma membrane blebbing with the formation of small intact vesicles referred to as apoptotic 

bodies2,3. Apoptosis is coordinated by a group of cysteine proteases called ‘caspases’4 where 

a cysteine in their active site can nucleophilically attack and cleave the target amino acid 

following an aspartic acid residue5. Apoptosis can be induced extrinsically by the binding of 

death ligands to their respective receptors and intrinsically by intracellular triggers such as 

DNA damage or stress signals6. 

 
Intrinsic apoptosis is the response to negative signals such as the absence of certain growth 

factors, hormones and cytokines or positive signals such as radiation, toxins and hypoxia7. 

Intrinsic apoptosis is a non-receptor mediated pathway where apoptotic signals are 

transmitted via the B-cell lymphoma 2 (BCL-2) protein family which consists of pro-apoptotic 

and anti-apoptotic members8. Anti-apoptotic factors include proteins such as BCL-29, B-cell 

lymphoma-extra-large (BCL-xL)10 and myeloid cell leukemia-1 (MCL-1)11. Death promoting 

factors include proteins such as Bcl-2-associated X protein (BAX)12, Bcl-2 homologous 

antagonist/killer (BAK)13,  Bcl-2 related ovarian killer (BOK)14,15, Bcl-2-associated death 

promoter (BAD)16, BH3 interacting-domain death agonist (BID)17 and Bcl-2-like protein 11 

(BIM)18. Cellular tumour antigen p53 (P53) upregulated modulator of apoptosis (PUMA) and 

phorbol-12-myristate-13-acetate-induced protein 1 (NOXA) are also members of the BCL-2 

family that are involved in P53-mediated apoptosis19,20. The BCL-2 protein family shares 

homology in one to four different Bcl-2 homology domains (BH)8. These stimuli can result in 

mitochondrial outer membrane permeabilization (MOMP) leading to loss of mitochondrial 

membrane potential and release of cytochrome c, and direct inhibitor of apoptosis (IAP) 

binding protein with low pI (DIABLO) also known as second mitochondria-derived activator of 

caspases (SMAC) into the cytoplasm21,22. Heterodimers formed by BAX and BAK further 

activate the other BH3-only proteins and their oligomerization results in a rapid opening of 

pores in the mitochondrial outer membrane23,24. Cytochrome c then binds and activates the 

cytosolic apoptotic protease activating factor 1 (APAF-1) and procaspase-9 to form the 

apoptosome25,26. Activated caspase-9 further cleaves and activates executioner caspase-3 and 

caspase-74. However, caspase-3/7/9 may be bound and inhibited by protein X-linked inhibitor 

of apoptosis (XIAP)27–29. The release of Smac inactivates XIAP leading to activation of 

caspases30. Activation of the executioner caspases drives the apoptotic stimuli ultimately 

resulting in DNA fragmentation, morphological changes and cell death4.  
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1.1.2. Extrinsic Apoptosis 

Extrinsic apoptosis is initiated by interaction between the death receptors (DRs) on the plasma 

membrane and their ligands31. These death receptors belong to the tumour necrosis factor 

(TNF) superfamily with cysteine-rich extracellular domains and an intracellular cytoplasmic 

domain known as the ‘death domain’32,33. Death ligands and DRs include TNF and TNF receptor 

1 (TNFR1)/TNF receptor 2 (TNFR2)34, Fas/Fas ligand (FasL)/CD95 ligand (CD95L) and Fas 

receptor/CD9535, TNF-related apoptosis-inducing ligand (TRAIL) and TRAIL receptor 1 

(TRAILR1)/TRAIL receptor 2 (TRAILR2)36,37. Binding of FasL and TRAIL to their respective 

receptors induces a conformational change leading to the recruitment of the Fas-associated 

death domain protein (FADD)38,39. FADD further recruits the initiator procaspase-8 to form 

death-inducing signalling complex (DISC), resulting in active caspase-8 via cross-activation and 

autocatalysis40,41.  

 

Caspase-8 activation following DISC and complex I formation upon CD95 and TRAILR activation 

is tightly regulated by FLICE-like inhibitory protein (cFLIP). This protein is present in two major 

isoforms referred to as either cFLIP long (cFLIPL) or cFLIP short (cFLIPS)42,43. cFLIPS blocks DISC-

dependent procaspase-8 activation by disrupting the death-effector domain mediated 

procaspase-8 oligomer assembly. cFLIPL resembles the procaspase-8 protein but lacks 

proteolytic activity due to the absence of a catalytic cysteine44,45. High levels of cFLIPL can 

reduce the activity of procaspase-8, possibly by disrupting procaspase-8 homodimer filaments 

to suppress apoptosis46 whereas active caspase-8 can cleave c-FLIPL favouring caspase-8 

oligomerization and consequent activation of apoptotic signaling47,48.On the other hand, 

TNFR1 signalling includes the association of the TNFR1-associated DEATH domain protein 

(TRADD) leading to the formation of complex I49 with other adaptor proteins such as receptor-

interacting serine/threonine-protein kinase 1 (RIPK1)50, TNF receptor associated factor 2 

(TRAF2)51, TRAF552, baculoviral IAP repeat containing 2 (BIRC2/c-IAP1) and baculoviral IAP 

repeat containing 3 (BIRC3/c-IAP2)53–55. Eventually the linear ubiquitin chain assembly 

complex (LUBAC), a supramolecular entity consisting of SHANK associated RH domain 

interactor (SHARPIN), RANBP2-type and C3HC4-type zinc finger containing 1 (HOIL-1), and ring 

finger protein 31 (HOIP)56 is also recruited.   

 



 21 

TNFR1-induced activation differs from the CD95 and TRAILR1/TRAILR2 activation in which 

TNFR1 can induce apoptosis via caspase-8 activation but simultaneously can inhibit apoptosis 

via nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB)-induced expression 

of cFLIP57. Upon ligand binding to TNFR1, RIPK1 is recruited to complex I and ubiquitinated by 

c-IAP1, c-IAP2, and LUBAC58,59. Polyubiquitination of RIPK1 can unfold a scaffolding function 

leading to mitogen-activated protein kinase (MAPK) signalling or IκB kinase (IKK)-dependent 

NF-κB activation leading to pro-inflammatory cytokines and pro-survival genes, including 

cFLIP60,61. Thus, RIPK1 ubiquitylation controls whether cells undergo apoptosis or survive. 

 

 
Figure 2. Schematic overview of extrinsic and intrinsic apoptosis 
The extrinsic pathway is activated by death receptor ligands such as FasL, TNF⍺ or TRAIL. The binding 
of FasL to Fas recruits FADD and procaspase-8 to form DISC complex leading to activation of caspase-
8 and downstream executioner caspases. The binding of TNF⍺ or TRAIL to TNFR1 recruits TRADD, RIP, 
TRAF2/5 and cIAP1/2 forming complex I leading also to activation of caspase-8. The intrinsic pathway 
is activated by apoptotic stimuli such as intracellular stress. Inhibition of BH3-only proteins and Bcl-2 
leads to activation of BAK and BAX. The activated BAK and BAX promotes the release of cytochrome c 
and Smac. Association of cytochrome c with APAF-1 and procaspase-9 results in apoptosome 
formation which activates caspase-9 and downstream executioner caspases leading to apoptosis. 
APAF-1: apoptotic protease activating factor 1, BAK: Bcl-2 homologous antagonist/killer, BAX: Bcl-2- 
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associated X protein, BCL-2: B-cell lymphoma 2, BCL-xL: B-cell lymphoma-extra-large, BID: BH3 
interacting-domain death agonist, cIAPs: baculoviral IAP repeat containing, FADD: Fas-associated 
death domain protein, MCL-1: myeloid cell leukemia-1, p53: cellular tumour antigen p53, RIP: 
receptor-interacting serine/threonine-protein, SMAC/DIABLO: direct IAP binding protein with low pI, 
tBID: truncated BID, TRADD: TNFR1-associated DEATH domain protein, TRAF2: TNF receptor associated 
factor 2, XIAP: X-linked inhibitor of apoptosis. Adapted from Elmore et al. 20076. The figure has been 
created using Biorender.   
 

1.1.3. Necroptosis 

Necroptosis is a type of RCD that results from changes in the extracellular and intracellular 

environment that is detected by death receptors and/or pathogen recognition receptors 

respectively62. TNFα-mediated necroptosis is the classical necroptosis where upon ligand 

binding to TNFR1, the sequential activation of receptor-interacting serine/threonine-protein 

kinase 3 (RIPK3) and mixed lineage kinase domain like pseudokinase (MLKL) initiated by RIPK1 

leads to the necrotic type of cell death63. Complex I formation upon ligand binding further 

proceeds to complex II (a formation that can result in apoptosis). However, if caspase-8 is 

inhibited, a shift from extrinsic apoptosis to necroptosis induction is facilitated64. Inhibition of 

caspase-8, due to the absence of IAPs or cFLIP, or absence of LUBAC components can lead to 

deubiquitylation of RIPK1 by cylindromatosis (CYLD), destabilizing complex I formed upon 

ligand binding leading to the formation of complex II b65. Active RIPK3 phosphorylates MLKL, 

resulting in the formation of MLKL oligomers that translocate to the plasma membrane and 

trigger plasma membrane permeabilization66–68.  

 

RIPK3 activation via RIPK1 happens through the physical interaction between their respective 

RIP homotypic interaction motif (RHIM) domains and RIPK1 catalytic activity69,70. RIPK3 can 

also be activated through the RHIM domain interaction of TIR-domain-containing adapter-

inducing interferon-β (TRIF) downstream of toll-like receptor 3 (TLR3) activation by double-

stranded RNA (dsRNA) within endosomes, toll-like receptor 4 (TLR4) activation by 

lipopolysaccharide (LPS), or various danger-associated molecular patterns (DAMPs) at the 

plasma membrane71. Alternatively, Z-DNA-binding protein 1 (ZBP1) activation by dsRNA72 can 

interact with RIPK3 through its RHIM domains, facilitating the execution of RIPK1-

independent, RIPK3-mediated necroptosis73,74.  
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Figure 3. Schematic overview of necroptosis 
Ligand binding to TNFR1 start the signalling cascade to form complex I, inhibition of NF-κB mediated 
protein synthesis leads to formation of Complex IIa. Inhibition of RIPK1 ubiquitination in the early steps 
of TNF signalling, results or activation of other DRs as well as TLR4 result in the formation of Complex 
IIb. Inhibition or caspase 8, leads to a shift from apoptosis to necroptosis. RIPK1 further phosphorylates 
RIPK3, forming the and subsequently phosphorylate and activate MLKL. Oligomerization and 
translocation of MLKL to the plasma membrane leads to pore formation and lysis of the cell. DR4/5: 
Death receptor 4/5, FADD: Fas-associated death domain protein, FASL: Fas ligand, IκB⍺: NF-κB inhibitor 
alpha, IKK⍺: Component Of Inhibitor Of Nuclear Factor Kappa B Kinase Complex, IKKβ: Inhibitor Of 
Nuclear Factor Kappa B Kinase Subunit Beta, LPS: Lipopolysaccharide, LUBAC: linear ubiquitin chain 
assembly complex, MLKL: mixed lineage kinase domain like pseudokinase, NEMO: Inhibitor Of Nuclear 
Factor Kappa B Kinase Regulatory Subunit Gamma, NF-κB: nuclear factor kappa-light-chain-enhancer 
of activated B cells, OTULIN: OTU Deubiquitinase With Linear Linkage Specificity, RIPK1: interacting 
serine/threonine-protein kinase 1, RIPK3: interacting serine/threonine-protein kinase 3, SPATA2: 
Spermatogenesis Associated 2, TAB2/3: Mitogen-Activated Protein Kinase Kinase Kinase 7-Interacting 
Protein 2/3, TAK1: Mitogen-Activated Protein Kinase Kinase Kinase 7, TLR3: Toll-like receptor 3, TLR4: 
Toll-like receptor 4, TNF: Tumour necrosis factor, TNFR: TNF receptor, TRADD: TNFR1-associated 
DEATH domain protein, TRAF2: TNF receptor associated factor 2, TRAIL: TNF-related apoptosis-
inducing ligand, TRIF: Toll like receptor adaptor molecule 1, ZBP1: Z-DNA-binding protein 1. Adapted 
from Seo et al. 202175. The figure has been created using Biorender.   
 

1.1.4. Pyroptosis 

Pyroptotic cell death was initially referred to as apoptosis, despite the fact that it was shown 

to induce a lytic type of cell death in Shigella flexneri-infected macrophages76 due to sharing 

similarities including DNA fragmentation, nuclear condensation and caspase activation. Later 

on, it was proposed to be a caspase-1-dependent non-apoptotic cell death induced in 
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macrophages as in the case of Salmonella typhimurium infection77. Large multi-protein 

complexes called inflammasomes assemble in response to detecting pathogens, leading to 

caspase-1 (CASP1) proteolytic activity and subsequent pore formation in the plasma 

membrane78. Recognition of the inflammatory ligands by pattern-recognition receptors (PPRs) 

results in activation of inflammasomes via Nod-like receptors (NLRP1, 3, 6, 7, 12, NLRC4), 

interferon-inducible protein, or absent in melanoma 2 (AIM2). Notably, these proteins all have 

caspase activation and recruitment domains (CARD) or a pyrin domain (PYD)79. NLRP3 

recognizes various agonists79, whereas NLRC4 is specific for cytosolic flagellin80 and the 

components of type III secretion systems (T3SS)81,82, and AIM2 can sense cytosolic DNA83,84.  

Inflammasomes recruit apoptosis-associated speck-like protein containing a CARD (PYCARD 

or ASC) adaptor in which the additional CARD-CARD or PYD-PYD interactions leads to the 

recruitment of pro-CASP1 and formation of active CASP1 via autocatalytic cleavage85. Active 

CASP1 cleaves gasdermin D (GSDMD), and processes pro-interleukin-1β (pro-IL-1β) and pro-

interleukin-18 (pro-IL-18) to their mature forms86,87. The cleavage of GSDMD produces an N-

terminal domain (GSDMD-N) and a C-terminal domain (GSDMD-C) where GSDMD-N can 

oligomerize and form transmembrane pores with the inner diameter of 10-14 nm88. The pores 

allow the release of IL-1β and IL-18 and other cytosolic content into the extracellular space 

while the water influx from the pore causes cell swelling and osmotic lysis78. Canonical 

pyroptosis relies on CASP1, whereas the non-canonical pyroptosis happens independent of 

CASP1 via caspase-11 (CASP11) in murine cells and caspase-4 (CASP4) and caspase-5 (CASP5) 

in human cells , processing IL-1β by NLRP3-ASC-CASP1 pathway89. LPS within the cytosol works 

as an agonist for CASP11 and CASP4/5 by promoting oligomerization and activation 

independent from TLR490,91. CASP11 needs to be activated prior to LPS sensing either by type 

I interferon92–94 or interferon gamma (IFN-ɣ)94–96. GSDMD cleavage to GSDMD-N by these 

caspases results in pyroptosis97,98. Another alternative pathway is through gasdermin E 

(GSDME) cleavage by caspase-3, one of the executioner caspases in apoptosis, to produce a 

N- and C-terminal fragment similar to GSDMD cleavage leading to formation of pores on the 

cellular membrane99,100.  
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Figure 4. Schematic overview of pyroptosis 
In canonical pathway, multiple stimuli can activate pattern recognition receptors leading to 
inflammasome activation within the cell. Inflammasome activated caspase-1 can cleave pro-IL-1β into 
mature IL-1β and GSDMD into N-GSDMD. N-GSDMD can form pores on the plasma membrane 
resulting in secretion through the pore leading to cell swelling and bursting. In non-canonical pathway, 
cytosolic LPS activated caspase-4/5/11 N-GSDMD mediated pyroptosis. In addition to GSDMD, GSDME 
can also activated upon death receptor mediated activation of caspase 8 and caspase 3 and form 
membrane pores upon cleavage into N-GSDME. GSDMD: Gasdermin D, GSDME: Gasdermin E, IL-1β: 
Interleukin 1 beta, LPS: Lipopolysaccharide, N-GSDMD: N-terminal Gasdermin D, N-GSDME: N-terminal 
Gasdermin E, TLR: Toll-like receptor. Adapted from Yu et al. 2021101. The figure has been created using 
Biorender.   
 

1.1.5. Ferroptosis (adapted from Yapici and Bebber 2024) 

Ferroptosis, although not named at the time, was discovered as the result of a lethality drug 

screen for targeting cancer cells. The Stockwell Lab initiated a screening effort which 

ultimately lead to the discovery of a set of compounds that can trigger a distinct form of 

oxidative cell death which does not involve the apoptosis or necroptosis molecular 

machinery102. Follow-up studies revealed that when exposed to eradicator of RAS and ST-

expressing cells (ERASTIN), a small molecule that targets the solute carrier family 7 member 

11 (SLC7A11 or xCT), cells with Ras-pathway activation underwent a selective type of cell 

death with necrosis-like morphological features which were distinct from apoptosis, necrosis 

or autophagy103. Due to its dependence on iron, the term ‘ferroptosis’ was coined in 2012 by 
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Dixon et al104. Ferroptotic cells also displayed mitochondrial failure, cytoplasmic swelling, and 

a loss of plasma membrane integrity105,106. Upon depletion of intracellular glutathione (GSH) 

and subsequent inactivation of glutathione peroxidase 4 (GPX4) lipid hydroperoxides can no 

longer be reduced to their corresponding lipid alcohols. This leads to significantly higher levels 

of lipid reactive oxygen species (lipidROS), which ultimately leads to ferroptosis107. Lipid 

peroxides subsequently produce secondary toxic aldehydes such as 4-hydroxy-2-noneal (4-

HNE) and malondialdehyde (MDA) that can react with DNA bases, proteins and other 

nucleophilic molecules108. Lipid peroxidation also changes the shape and curvature of lipid 

membranes, promoting the access of oxidants, which further accelerates the destruction of 

membranes and triggers the final cell death109. Several lipophilic antioxidants with radical-

trapping properties such as ferrostatin-1 (Fer-1), liproxstatin-1 (Lip-1) and iron chelating 

compounds such as deferoxamine (DFO) were shown to be effective in reversing this kind of 

cell death in further screening tests103. Other compounds such as vitamin E, trolox, deuterated 

polyunsaturated fatty acids (D-PUFAs) and butylated hydroxytoluene can also block lipid 

peroxidation directly110. Ultimately, ferroptotic cells form small nanopores before cell burst111, 

making ferroptosis a lytic and potentially inflammatory type of cell death with the potential 

release of DAMPs.  
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Figure 5. Schematic overview of ferroptosis 
Cellular mechanisms modulating the sensitivity of cells to ferroptosis are divided into GPX4-dependent 
(a) and GPX4-independent (b, c) regulation. (a) Inhibition of system xc- or GPX4 leads to accumulation 
of lipidROS in the cell resulting in ferroptotic cell death. Radical-trapping agents mediated by GCH1 (b) 
or FSP1 (c) serves as protection mechanisms from ferroptosis. BH2: Dihydrobiopterin, BH4: 
Tetrahydrobiopterin, FSP1: Ferroptosis suppressor protein 1, DHFR: Dihydrofolate Reductase, GCH1: 
GTP Cyclohydrolase 1, GCHFR: GTP Cyclohydrolase 1 Feedback Regulator, GCL: Glutamate cysteine 
ligase, GPX4: Glutathione peroxidase 4, GTP: Guanosine triphosphate, PTS: 6-Pyruvoyltetrahydropterin 
Synthase, SLC7A11: solute carrier family 7 member 11, SPR: Sepiapterin Reductase. Adapted from 
Yapici and Bebber, 2024112. The figure has been created using Biorender. 
 

1.1.5.1. GPX4-dependent regulation of ferroptosis 

Ferroptosis is fundamentally caused by the peroxidation of specific membrane lipids. 

Polyunsaturated fatty acids (PUFAs) have been shown to be the most susceptible lipid class to 

undergo peroxidation during ferroptosis113. Arachidonic acid (AA) and adrenic acid (AdA)-

containing phospholipids, particularly phosphatidylethanolamine (PE) species, have 

been identified as important lipid sources of in vivo ferroptosis114. In addition, ether-linked 

phospholipids have recently been identified as specific targets of lipid peroxidation during 

ferroptosis115. GPX4, a selenoprotein, is the major enzyme that catalyses the reduction of 

these phospholipid hydroperoxides116. GPX4 activity depends upon its co-factor and substrate 
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glutathione (GSH) as an electron donor117. GSH is a tripeptide synthesized from cysteine, 

glutamate, and glycine. Cells take up cystine via the cystine/glutamate antiporter (system xc-) 

that consists of two subunits: solute carrier family 3 member 2 (SLC3A2 or 4F2) and solute 

carrier family 7 member 11 (SLC7A11 or xCT)104. Once within the cell, thioredoxin reductase 1 

(TXNRD1) or thioredoxin-related protein of 14 kDa (TRP14) converts cystine to cysteine118. 

Glutamate cysteine ligase (GCL) combines cysteine with glutamate to generate g-

glutamylcysteine. GSH synthase then adds glycine to g-glutamylcysteine to form GSH118,119. 

Similarly, directly interrupting the synthesis of GSH by inhibiting GCL using buthionine 

sulfoximine (BSO) also induces ferroptosis120. An alternative source for intracellular cysteine 

used for GSH synthesis is the transsulfuration pathway, which can compensate for cystine-

deprivation121,122. Sensitization to ferroptosis can also occur through the depletion of 

glutathione via alternative mechanisms. The multidrug resistance protein 1 (MRP1) has been 

shown to cause a glutathione efflux123 and the cysteine dioxygenase 1 (CDO1) increases the 

sensitivity to ferroptosis by depleting cysteine and consequently glutathione levels124. The 

main protection mechanisms from ferroptosis therefore involve regulation of expression and 

activity of GPX4 through GSH synthesis, recovery and localization.  

 

1.1.5.2. Regulation of ferroptosis via the synthesis of endogenous radical 

trapping agents (RTAs) 

Recent studies have also shown additional pathways that can protect the cells from 

ferroptosis. First, ferroptosis suppressor protein 1 (FSP1), formerly known as AIFM2, has been 

identified as an antioxidant regulator of ferroptosis by two different working groups125,126. 

FSP1 functions as an oxidoreductase to reduce coenzyme Q10 (CoQ10) to ubiquinol (CoQH2) 

upon recruitment to the cellular membrane from mitochondria, while also functioning as a 

lipophilic radical trapping antioxidant. Myristoylation of FSP1 in the N-terminus is needed in 

order to achieve its cell membrane localization126. The substrate of FSP1, CoQ10, is 

synthesized at the inner mitochondrial membrane and is shuttled to the plasma membrane 

by the cytosolic form of StAR-related lipid transfer domain protein 7 (STARD7) upon cleavage 

by the mitochondrial membrane protease presenelin-associated rhomboid-like protein 

(PARL)127. In addition to mitochondria, the mevalonate pathway can also plays a crucial role 

in the synthesis of coenzyme Q10128. Of note, the availability of NADPH also plays a role for 

FSP1’s ability to suppress ferroptosis129.  In line with this, cellular levels of NADPH have been 
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shown to correlate with ferroptosis resistance amongst human cell lines130. Dihydroorotate 

dehydrogenase (DHODH) was also described as a mitochondrial suppressor of ferroptosis 

through its function to reduce CoQ10 to CoQH2 in the inner mitochondrial membrane131. The 

role of DHODH has recently been put in question as the DHODH inhibitor used in the original 

study can also cause inhibition of FSP1 rather than DHODH itself132. In addition to CoQ10, FSP1 

can also reduce vitamin K to its hydroquinone form, thereby protecting cells from 

ferroptosis133. GTP cyclohydrolase 1 (GCH1) was also recently reported as critical regulator of 

ferroptosis. The downstream product of GCH1 tetrahydrobiopterin (BH4) prevents ferroptosis 

as a  radical trapping antioxidant, but also proposed to be involved in the production of CoQ10 

and lipid remodeling134,135. Another study just recently revealed that hydropersulfides 

scavenge free radicals and thereby prevent cells from lipid peroxidation and ferroptosis136. 

Thus, endogenous radical trapping agents can protect cells from ferroptotic cell death induced 

by the disruption of lipid ROS detoxification.  

 

1.1.5.3. Metabolic checkpoints of ferroptosis regulation 

Polyunsaturated fatty acids (PUFAs) such as AA, linoleic acid (LA) and docosahexaenoic acid, 

as well as unsaturated lipids like cholesterol, can undergo oxidation to form hydroperoxides, 

which can disrupt the integrity of cellular membranes137. Additionally, lipid peroxides can 

interact with redox-active metals like iron, leading to the generation of various lipid 

hydroperoxides. Lipid ROS and dependence on iron serve as markers of ferroptosis. Therefore 

lipophilic antioxidants as described above and iron-chelating agents can inhibit ferroptosis138.  

 

1.1.5.3.1. Iron metabolism 

Iron plays a vital role in ferroptosis, as it has the potential to generate highly reactive hydroxyl 

radicals through the Fenton reaction, which in turn initiate a chain reaction of lipid 

peroxidation139. In addition, iron functions as a cofactor of lipoxygenases (LOXs) and 

cytochrome P450 family (CYPs), which have been implicated in the direct generation of 

oxygenated lipids in an event called autoxidation140. Ferric iron (Fe+3), ferritin and heme are 

the most common forms of iron absorbed throughout the tissues. Macrophages provide the 

daily source of iron to the tissues by phagocytosing aged erythrocytes. Upon lysation of red 

blood cells, iron is released from hemoglobin by heme oxygenase-1 (HO-1)141,142. Iron import 

into the cell occurs upon binding of transferrin-bound Fe+3 to transferrin receptor 1 (TfR1) 
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followed by endocytosis. Fe+3 is then reduced to ferrous iron (Fe+2) by six-transmembrane 

epithelial antigen of prostate 3 (STEAP3). Fe+2 is then released into the cellular labile iron pool 

(LIP) by the divalent metal transporter 1 (DMT1) and TfR1 is recycled to the cell membrane143. 

During iron-deficient conditions iron-regulatory proteins (IRPs) can bind to iron-regulatory 

elements (IREs) on the TfR1 mRNA to induce increased expression144. The pool of redox active 

iron complexes comprises the LIP. Due to its reactivity it is stored within the cell bound to 

ferritin, which consists of two subunits: ferritin light chain (FTL) and ferritin heavy chain 

(FTH1). The nuclear receptor co-activator 4 (NCOA4) can directly bind to FTH1 to degrade 

ferritin via lysosomes to increase free iron levels in the cell, a process known as 

“ferritinophagy145,146. Iron can also be exported from the cell by the iron-efflux pump 

ferroportin (FPN1/SLC40A1)147 or through exosome-dependent iron export mediated by 

prominin 2 (PROM2), which involves the formation of ferritin-containing multivesicular 

bodies148. An antimicrobial peptide called hepcidin that is synthesised and secreted by the 

liver can act as a negative regulator of FPN1, causing iron overload in different tissues and 

contributing to ferroptosis149. Diminished iron uptake and iron chelation blocks 

ferroptosis103,107. While removal of transferrin from serum also prevents ferroptotic cell 

death150. On the contrary, TfR1 upregulation increases ferroptosis sensitivity, silencing IRP2 

leads to a decrease in ferroptosis sensitivity104,107. Lipid peroxidation can occur spontaneously 

in the presence of free redox-active Fe+2 to promote the Fenton reaction, which 

generates hydroxyl radicals (HO·) from hydrogen peroxide (H2O2). These radicals can then 

react directly with PUFAs in membrane phospholipids.151. The intracellular iron pool therefore 

serves as an important requisite for many of the biochemical processes leading to lipid 

peroxidation. 
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Figure 6. Iron metabolism in ferroptosis 
Iron metabolism that modulates the sensitivity of cells to ferroptosis is the depicted. Iron export and 
import contributes to the Fenton reaction facilitating the labile iron pool. DMT1: Divalent metal 
transporter 1, FPN1: Ferroportin, LOXs: Lipoxygenases, NCOA4: Nuclear receptor coactivator 4, 
PROM2: Prominin 2, ROS: Reactive oxygen species, STEAP3: Six-transmembrane epithelial antigen of 
prostate 3 metalloreductase, Tf: Transferrin, TFR1: Transferrin receptor 1. Adapted from Yapici and 
Bebber, 2024112. The figure has been created using Biorender. 
 

1.1.5.3.2. Lipid metabolism 

PUFAs are particularly vulnerable to peroxidation due to their highly reactive hydrogen atoms 

in their methylene double bonds. Cell membranes are rich in AA- and AdA-containing 

phosphatidylethanolamine phospholipids, which are predominantly peroxidised during 

ferroptosis152. The lipid target pool for peroxidation is generated with a cascade of enzymes 

starting by acyl-CoA synthetase long-chain family member 4 (ACSL4)153. ACSL4 facilitates the 

formation of acyl-CoA from AA or AdA with CoA to further undergo catabolic fatty acid 

oxidation or anabolic PUFA biosynthesis154. Further downstream, lysophosphatidylcholine 

acyltransferase 3 (LPCAT3) provides the pool of PUFAs targeted by peroxidation by 

incorporating acyl-AA into the phospholipids of cellular membranes, thereby contributing to 

ferroptosis155,156. In ferroptosis-sensitive cells ACSL4 and LPCAT3 levels are significantly 
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enriched153,154,156. Further oxidation of PUFA-phospholipids can be catalysed by cytochrome 

P450 oxidoreductase (POR), cyclooxygenases (COXs) and LOXs108. POR and CYPs play an 

important role in redox homeostasis; even though POR has been shown to facilitate lipid 

peroxidation157 there were no specific CYPs found in partner catalysing lipid peroxidation158. 

Besides the upregulation in Ptgs2 gene upon ferroptosis induction, which encodes for COX-2, 

there is no direct link between COXs with lipid peroxidation and ferroptosis execution120. LOXs 

directly oxidize the AA-PE and AdA-PE into lipid hydroperoxides113,159–161. The tumour 

suppressor gene TP53 has also been shown to induce ferroptosis through different LOXs161 

and through suppression of SLC7A11 expression which in turn depletes GSH162.  

 

Monounsaturated fatty acids (MUFAs) are less inclined to lipid peroxidation, therefore the 

proportion of MUFAs to PUFAs determines the speed at which lipid peroxidation spreads 

within membranes. Exogenous MUFAs when fed to cells decrease the sensitivity to ferroptosis 

by raising the MUFA/PUFA ratio and hindering lipid peroxidation on membranes both in vitro 

and in vivo137. Membrane-bound O-acyltransferase domains containing 1 and 2 (MBOAT1/2) 

are lysophospholipid acyltransferases specific to MUFAs that alter the lipidome to increase 

the amounts of MUFA-phospholipids and resistance to ferroptosis163. 7-dehydrocholesterol 

(7-DHC) has been shown in two recent independent studies to prevent excessive lipid 

peroxidation during ferroptosis by capturing peroxyl radicals and protecting phospholipids 

from autoxidation164,165. Both studies reveal a novel protective function for B-ring unsaturated 

sterols against ferroptosis and phospholipid peroxidation. They also suggest that phospholipid 

truncation can cause the nanopores seen during ferroptosis. The PUFA- and MUFA-

composition of cell membranes is a strong determinant of susceptibility to 

ferroptosis, subject to tight metabolic regulation.  

 

1.1.5.3.3. Non-lipid metabolism 

Mitochondria are crucial for adenosine triphosphate (ATP) production due to their role in 

oxidative phosphorylation (OXPHOS). However, this process comes at the cost of reactive 

oxygen species production (ROS) as a by-product166. The majority of antioxidant defence 

proteins are transcriptionally induced by the master antioxidant transcription factor nuclear 

factor erythroid 2-related factor 2 (NRF2, also called NFE2L2). Under basal conditions, NRF2 is 

kept in the cytoplasm by kelch-like ECH-associated protein 1-cullin3-ring box protein 1 (KEAP1-
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CUL3-RBX1), an E3 ubiquitin ligase complex causing its ubiquitination and transport to the 

proteasome followed by degradation167,168. However, increased oxidative stress conditions 

can disrupt the KEAP1-CUL3 ubiquitination system of NRF2, which allows translocation to the 

nucleus and leads to the transcription of target antioxidant genes167. Still, high levels of ROS 

can overwhelm the cellular antioxidant defence system, resulting in oxidative stress in the 

form of free radicals directly oxidising cysteines within proteins, as well as lipids and DNA.  

 

Within the mitochondrial lumen tricarboxylic acid (TCA) is converted to NADH with the 

contribution of various metabolites such as acetyl-CoA from glycolysis and b-oxidation169. 

Members of the electron transport chain in the inner mitochondrial membrane transport 

electrons from nicotinamide adenine dinucleotide (NADH) to the terminal electron acceptor 

oxygen (O2), which is thereby reduced to water (H2O). Glutamine also plays an important role 

in ferroptosis150. It has been shown that glutamine synthase 2 (GLS2), which regulates 

glutaminolysis, can also facilitate ferroptosis. GLS2 also aids in the degradation of glutamine, 

supplying the TCA cycle with GLS2 in the breakdown of glutamine, and supplying the TCA cycle 

with alpha-ketoglutaric acid (a-KG)170. a-KG and its downstream metabolites including 

succinic acid, fumaric acid, and malic acid, can replace the function of glutamine in the 

accumulation of lipid ROS and cystine starvation induced or system Xc− inhibition induced 

ferroptosis171. Fumarate, an intermediate in the TCA cycle, has also been described to 

influence ferroptosis sensitivity. Dimethyl-fumarate induces ferroptosis in diffuse large B-cell 

lymphoma (DLBCL) by depleting GSH and inhibiting GPX4172. These data suggest a strong 

connection between metabolic regulation and ferroptosis.  
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Figure 7. Metabolic regulators of ferroptosis 
Ferroptosis sensitivity of the cells depends on lipid and non-lipid metabolisms. 7-DHC: 7-
Dehydrocholesterol, ACSL3: Acyl-CoA synthetase long chain family member 3, ACSL4: Acyl-CoA 
synthetase long chain family member 4, DHCR7: 7-Dehydrocholesterol reductase, LPCAT3: 
Lysophosphatidylcholine acyltransferase 3, MBOAT1/2: Membrane bound O-acyltransferase domain 
containing 1/2, MUFA: Monounsaturated fatty acids, MUFA-CoA: Monounsaturated fatty acid-
coenzyme A, MUFA-PL: Monounsaturated fatty acid phospholipid, OXPHOS: Oxidative 
phosphorylation, PUFA: Polyunsaturated fatty acids, PUFA-CoA: Polyunsaturated fatty acid-coenzyme 
A, PUFA-PE/PC: Polyunsaturated fatty acid-phosphatidylethanolamine/phosphatidylcholine, ROS: 
Reactive oxygen species, TCA: Tricarboxylic acid cycle, a-KG: Ketoglutaric acid. Adapted from Yapici and 
Bebber, 2024112. The figure has been created using Biorender. 
 

1.1.5.4. Ferroptosis-inducing agents (FINs) and sensitizers 

Ferroptosis inducing small molecules that have been described in the literature can be divided 

to 4 different subgroups: class I FINs decrease GPX4 activity through depletion of GSH, class II 

FINs inhibit GPX4 directly, class III FINs lead to GPX4 degradation and class IV FINs lead to iron 

oxidation173. Although different FINs have already been characterized with respect to their 

effects on the ferroptosis pathway, recent studies have revealed new players in the pathway 

which necessitates updating the current classification system. GPX4 was initially identified as 

the main protein playing a role in ferroptosis and a binding target for RSL3 using an affinity 

pulldown assay and subsequent proteomics120. RSL3 inhibits GPX4 by the alkylation of its 
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selenocysteine residue174. In another study ML210 was also described as a GPX4 inhibitor, 

binding to the selenocysteine residue175. Of note, a recent publication found that RSL3, ML210 

and ML162 are rather direct robust inhibitors of TXNRD1, but they are not able to inhibit 

recombinant GPX4 in cell free settings176. Erastin, even though described as a system xc- 

inhibitor, was shown to directly bind to mitochondrial voltage-dependent anion channel 2 

(VDAC2) using purified VDAC2 in a cell-free affinity assay and also cause ROS production 

through an NADPH-dependent pathway via mitochondrial damage103. In some cases GPX4 

inhibition is not be sufficient to induce ferroptosis due to high levels of FSP1125,126,177. The first 

inhibitor identified for FSP1, iFSP1, can bind to quinone-binding pocket of FSP1 but is only 

human-selective125,126. Whereas the newly defined viFSP1 binds the NAD(P)H binding pocket 

in a species independent manner178, icFSP1 inhibits FSP1 by inducing condensation and the 

formation of droplet-like structures of FSP1179. FINs and their proposed mechanisms of action 

are summarized in Table 1-1.  

 

Table 1-1. List of ferroptosis-inducing agents (FINs). 
 Compound name Mechanism of action 
FIN I Erastin102,180 

Imidazole Ketone Erastin181 
Sulfalazine182–184 
Sorafenib185–187 
Cysteinase188 
BSO120,189,190 
Artesunate191 

System xc- inhibitor 
System xc- inhibitor 
System xc- inhibitor 
System xc- inhibitor 
Cysteine depletion 
GCL inhibitor 
Glutathione S transferase 

FIN II RSL3107 
ML210120 
ML162120,192 
Withaferin A193,194 
Altretamine195 

GPX4 inhibitor 
GPX4 inhibitor 
GPX4 inhibitor 
GPX4 inhibitor 
GPX4 inhibitor 

FIN III iFSP1125, icFSP1179, viFSP1178 
FSEN129, Brequinar132 
FIN56128,196 
Statins197–199 

FSP1 inhibitor  
FSP1 inhibitor 
GPX4 degradation, squalene synthase inhibition 
Blocks CoQ10 synthesis 

FIN IV Artemisinin200 Lysosomal degradation of ferritin 
 

1.1.5.5. Ferroptosis relevance in vivo 

Recent studies on ferroptosis shows its essential role in developmental processes. GSH 

availability is essential for cells to be protected against ferroptosis as it’s vital as a cofactor for 
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GPX4. While xCT-deficient mice are viable and fertile, xCT-deficient mouse embryonic 

fibroblasts (MEFs) rapidly die in culture due to a lack of intracellular cysteine. They are only 

able to survive when either 2-mercaptoethanol or N-acetyl cysteine (NAC) is supplemented, 

since both serve as alternative cystine sources201. The full-body knockout of Gpx4 leads to 

lethality between E7.5 and E8.5 in mice and implicates the role of Gpx4 in mouse 

development202,203, whereas the inducible Gpx4 knockout were shown to develop 

spontaneous acute renal failure and hepatic ischemia/reperfusion injury- induced damage via 

ferroptosis105. Conditional deletion of Gpx4 was also shown to be catastrophic in vivo in 

several different tissues. Mice lacking Gpx4 in neurons display selective and rapid motor 

neuron degeneration via ferroptosis204. In addition, conditional deletion of Gpx4 in T cells in 

mice resulted in T cell ferroptosis, resulting in a lack of an immune response to infection205.  

 

1.2. Inflammation and immune response 

The fundamental purpose of the immune system is to serve as the body’s first line defence 

against harmful stimuli, including pathogens, tissue injury and toxins. The complex biological 

response of inflammation is triggered by the immune system in order to shield the body and 

promote healing206. It can be divided into two different categories: innate and adaptive 

immunity. Innate immunity refers to the first line of defence that is involved in an antigen-

independent (non-specific) mechanism used by the host upon encountering the antigen207. 

The innate immune response was thought to have no immunologic memory and therefore be 

incapable of recognizing the same pathogen should the body be exposed to it in the future. 

However, this was recently proven to be incorrect208. On the other hand, adaptive immunity 

is antigen-dependent and specific, allowing for the mounting of a more rapid and efficient 

immune response upon exposure to an antigen209. 
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Figure 8. Mechanisms behind innate and adaptive immune system  
Adapted from Janeway et al. 2001210. The figure has been created using Biorender. 
 
During acute inflammatory responses, cellular and molecular processes minimize the 

advancing injury or infection and, in the meantime, contribute to the restoration of tissue 

homeostasis and resolution of acute inflammation. In some cases, uncontrolled acute 

inflammation can lead to various chronic inflammatory diseases211. Inflammation is 

characterised by redness, swelling, heat, pain and loss of tissue function, all resulting from the 

local immune cell responses to infection or injury212. Upon detecting an injury or pathogens, 

immune cells such as macrophages and dendritic cells recognize the danger signals and 

release pro-inflammatory cytokines such as TNF, interleukin 1 (IL-1) and interleukin 6 (IL-6)213. 

The inflammatory response initiated by these cytokines includes vascular permeability 

changes allowing the leukocyte recruitment and accumulation from the bloodstream to the 

site of injury or infection211,214. Accumulation of immune cells at the site of inflammation 

allows them to engulf and digest the pathogens, dead cells and debris via phagocytosis in 

order to clear the site of infection or injury and prevent further spread of pathogens215.  

 

Innate immunity to pathogens starts with the recognition of ligands by the cell surface pattern 

receptors which further activate the inflammatory pathways to release and recruit immune 

cells. Pathogen-associated molecular patterns (PAMPs) originating from microbial structures 

can bind to PPRs on immune and non-immune cells212. PPRs can also recognize the signals 

from host-originating DAMPs and initiate non-infection inflammatory response216. PPRs 

include Toll-like receptors (TLRs), C-type lectin receptors (CPRs), retinoic acid-inducible gene 

(RIG)-I-like receptors (RLRs) and nucleotide-binding oligomerization domain (NOD)-like 

receptors (NLRs)212. Signalling through TLRs upon PAMP or DAMP sensing is mediated by 
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myeloid differentiation factor-88 (MyD88) or TRIF and leads to nuclear translocation of 

transcription factors such as NF-κB, activator protein-1 (AP-1), or interferon regulatory factor 

3 (IRF3)217. Upon translocation, important cellular signalling pathways are triggered including 

NF-κB, MAPK, Janus kinase (JAK)-signal transducer and activator of transcription (STAT)218–220. 

Deregulation in the pathways are linked to conditions like autoimmune disorders, metabolic 

diseases and cancer221. A variety of cell types are involved in the innate immune response 

including macrophages, neutrophils, dendritic cells, mast cells, basophils, eosinophils, natural 

killer (NK) cells and innate lymphoid cells213. Dendritic cells act as the link between innate and 

adaptive immunity. They take up a pathogen in the infected tissue, become activated and 

mature into a highly effective antigen-presenting cell (APC), which can activate pathogen 

specific lymphocytes in the nearby lymph node210. The concept of classic222,223 and 

alternative224,225 activation of macrophages to M1 or M2 states can happen at any point in the 

inflammatory process. The M1 polarization refers their ability to induce pro-inflammatory 

responses and markers such as CD16, CD32, CD86, CD64 and nitric oxide synthase 2 (iNOS) 

while M2 polarization refers to their ability to induce anti-inflammatory responses and 

markers such as CD163 and CD206. LPS, IFN-ɣ and TNF⍺ can polarize macrophages towards 

the M1 phenotype, while M2 macrophage activation can be induced by interleukin-4 (IL-4) 

and interleukin-13 (IL-13)226. The imbalance of M1/M2 macrophages can contribute to various 

diseases.  

 
Figure 9. Mechanisms of innate immunity 
The innate immune responses are the first line of defence against invading pathogens. Adapted from 
Janeway et al. 2001210. The figure has been created using Biorender. 
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Adaptive immunity is critical in the cases when innate immunity is ineffective in the 

elimination of pathogens and for the establishment of an immunologic memory to quickly 

eliminate a specific pathogen209. The adaptive immune system is composed of antigen-specific 

T cells that are activated by APCs to proliferate and B cells that differentiate into plasma cells 

to produce antibodies210. Each T cell expresses unique antigen binding receptors on the cell 

membrane called T-cell receptor (TCR) and can rapidly proliferate and differentiate upon 

receiving a stimulus from APCs. T cells possess different TCRs that can bind to specific foreign 

ligands. After antigen presentation, T cells differentiate into either cytotoxic T cells (CD8+ 

cells) or T-helper (Th) cells (CD4+ cells)210. CD8+ cytotoxic T cells are involved in the destruction 

of cells infected by pathogens and the killing of tumour cells that express the corresponding 

antigens to the TCRs. After infection is resolved, most of the cells die and are cleared by 

macrophages. Nevertheless, a few can survive as memory cells and can differentiate into 

effector cells upon encountering the same antigen227. CD4+ Th cells have no cytotoxic activity 

but mediate the immune response by regulated cytokine release to control other cells. Most 

Th cells die upon resolution of infection like cytotoxic T cells with a few remaining as memory 

cells228. B cells can recognise antigens directly through the antibodies expressed on their cell 

surface and upon activation they undergo proliferation and differentiate into antibody-

secreting plasma cells or memory B cells. Plasma cells produce large amounts of antibodies 

and provide the tissue with protection against pathogens, they usually die when the infection 

is resolved. On the other hand, memory B cells survive the infection and continue to express 

antigen-binding receptors to be called upon to respond quickly by producing antibodies229.  
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Figure 10. Mechanisms of adaptive immunity 
The adaptive immunity, involves antigen-specific lymphocytes reacting to antigens and forming 
immunological memory. These responses are created through the clonal selection of lymphocytes. 
Adapted from Janeway et al. 2001210. The figure has been created using Biorender. 
 
For a long time, the absence of immunological memory in innate immunity was used to 

distinguish it from adaptive immunity. Initial studies showed a prior infection can provide 

protection against infection with unrelated pathogens dependent on macrophages and pro-

inflammatory cytokine production230,231. The term ‘trained immunity’ was first introduced in 

2011 and describes the immunological memory response of the innate immune cells232. After 

an initial stimuli the cells return to an inactivated state but the epigenetic changes and 

metabolic rewiring enable a faster and stronger response upon repeated encounter with an 

antigen233. PAMPs and DAMPs are classic inducers of trained immunity in the circulation and 

tissues as well as in hematopoietic stem cells (HPSCs) in the bone marrow234. This concept was 

fully demonstrated when the non-specific protective effects of the Bacillus Calmette-Guérin 

(BCG) vaccine were reported. BCG vaccination in severe combined immunodeficient (SCID) 

mice, which lack T and B lymphocytes, against Mycobacterium tuberculosis showed protection 

and reduced mortality when exposed to lethal Candida albicans infection235. Monocytes 

trained in vitro with C. albicans cell wall component β-glucan can maintain the ability to 

produce pro-inflammatory cytokines after LPS re-exposure when compared to non-trained 

cells236. The magnitude and the duration of the stimulation can lead to different stages of 

trained immunity in monocytes with regard to activation, priming, training and tolerance. 

Priming occurs as a result of the first stimulus changing the functional state of the cells. As the 

cell does not return to basal level, the impact of the second challenge in the primed cell is 

often additive to the original stimuli. In contrast to primed cells, in trained cells the immune 

activation status returns to basal levels following removal of the stimulus while the epigenetic 

changes remain. In contrast to priming and training, innate immune tolerance can also occur 

at which point the cell is unable to activate gene transcription resulting in blunted innate 

immune function233. 
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Figure 11. Mechanisms of trained immunity 
Trained immunity is defined as an enhanced state of innate immune response to different pathogens 
after an initial challenge (a). Certain microbial ligands capable of binding to pattern recognition 
receptors can induce metabolic and epigenetic changes in innate immune cells (b) ATP: Adenosine 
triphosphate, TCA: Tricarboxylic acid cycle, a-KG: Ketoglutaric acid, TF: Transcription factor, TNF⍺: 
Tumour necrosis factor, IL-6: Interleukin-6, IL-1β: Interleukin-1 beta. Adapted from Netea et al. 2020237. 
The figure has been created using Biorender. 
 
Levels of pro- or anti-inflammatory cytokines and chemokines (released mainly from immune 

cells) as well as growth factors, eicosanoids and proteins regulate inflammation238. Pro-

inflammatory cytokines include IL-1, IL-6, interleukin-15 (IL-15), interleukin-17 (IL-17), 

interleukin-23 (IL-23), TNF-⍺ and IFN-ɣ, anti-inflammatory cytokines include interleukin-4 (IL-
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4), interleukin-10 (IL-10), interleukin-13 (IL-13) and transforming growth factor beta (TGF-

β)238. Chemokines are small signalling peptides that play important roles in leukocyte 

recruitment. The major chemokines capable of influencing the activity of infiltrating immune 

cells belong to the CC and CXC families239. Eicosanoids, which function as lipid mediators, 

comprise an important category of inflammation mediators. They arise from oxidation of 

arachidonic acid (AA) and PUFAs by COX, LOX and CYP enzymes240. Even though AA serves as 

the primary precursor for eicosanoids, it is not freely available within the cell. Following 

activation by an inflammatory stimulus and subsequent Ca2+ influx, cytoplasmic 

phospholipase A2 (cPLA2) translocates to the membrane, resulting in free AA via cleavage from 

membrane phospholipids241,242. AA can subsequently be converted into different eicosanoids 

which include prostaglandins (PGs), leukotrienes (LTs), lipoxins (LXs) and thromboxanes (TXs) 

generated by different enzymes. Other PUFAs such as eicosapentaenoic acid (EPA) and 

dihomo-ɣ-linolenic acid (DGLA) can serve use as eicosanoid precursors243. Prostaglandin E2 

(PGE2) can cause vasodilation and stimulate hyperalgesia and fever244, in turn AA-derived 

lipoxins and dietary omega-3 fatty acid-derived resolvins and protectins and promote the 

resolution of inflammation and tissue repair245,246.  

 
Figure 12. Overview of eicosanoid biosynthesis  
Eicosanoid production from AA begins upon various stimuli, triggering the release cytosolic 
phospholipase A2 (cPLA2). The free AA can then be made into bioactive eicosanoids via the COX or 
LOX pathways. LOX enzymes facilitate the creation of LTs and LXs. COX enzymes, including the 
constitutive COX-1 and inducible COX-2, convert AA into PGs and TXs. Adapted from Dennis et al. 
2020240. The figure has been created using Biorender. 
 

1.2.1. Necroinflammation 

Necroinflammation can be defined as the inflammatory response to necrotic cell death. 

Necrotic cell death occurs in both healthy and pathological conditions when highly 

immunogenic intracellular molecules and organelles are released into the microenvironment. 

Multiple regulated cell death modalities share the release of DAMPs or alarmins. The majority 
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of them also actively control the immune system through the production and/or maturation 

of pro- or anti-inflammatory cytokines/chemokines. Inflammation that occurs in the absence 

of any microorganisms has been termed ‘sterile inflammation’, with necroinflammation being 

the most common mechanism247.  

 

At any time, a cell undergoes necrotic-type of cell death, DAMPs are released and can 

potentially bind to different molecules or receptors on various other cells in the 

microenvironment. At the same time, various suppressing/inhibiting DAMPs (SAMPs or 

iDAMPs) can be released248. DAMPs were initially referred to as endogenous ligands that can 

interact with TLRs on cells of the innate immune system216,249. Constitutive DAMPs do not 

require protein synthesis and are rapidly released under certain conditions of major cell stress 

or tissue injury. DAMPs can be divided into different categories: i) detached molecules inside 

a cell under stress, ii) expressed molecules on the surface of a cell under stress, iii) secreted 

during early regulated necrosis, iv) released upon plasma membrane rupture or v) discarded 

from the extracellular matrix (ECM)250. Another category of DAMPs that are referred to as 

exogenous DAMPs are still yet to be identified and categorized. A clear distinction between 

PAMPs and exogenous DAMPs is difficult to make but for the time being the metal allergens 

are mainly regarded as exogenous DAMPs through innate immune activation via TLR4 

stimulation251. There is also evidence that DAMPs can act as triggers during bacterial and viral 

infections252. Most studied DAMPs are summarized in Table 1-2.  

 

Table 1-2. List of DAMPs, origins and receptors 
 Origins PPRs 
Intracellular 
ATP253,254 Mitochondria P2Y2, P2X7 
mtDNA255 Mitochondria TLR9 
Mitochondrial transcription 
factor A256 

Mitochondria  TLR9, RAGE 

mtROS257 Mitochondria NLRP3 
Cyclophilin A258 Nucleus CD147 
dsDNA259–261 Nucleus cGAS, AIM2 
RNA262 Nucleus TLR3 
Histones263,264 Nucleus TLR2, TLR4, NLRP3 
HMGB1265–267 Nucleus, autophagosome TLR2, TLR4, TLR9, RAGE 
Heat shock proteins (HSPs)268–270 Cytosol TLR2, TLR4, CD91 
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S-100271,272 Cytosol TLR4, RAGE 
Myosin273 Cytosol TLR2, TLR4, RAGE 
Actin274 Cytosol DNGR-1 
Uric acid275 Cytosol NLRP3 
Calreticulin (CRT)269,276 Endoplasmic Reticulum (ER) CD91 
Extracellular 
Aggrecan277 Proteoglycan TLR2 
Biglycan278,279 Proteoglycan TLR2, TLR4, NLRP3 
Decorin280 Proteoglycan TLR2, TLR4 
Versican281 Proteoglycan TLR2, TLR6, CD14 
Heparan sulphate282,283 Glycosaminoglycan TLR4, RAGE 
Low-molecular-weight 
hyaluronan284–287 

Glycosaminoglycan CD44, TLR2, TLR4, 
NLRP3 

Tenascin-C288 ECM glycoprotein TLR4 
Fibrinogen289 ECM glycoprotein TLR4 
Fibronectin290–292 ECM glycoprotein TLR2, TLR4 

DNGR-1: Dendritic cell NK lectin group receptor-1, NLRP3: NLR family pyrin domain containing 
3, RAGE: Receptor for advanced glycation endproducts, TLR2: Toll-like receptor 2, TLR4: Toll-
like receptor 4, TLR6: Toll-like receptor 6, TLR9: Toll-like receptor 9, P2X7: PX2 purinoceptor 7 
 

Dying cells can release or expose DAMPs, providing potential adjuvants to promote antigen 

processing and presentation293,294. Immunogenic cell death (ICD) can be regarded as a cell 

death modality that can elicit an immune response in the host1 and different DAMPs mediate 

distinct immunostimulatory responses254,295. Necrosis is the primary type of cell death that 

leads to the passive release of DAMPs, while necroptosis, apoptosis, pyroptosis, ferroptosis, 

and the formation of extracellular traps also contribute to the release of DAMPs296. As 

apoptosis is a regulated cell death without the loss of membrane, it is usually considered as 

immunotolerogenic, while necrotic type of regulated cell death is regarded as 

immunogenic297. In apoptosis, caspase activated DNase (CAD) causes the DNA fragmentation, 

producing shorter DNA fragments and weakening the immunostimulatory properties of 

cytosolic DNA, while in necroptosis much longer DNA fragments are released298. Of note, 

apoptotic cells release nuclear DNA in a time-dependent manner299. Similarly, the full length 

interleukin-33 (IL-33) released during necroptotic cell death undergoes caspase-dependent 

proteolysis into a nonimmunological form during apoptosis300. Caspase activation and ROS 

production in apoptosis oxidises high mobility group box 1 protein (HMGB1), one of the well-

defined DAMPs and renders it immunologically silent contributing to an immunologically 

tolerant state301. ATP can be released from apoptotic cells as a result of ER stress with the 
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combination of CRT expression on cell surface that facilitates the uptake of dying cells by 

APCs302. Caspases are essential for pannexin 1- or autophagy-dependent ATP secretion303,304. 

ATP as well as uridine triphosphate (UTP) were also shown to be essential “eat-me” signals 

released by apoptotic cells for phagocyte recruitment in vivo305. Even though TNF- or LPS-

induced necroptosis significantly halts the cytokine and chemokine production306, release of 

ATP and several cytokines were also detected from cells undergoing necroptosis upon RIPK3 

activation such as chemokine (C-X-C motif) ligand 1 (CXCL1), chemokine (C-X-C motif) ligand 2 

(CXCL2) and chemokine (C-C motif) ligand 2 (CCL2) even after they’ve lost plasma membrane 

integrity influencing myeloid cell migration and CD8+ T cells307. Another study also showed 

interleukin-8 (IL-8 or chemokine (C-X-C motif) ligand 8, CXCL8) and granulocyte-macrophage 

colony-stimulating factor (GM-CSF) also known as colony stimulating factor 2 (CSF2) were 

released from necroptotic cells in addition to CXCL1 and CXCL2308. IL-6 release was also 

associated with necrotic but not with apoptotic cells309. Necroptotic tumour cells can lead to 

bone-marrow derived DC maturation and cross-prime CD8+ T cells310. TRAIL-induced 

secretome has been shown to recruit M2-like immune cells supporting tumour growth311. 

Pyroptosis has been considered as one of the most inflammatory cell death modality, since in 

addition to the release of HMGB1312 upon cell rupture, cells release ATP313 and the pro-

inflammatory cytokine IL-1β via the GSDMD pores without requiring cell rupture314. Release 

of IL-1β were shown to promote cancer development and progression, which can potentially 

make pyroptosis a pro-tumorigenic cell death modality315. Ca2+ influx caused by pyroptosis can 

also mediate the generation of eicosanoids316. PGE2 is referred to as an inhibitory DAMP, as 

the necrotic cell supernatants containing it inhibit inflammatory responses317. Independent of 

the canonical cell death machinery, oligomerization of the ninjurin-1 (NINJ1) protein can also 

disrupt membranes and lead to release of DAMPs in apoptosis, ferroptosis and pyroptosis but 

not in necroptosis318,319. The clearance of necroptotic and pyroptotic cells by macrophages 

also depends on the exposed phosphatidylserine (PS) residues on the cell membrane that is 

normally present in the inner leaflet313,320,321.  



 46 

 
Figure 14. Effect of DAMPs and SAMPS/iDAMPs released from dying cells on macrophage 
differentiation 
DAMPs, SAMPs/iDAMPs released during sterile inflammation, depending on the different forms of cell 
death can result in activation of many different receptors subsequently generating different stimuli. 
Adapted from Koncz et al. 2023322. The figure has been created using Biorender. 
 

1.2.2. Ferroptosis and DAMP release  

Ferroptotic cell death is also capable of releasing DAMPs that promote sterile inflammation 

and the development of numerous inflammatory diseases. The release of oxidized 

phospholipids (oxPLs), the lipid peroxidation by-product 4-HNE, HMGB1 and ATP were 

reported as potential immune modulators released from ferroptotic cells323. Ferroptotic cells 

release HMGB1 through an autophagy-dependent process, which activates immune cells by 

binding to RAGE, rather than TLR4324. 4-HNE can inhibit stimulator of interferon genes (STING) 

activation by its direct carbonylation in mouse primary peritoneal macrophages325. In contrast, 

in a mouse model of pancreatic ductal adenocarcinoma (PDAC), it was suggested that 

ferroptotic cells release the oxidized nucleotide 8-hydroxy-2'-deoxyguanosine (8-OHdG) and 

activate the STING pathway, leading to macrophage infiltration and pro-tumour M2 

polarization326. KRASG12D released by ferroptotic cells induces AGER-dependent M2 

polarization of macrophages through the activation of STAT3-mediated fatty acid oxidation327. 
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Ferroptotic cells can also secrete CCL2 and chemokine (C-C motif) ligand 7 (CCL7) that can 

induce the recruitment of macrophages328. IL-33, an alarmin associated with necroptosis, was 

also shown to be released from ferroptotic cells329. oxPLs can also be regarded as 

immunomodulatory330, as 1-steaoryl-2-15-HpETE-sn-glycero-3-phosphatidylethanolamine 

(SAPE-OOH), can act as an eat-me signal on the surface of ferroptotic cells and recruit 

macrophages via binding to TLR2331. Oxidized phosphatidylcholine can inhibit the maturation 

and activation of bone marrow derived dendritic cells (BMDCs)332. Elevated levels of COX2, an 

enzyme crucial for producing the inflammatory mediator PGE2 from AA, have been recognized 

as a characteristic feature of ferroptosis120. Knockdown of Gpx4 in NIH-3T3 cells led to the 

release of COX2-dependent PGE2 and PGF2⍺333. Additionally, increased levels of PGE2 were 

noted in keratinocytes from Gpx4-deficient mice334.  

 

Two studies have reported the kinetic release of key DAMPs from ferroptotic cancer cells and 

their associated potential, by comparing early and late stages of ferroptosis335,336. Both studies 

have demonstrated that ferroptotic cancer cells release DAMPs such as HMGB1, ATP, and 

calreticulin on their surface. Efimova et al.335 argue that 'early' ferroptotic cancer cells can be 

effectively engulfed by BMDCs, promoting their maturation and activation, and can protect 

mice from tumour development when used as a prophylactic vaccine. However, this effect 

was not seen with 'late' ferroptotic cells. In contrast, Wiernicki et al.336 report that 'early' 

ferroptotic cells inhibit BMDC maturation and engulfment, reducing antigen cross-

presentation and predominantly suppressing an antitumor immune response. While both 

studies used the same cell line model, the differences in the amount of cell death induced by 

RSL3 in Efimova et al.'s study and inducible knockdown in Wiernicki et al.'s study, or metabolic 

differences, likely account for the discrepancies in results. 

 

1.2.3. Ferroptosis-associated immune response 

As numerous DAMPs have been shown to be released from ferroptotic cells, it has long been 

argued whether ferroptosis is an inflammatory type of cell death. In many cases, the pro- and 

anti-tumour effects of ferroptosis were documented under different conditions. The anti-

tumour response driven by CD8+ T cells can be reversed when combined with ferroptosis-

selective inhibitor Lip-1337. Additionally, IFN-γ secretion from CD8 T-cells was found to 

synergize with free AA to enhance ACSL4-mediated AA lipid integration, thereby increasing 
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the sensitivity of tumour cells to ferroptosis338. Even though tissue ferroptosis can enhance an 

anti-tumour immune response, recent studies have shown that M2 macrophages are more 

susceptible to ferroptosis than M1 macrophages due to having lower levels of nitric oxide 

synthase (iNOS)339. Tumour-associated macrophages (TAMs) are highly plastic and can exhibit 

either an M1 or M2 phenotype, leading to tumour-attacking or tumour-protective activities, 

respectively. Conditional knockout of Gpx4 in macrophages can lead to high levels of hydrogen 

peroxide, inducing DNA mutations and the development of intestinal tumours340. 

Pathologically activated neutrophils, known as polymorphonuclear myeloid-derived 

suppressor cells (PMN-MDSCs), can undergo ferroptosis and release immunosuppressive 

oxygenated lipids through fatty acid transport protein 2 (FATP2), resulting in overall 

immunosuppression341. DCs that were exposed to ferroptotic cells showed reduced ability to 

cross-present cancer associated antigens336. The accumulation of oxidatively truncated lipids 

within lipid bodies causes the intracellular trapping of MHC complexes, further impairing the 

cross-presentation capability of DCs342,343. The upregulation of CD36 on CD8+ T cells is another 

way of weakening the anti-tumour immunity as this upregulation promotes the uptake of 

PUFAs, leading to ferroptosis in CD8+ T cells344,345. Additionally, activated regulatory T cells 

(Treg) were vulnerable to Treg-selective Gpx4 deletion, which enhanced anti-tumour 

immunity346. Taken together, these studies highlight that the effect of ferroptosis on various 

cell types within the tumour microenvironment (TME) is highly diverse. 

 

Ischemia is another condition in which ferroptosis was shown to play an important part. It 

occurs when the blood supply in tissues is highly reduced, resulting in deficiencies in oxygen 

and other essential molecules. Restoration of blood supply to the tissue (reperfusion) causes 

further damage accompanied with cell death, oxidative stress damage and ultimately results 

in tissue injury347. Linkermann et al. showed that ferroptosis mediates ischemia-reperfusion 

injury (IRI) induced immune cell infiltrations of the cremaster muscle where Fer-1 inhibited 

leukocyte transmigration348. Several other studies have shown that ferroptosis is involved in 

IRI in the liver105, brain349 and heart150. Additionally, the use of ferrostatins and liproxstatins 

can protect mice used in these studies. Furthermore, in IRI following heart transplantation 

ferroptosis was shown to regulate neutrophil recruitment by promoting adhesion of 

neutrophils to coronary vascular endothelial cells through a TLR4-mediated signalling 

pathway350. In both IRI and acute kidney injury (AKI), Fer-1 treatment was shown to reduce 
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immune cell infiltrations and decreased expression levels of inflammatory cytokines and 

chemokines329,348. In the severe form of nonalcoholic fatty liver disease (NAFLD) called 

nonalcoholic steatohepatitis (NASH), the protein levels of proinflammatory cytokines, 

including TNF⍺, IL-1β and IL-6 were significantly increased upon RSL3 treatment, exacerbating 

the NASH-related biomarkers in a process that can be reversed upon iron chelation, 

liproxstatins or activation of GPX4351,352. In Crohn’s disease PUFAs but not MUFAs can trigger 

ACSL4-mediated lipid peroxidation and the GPX4-repressible induction of cytokines intestinal 

epithelial cells353. In vivo experiments have demonstrated that Fer-1 has a therapeutic effect 

on numerous lung diseases including LPS-induced acute lung injury (ALI)354, chronic 

obstructive pulmonary disease (COPD)355 and radiation-induced lung fibrosis (RILF)356. Fer-1 

reduces the levels of proinflammatory cytokines IL-6 and TNF-α in bronchoalveolar lavage 

(BAL) fluid, thereby alleviating ferroptosis. 

 
Figure 15. Immunomodulatory roles of ferroptosis 
Ferroptosis triggers the release of various types of danger-associated molecular patterns (DAMPs), 
influencing the responses of dendritic cells and macrophages. The oxidized phospholipid SAPE-OOH 
can be identified by TLR2 on macrophages, facilitating phagocytosis. Additionally, released 8-OHdG 
can interact with cGAS, activating STING-mediated macrophage responses that support tumours 
progression. Polymorphonuclear myeloid-derived suppressor cells (PMN-MDSCs) that suppress the 
antitumor immune response can undergo ferroptosis, releasing immunosuppressive oxidized lipids 
into the tumor microenvironment (TME), which promotes tumor growth. The antitumor activity of 
CD8+ T cells can be influenced by ferroptosis. IFN-γ secreted by activated CD8+ T cells can reduce the 
expression of system Xc− (SLC7A11/SLC3A2), making tumor cells more susceptible to ferroptosis. 
Adapted from Yapici and Bebber, 2024112. The figure has been created using Biorender. 
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1.3. Aims of this study 

Ferroptosis is characterized by the accumulation of lipid reactive oxygen species (ROS), 

causing irreparable oxidative damage within the cell and the lipid bilayer357. Oxidation of lipids 

can either happen by Fenton reaction with iron in a non-enzymatic manner or by oxygenation 

and esterification of phosphatidylethanolamine (PE) containing polyunsaturated fatty acids 

(PUFAs)117. The enzyme-dependent production of lipid peroxides is controlled by acyl-CoA 

synthetase long-chain family 4 (ACSL4), lysophosphatidylcholine acyltransferase 3 (LPCAT3) 

and lipoxygenases (LOXs)117. More importantly, ACSL4 was identified as an essential pro-

ferroptotic gene where lipid peroxidation upon GPX4 inhibition requires its presence153. 

Generation of lipid ROS is prevented by glutathione peroxidase 4 (GPX4) through reduction of 

the toxic lipid peroxides to their corresponding nontoxic lipid alcohols in the presence of 

reduced glutathione (GSH) in which GSH works as a cofactor120. GSH synthesis within the cell 

depends on the availability of intracellular cysteine357. Cysteine can either be synthesized from 

methionine via the transsulfuration pathway121 or by transporting its precursor cystine into 

the cell via the glutamate-cysteine antiporter system xc-180. Ferroptosis can be induced by 

small molecule inhibition of GPX4 using RSL3107 or ML210120 or by inhibiting system xc- using 

erastin102. Vice versa, lipophilic anti-oxidants such as Fer-1 and Lip-1 as well as iron chelators 

were shown to inhibit ferroptosis103. Recently, the ferroptosis suppressor protein 1 (FSP1) was 

found to prevent lipid peroxidation and suppress ferroptosis through a mechanism that is 

independent of GPX4. Myristoylation of FSP1 mediates its recruitment to the plasma 

membrane where it reduces coenzyme Q10 (CoQ) to the lipophilic radical scavenger ubiquinol 

that prevents the propagation of lipid peroxides125,126.  

 

Programmed necrosis can result in the release of cytosolic damage-associated molecular 

patterns (DAMPs) and alarmins that ultimately result in the initiation of inflammation referred 

to as “necroinflammation”358. Several studies revealed the set of proteins expressed and 

secreted into the extracellular space, otherwise known as secretome, of pyroptotic and 

necroptotic cells359,360 yet the class of released agents released from ferroptotic cells remains 

elusive. Interestingly, ferroptosis inhibitors exhibited significant anti-inflammatory effects in 

numerous disease models. However, it is unknown if and how the contents of ferroptotic cells 

directly elicit an inflammatory response. Based on the evidence so far, ferroptosis is likely to 

play an important role in inflammation. Nevertheless, it is as yet uncharacterized how exactly 
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ferroptosis plays a role in normal tissue homeostasis and regulation of inflammation. It is also 

still unresolved whether ferroptosis alone is sufficient to directly initiate inflammation or 

whether it contributes to the induction of other secondary inflammatory pathways or 

inflammatory types of cell death. Therefore, this project aims to understand how ferroptosis 

might trigger inflammation and its potential implications for human diseases.  

 

Therefore, the following study aims were defined: 

1. Identifying inflammatory molecules released from ferroptotic cells 

2. Elucidating signalling cascades inducing cytokine production in macrophages exposed 

to ferroptotic cells 

3. Determining the influence of ferroptosis induced by GPX4 deletion in vivo  
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2. Results 

2.1. Characterisation of proteomes released from ferroptotic cells 

2.1.1. Experimental system for the generation of ferroptotic secretome analysis 

The nature of possible DAMPs directly released from ferroptotic cells, the mechanisms 

underlying the inflammatory response triggered in immune cells, and whether or not 

ferroptosis actually causes inflammation are unknown. In order to investigate these aspects, 

mouse embryonic fibroblasts (MEFs) named Pfa1361 cells, in which Gpx4 can be deleted with 

tamoxifen (4-OHT) treatment, were employed to produce ferroptotic supernatants that do 

not include ferroptosis-inducing small molecules for the investigation of the ferroptotic 

secretome105.  The fact that only Fer-1 as opposed to the necroptosis inhibitors nec1s/GSK872 

and the pan-caspase inhibitor zVad was able to completely rescue cell death, confirms that 

Gpx4 deletion causes ferroptotic cell death (Figure 15A, 15B). In order to show that efficient 

knockout of GPX4 had taken place, a kinetic experiment was performed at 24-hour intervals. 

As seen in Figure 15C, already after 48 hours of tamoxifen treatment, GPX4 was indeed 

efficiently deleted. Ferroptotic cell death was accompanied by release of lactate 

dehydrogenase (LDH) into the media (Figure 15D) while FSP1 overexpression in the presence 

of Gpx4 deletion (Pfa1-mFSP1 OE125 cells) can revert this phenotype and the cell death (Figure 

15E). Furthermore, cell death was accompanied by the accumulation of lipid ROS confirming 

the induction of ferroptotic cell death in a 72-hour time period (Figure 15F). In live-cell 

imagining experiments using the IncuCyte, kinetics of lipid ROS accumulation and cell death 

can be monitored simultaneously and quantification shows that cell death starts around 40 

hours post 4-OHT treatment with cells completely dying after 72 hours (Figure 15B, 15G) with 

lipidROS accumulation increasing (Figure 15H). These data confirm that inducible deletion of 

Gpx4 is a valuable experimental model to study ferroptotic cell death. 
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Figure 15. Inducible Gpx4 deletion leads to ferroptosis.  
A) Pfa1 cells treated with +/- 4OHT [1μM] +/ - Ferrostatin-1 (Fer1) [1μM] +/ - zVAD [20μM] +/ - Nec1s 
[10μM] +/ - GSK872 [3,33μM] for 72h, cell death was measured with by IncuCyte live cell imaging. 
Images were acquired every 2h using the IncuCyte SX5 bioimaging platform. B) Time kinetic of the cells 
treated in (A) also measured for cell death using DRAQ7 [100nM] by IncuCyte live cell imaging. Images 
were acquired every 2h using the IncuCyte SX5 bioimaging platform. C) Pfa1 cells treated +/- 4OHT 
[1μM] were subjected to Western Blot analysis of the indicated proteins in a time kinetic. D) Parental 
Pfa1 or Pfa1 cells with stable FSP1 overexpression125 were treated with 4OHT [1μM] for 72 h. 
Supernatants from cells and treatments were subjected to LDH quantification. E) Parental Pfa1 or Pfa1 
cells with stable FSP1 overexpression125 were stained with Draq7 [100nM] and treated with 4OHT 
[1μM] for 72 h. Cells were imaged for near-infrared (NIR) count as a measure of dead cells using the 
IncuCyte live cell imaging system and cell death was normalized to confluency. F) Pfa1 cells treated 
with +/- 4OHT [1μM] +/ - Fer1 [1μM] were and stained for lipid ROS accumulation using BODIPY C11. 
Cells were analysed by flow cytometry. G) Pfa1 cells treated as in (F), and stained for lipid ROS 
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accumulation using STY-BODIPY [1μM] for 72h. Dead cells were visualized using DRAQ7 [100nM] 
Images were acquired every 2h using the IncuCyte SX5 bioimaging platform, n = 3 biological replicates. 
H) Quantification of cells treated in (G) and stained for lipid ROS accumulation using STY-BODIPY [1μM] 
for 72h. Levels of lipid peroxidation can be monitored by quantifying levels of co-oxidized STY-BODIPY 
(green, λex = 488 nm, λem = 495−540 nm) emitting green signals over reduced STY-Bodipy (red, λex = 
561 nm, λem = 568−630 nm) emitting in the orange spectrum. Representative images are shown. Data 
are means +/- SEM of at least three independent experiments were applicable. One- or two-way 
ANOVA was used to calculate p-values. ns: not significant; *: p<0.05; **: p<0.01; ***: p<0.001; ****: 
p<0.0001. Incucyte experiment (G, H) contributed by Christina Bebber.   
 

To include an additional genetic system with ferroptosis induction, CRISPR/Cas9-mediated 

Gpx4 deletion in RP252.7 mouse small cell lung cancer (SCLC) cells were generated in the 

laboratory and previously described362. Because of GPX4's essential role, these cells can only 

be cultured and grown when Fer1 is present in the culture medium. Cells with GPX4 KO 

selectively died upon withdrawal of Fer1 whereas inhibitors of other cell death modalities 

weren’t successful in preventing this cell death (Figure 16A). Live-cell imaging experiments 

showed that GPX4 KO cells start to die 3 hours after Fer1 withdrawal and that Fer1 can revert 

this cell death (Figure 16B, 16C). Deletion of GPX4 was also seen on protein level, confirming 

the constitutive knockout (Figure 16D). Of note, lipid peroxidation precedes the cell death, 

being detectable already 1-hour after Fer1 withdrawal (Figure 16E, 16F). These cells therefore 

can also be used as a second experimental system on which ferroptotic supernatants can be 

generated.  
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Figure 16. Constitutive Gpx4 deletion leads to ferroptosis. 
A) GPX4 control (GPX4 CTRL) or GPX4-deficient (GPX4 KO) SCLC cell lines362 cultured with +/ - 
Ferrostatin-1 (Fer1) [1μM] +/ - zVAD [20μM] +/ - Nec1s [10μM] +/ - GSK872 [3,33μM] for 24h, cell 
death was measured with PI incorporation (%). Cells were analysed by flow cytometry. B) Time kinetic 
of the cells treated in (A) also measured for cell death using DRAQ7 [100nM] by IncuCyte live cell 
imaging. Images were acquired every 2h using the IncuCyte SX5 bioimaging platform. C) GPX4 CTRL 
and GPX4 KO cells were stained with Draq7 [100nM] and culture +/ - Fer1 [1μM] for 24 h. Cells were 
imaged for near-infrared (NIR) count as a measure of dead cells using the IncuCyte live cell imaging 
system and cell death was normalized to confluency. D) GPX4 CTRL and GPX4 KO cells treated +/- Fer1 
[1μM] were subjected to Western Blot analysis of the indicated proteins. E) GPX4 CTRL and GPX4 KO 
cells treated as in (B), and stained for lipid ROS accumulation using STY-BODIPY [1μM] for 72h. Dead 
cells were visualized using DRAQ7 [100nM] Images were acquired every 2h using the IncuCyte SX5 
bioimaging platform. F) Quantification of cells treated in (E) and stained for lipid ROS accumulation 
using STY-BODIPY [1μM] for 24h. Levels of lipid peroxidation can be monitored by quantifying levels of 
co-oxidized STY-BODIPY (green, λex = 488 nm, λem = 495−540 nm) emitting green signals over reduced 
STY-Bodipy (red, λex = 561 nm, λem = 568−630 nm) emitting in the orange spectrum. Data are means 
+/- SEM of at least three independent experiments were applicable. One- or two-way ANOVA was used 
to calculate p-values. ns: not significant; *: p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.0001. 
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2.1.2. Quantitative secretome analysis of precipitated supernatants by SILAC  

In order to fully characterize ferroptotic secretomes, mass spectrometry experiments were 

planned on supernatants from ferroptotic cells. Different experimental set-ups for mass 

spectrometry have been optimized as high fetal calf serum (FCS) concentrations in the media 

can affect label-free mass spectrometry363. However due to the requirement of transferrin 

that is present in FCS for ferroptosis to take place150, stable isotope-labelled amino acids 

(SILAC) and a media supplement that contains insulin, transferrin and sodium selenite (ITS) 

was used to replace FCS in media during ferroptosis induction. Using Pfa1 cells, different 

supplement conditions were tested in order to mimic the effect of FCS (Figure 17A). The 

condition of seeding cells in 10% FCS and replacing media after 40 hours with 0% FSC + 1:100 

ITS was chosen as it was the condition that had the highest similarity to normal culture 

conditions (Figure 17B). For proteomics sample preparation, Pfa1 cells were passaged 6 times 

with SILAC medium in order to incorporate the light and heavy amino acids364. Supernatants 

of Pfa1 cells +/- 4OHT were collected filtered, pooled, and concentrated above a molecular 

weight cut-off of 10 kDa for subsequent semi-quantitative mass spectrometry (Figure 17C). 

After data processing, 353 proteins were identified, 48 of which were significantly enriched in 

ferroptotic and 53 were uniquely enriched in live cells (Figure 17D). The 48 proteins were 

analysed further for functional association networks using STRING (Figure 17E), which 

revealed enrichment in MHC class II antigen presentation and innate immune system among 

others (Figure 17F). 
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Figure 17. Ferroptotic cells release a passive proteomics secretome. 
A) Time kinetic of cellular proliferation were determined with indicated different medium conditions 
by IncuCyte live cell imaging for 72 hours. Images were acquired every 2h using the IncuCyte SX5 
bioimaging platform. B) Time kinetic of cells treated with indicated medium conditions were also 
measured for cell death using DRAQ7 [100nM] by IncuCyte live cell imaging. Images were acquired 
every 2h using the IncuCyte SX5 bioimaging platform. C) Schematic of amino acid labelling strategy by 
SILAC and experimental design to obtain ferroptotic secretomes (n=3 per condition). D) Vulcano plot 
from the total proteomics mass spectrometry data demonstrates the significance of the proteins in 
WT and KO conditions. E) Proteins significantly enriched in ferroptotic secretomes were analysed for 
protein-protein interaction networks using STRING. F) Reactome pathways enriched within ferroptotic 
supernatants are plotted. All images were created with BioRender.com. One- or two-way ANOVA was 
used to calculate p-values. ns: not significant; *: p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.0001. 
Proteomics experiment (D-F) was contributed by Eric Seidel and CECAD proteomics facility. 
 

Macrophage migration inhibitory factor (MIF), which has been shown to play a role in immune 

system´s activation in response to bacteria, as well as to be secreted upon necroptotic cell 

death, was found among the enriched proteins. Recombinant MIF stimulation of macrophages 
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results in TNF-alpha production365 and augments M1 polarisation in BMDM in vitro366. By 

raising cellular GSH levels, MIF has also been demonstrated to lessen oxidative stress and lipid 

peroxidation both in vitro and in vivo367. A unique feature of MIF is its abundant expression 

and the fact that it is stored within the cytoplasm pre-made365. The fact that the mRNA levels 

of MIF were stable (Figure 18A), intracellular protein levels of MIF were depleted upon 

induction of Gpx4 deletion (Figure 18B) and extracellular MIF levels increased in supernatants 

simultaneously suggests that ferroptotic cells can release pre-made proteins passively. 

Strikingly, FSP1 overexpression was able to diminish MIF release upon ferroptosis induction 

(Figure 18C). Additionally, GPX4 KO but not control mouse SCLC cell lines (Figure 18D) and the 

RSL3-treated primary lung fibroblasts (PMLFs) (Figure 18E) showed significant levels of MIF 

release. MIF release was not unique to ferroptotic cell death as apoptosis induction slightly 

and necroptosis strongly induced the release of MIF from PMLFs (Figure 18F) supporting the 

hypothesis that pre-made MIF is preferentially released upon plasma membrane rupture. Of 

note, the total secretome released from ferroptotic cells lacks the bona-fide chemo-cytokines 

known to be released from cells undergoing apoptosis or necroptosis311,359. For example, 

PMLFs that undergo apoptosis (TNF/Smac mimetic, TS) or necroptosis (TNF/Smac 

mimetic/Emricasan, TES) release significant levels of CXCL1 and CXCL2 (Figure 18G, 18H) 

where ferroptotic cells fails to do so (Figure 18I, 18J). Taken together, our data identify that 

ferroptotic cells release a secretome with potential for immune modulation. 
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Figure 18. Ferroptotic protein secretomes include MIF but lack detection of bona-fide chemo- and 
cytokines. 
A) Pfa1 cells treated with +/- 4OHT [1μM] +/ - Ferrostatin-1 (Fer1) [1μM] for 24h. qPCR-mediated 
quantification of MIF cDNA is shown. B) Pfa1 cells treated +/- 4OHT [1μM] +/ - Ferrostatin-1 [1μM] for 
36 h were subjected to Western Blot analysis of the indicated proteins. C) Supernatant from Pfa1 and 
Pfa1-mFSP1 OE cells treated with +/- 4OHT [1μM] +/ - Ferrostatin-1 (Fer1) [1μM] for 72h cells were 
subjected to MIF ELISAs. D) GPX4 control or GPX4-deficient SCLC cell lines were cultured in Ferrostatin-
1 [1μM]. Supernatants were collected 16h after Ferrostatin-1 withdrawal and MIF was quantified using 
ELISA. E) Primary mouse lung fibroblasts (PMLFs) were treated with RSL3 [1μM] +/- Ferrostatin-1 [1μM] 
for 24 h. Supernatants were collected and subjected to MIF ELISAs. F) PMLFs treated with +/- TNF⍺ 
[20ng/ml] +/- Birinapant [1μM] (TS) +/- Emricasan [2,5μM] (TES) for 24h. MIF was quantified using 
ELISA. G) PMLFs treated as in (F). CXCL1 was quantified using ELISA. H) PMLFs treated as in (F). CXCL2 
was quantified using ELISA. I) PMLFs treated with +/- RSL3 [1μM] +/- Fer1 [1μM] +/- Erastin [1μM] for 
24h. CXCL1 was quantified using ELISA. J) PMLFs treated as in (I). CXCL2 was quantified using ELISA. 
Data are means +/- SEM of at least three independent experiments were applicable. One- or two-way 
ANOVA was used to calculate p-values. ns: not significant; *: p<0.05; **: p<0.01; ***: p<0.001; ****: 
p<0.0001. qPCR and Western blot (A, B) were contributed by Ioanna Kotouza.  
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2.1.3. Ferroptosis induces the production and release of inflammatory oxylipins 

Oxylipins are bioactive lipids generated by the oxidation of PUFAs and have potent pro- and 

anti-inflammatory roles. Oxylipins in animals are often referred as eicosanoids. COX2 is one of 

the essential enzymes that utilizes arachidonic acid (AA) to general several different classes of 

eicosanoids368. They are synthesized de novo after cell activation through the release of 

phospholipids via phospholipase A2 (PLA2) and then further processed by lipoxygenases (LOXs) 

and cytochrome p450 (POR) to generate prostaglandins (PG) and thromboxanes (TB) or 

leukotrienes (LT)369. As upregulation of Ptgs2/COX2 has been shown as a ferroptotic 

marker120, activation of these enzymes was investigated upon induction of ferroptosis using 

RSL3 and ML210. RSL3 treatment for 3 (Figure 19A) and 6 hours (Figure 19B) as well as ML210 

treatment for 8 hours on PMLFs (Figure 19C) significantly upregulated Ptgs2 which can be 

reversed by Fer1 co-treatment. Overexpression of FSP1 in Pfa1 cells was also able to revert 

the ferroptosis-induced induction of Ptgs2 (Figure 19D). While Por was also slightly induced 

upon ferroptosis induction using RSL3 but not ML210, none of lipoxygenases (LOX5, LOX12 

and LOX15) was altered upon ferroptosis induction (Figure 19E, 19F). 
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Figure 19. Ptgs2 is induced in a lipid ROS-dependent manner. 
A) Primary mouse lung fibroblasts (PMLFs) were treated with RSL3 [1μM] +/- Ferrostatin-1 [1μM] for 
3h. qPCR of the indicated transcripts was performed. B) PMLFs were treated with RSL3 [1μM] +/- 
Ferrostatin-1 [1μM] for 6h. qPCR of the indicated transcripts was performed. C) PMLFs were treated 
with ML210 [0.5μM] +/- Ferrostatin-1 [1μM] for 8h. qPCR of the indicated transcripts was performed. 
D) Parental Pfa1 or Pfa1 cells with stable FSP1 overexpression were treated with +/- 4OHT [1μM] +/ - 
Ferrostatin-1 (Fer1) [1μM] for 36h. qPCR of the indicated transcripts was performed. E) PMLFs treated 
as in (B), qPCR of the indicated transcripts was performed. F) PMLFs treated as in (C), qPCR of the 
indicated transcripts was performed. Data are means +/- SEM of at least three independent 
experiments were applicable. One- or two-way ANOVA was used to calculate p-values. ns: not 
significant; *: p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.0001. qPCR (C, D, F) were contributed by 
Jenny Stroh and Maria Nenchova.  
 

Prostaglandins can be produced via TLR4 and NF-κB signalling while  NFAT, CREB and c/EBPβ 

transcription factors are also involved in their induction370. In order to distinguish the origin 

of the released prostaglandins in mutually exclusive to ferroptosis, wildtype lung fibroblasts 

(PMFLs) were also treated with LPS with the combination of ferroptosis inhibitor Fer1. LPS 

treatment for 3 and 6 hours significantly upregulated Ptges and Ptgs2 but, unlike RSL3 

A

Ptges Ptgds Ptgs1 Ptgs2
0.0

0.2

0.4

0.6

0.8

1.0

R
el

at
iv

e 
ex

pr
es

si
on

 to
 G

A
PD

H

Control

RSL3

RSL3+Fer1
✱✱✱✱

Ptges Ptgds Ptgs1 Ptgs2
0.0

0.2

0.4

0.6

0.8

1.0

R
el

at
iv

e 
ex

pr
es

si
on

 to
 G

A
PD

H

Control

RSL3

RSL3+Fer1

✱✱✱✱

B E

Alox5 Alox12 Alox15 Por
0

1×10-5
2×10-5
3×10-5
4×10-5
5×10-5

0.01

0.02

0.03

R
el

at
iv

e 
ex

pr
es

si
on

 to
 G

A
PD

H

Control

RSL3

RSL3+Fer1

ns ns

ns

✱✱

ns

ns

C F

Ptgs1 Ptgs2
0.00

0.05

0.10

0.15

0.20

0.25

R
el

at
iv

e 
ex

pr
es

si
on

 to
 G

A
PD

H

Control

ML210

ML210+Fer1

Fer1

ns ns

ns

✱✱✱

✱✱✱✱

✱✱✱✱

Alox5 Alox12 Alox15 Por
0.0000

0.0003

0.0006

0.010

0.015

0.020

R
el

at
iv

e 
ex

pr
es

si
on

 to
 G

A
PD

H

Control

ML210

ML210+Fer1

Fer1

ns

ns

ns

D

Ptges Ptgds Ptgs1 Ptgs2
0.000

0.005

0.010

0.015

R
el

at
iv

e 
ex

p
re

ss
io

n
 t

o
 G

A
P

D
H

Pfa1 -4OHT

Pfa1 +4OHT

Pfa1-mFSP1 OE -4OHT

Pfa1-mFSP1 OE +4OHT

✱✱✱✱

✱✱✱✱

ns



 62 

treatment, this upregulation was not reversed by Fer1 (Figure 20A, 20B). Moreover, none of 

the other enzymes were regulated upon TLR4 signalling activation (Figure 20C, 20D). So, the 

upregulation of the genes upon ferroptosis induction in the oxylipin synthesis describes a 

unique role lipidROS in the prostaglandin synthesis enzymatic machinery.  

 

 
Figure 20. LPS-induced Ptgs2 induction is independent of ferroptosis.  
A) Primary mouse lung fibroblasts (PMLFs) were treated with +/- LPS [10ng/ml] +/- Fer1 [1μM] for 3h. 
qPCR of the indicated transcripts was performed. B) PMLFs were treated with +/- LPS [10ng/ml] +/- 
Fer1 [1μM] for 6h. qPCR of the indicated transcripts was performed. C) PMLFs treated as in (A), qPCR 
of the indicated transcripts was performed. D) PMLFs treated as in (B), qPCR of the indicated 
transcripts was performed. Data are means +/- SEM of at least three independent experiments were 
applicable. One- or two-way ANOVA was used to calculate p-values. ns: not significant; *: p<0.05; **: 
p<0.01; ***: p<0.001; ****: p<0.0001. qPCR experiments(A-D) were contributed by Emre Güngör. 
 

To compile a detailed list of oxylipins released by ferroptotic cells, supernatants were 

collected from several groups of Pfa1 cells: untreated control cells, cells treated with 

Tamoxifen for 48 hours with and without Fer-1, and cells treated only with Fer-1 (Figure 21A). 

These supernatants were then analysed using targeted mass spectrometry, comparing the 

results against empty media (without cells to account for media consumption), utilizing a 

library of 34 oxylipins368. In total, 19 from 34 oxylipins monitored were identified and 

quantified in media. The main subgroups include prostaglandins, lipoxin, mono-hydroxides, 

and di-hydroxides. 4 out of the 19 were significantly increased over live cell and media control 

(specifically released) and 13 over live cell control but not media (specific changes in 

consumption) upon induction of ferroptosis.  
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Figure 21. Ferroptotic cells release different types of prostaglandins. 
A) Schematic of lipidomics experimental design to obtain ferroptotic oxylipins. B) Pfa1 cells were 
treated +/- 4OHT [1μM] +/- Ferrostatin-1 [1μM] for 72 h, supernatants (n=5 per condition) were 
collected, and concentrations of the indicated prostaglandins was quantified by mass spectrometry 
using standards as compared to media. C) Pfa1 cells treated as in (B) and concentrations of the 
indicated PGD2-derived oxylipins were quantified by mass spectrometry using standards as compared 
to media. D) Primary mouse lung fibroblasts (PMLFs) treated with +/- RSL3 [1μM] +/- Fer1 [1μM] +/- 
Erastin [1μM] for 24h. PGE2 was quantified using ELISA. E) PMLFs treated with +/- TNF⍺ [20ng/ml] +/- 
Birinapant [1μM] +/- Emricasan [2,5μM] for 24h. PGE2 was quantified using ELISA. Data are means +/- 
SEM of at least three independent experiments were applicable. One- or two-way ANOVA was used to 
calculate p-values. ns: not significant; *: p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.0001. Lipidomics 
experiment (B, C) was contributed by Adriano de Britto Chaves Filho. 
 

Ferroptotic supernatants contained significantly higher amounts of prostaglandins (PGE2, 

PGA2, PGD2) (Figure 21B). On the contrary, PGD2-derived oxylipins (15-deoxy-Δ12,14-PGD2 

and 15-deoxy-Δ12,14-PGJ2) were also detected but they were not significantly increased upon 

ferroptosis induction (Figure 21C). The release of PGE2 was also observed in PMLFs 
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undergoing RSL3-induced ferroptosis (Figure 21D). Importantly, PGE2 release was detected in 

PMLFs experiencing extrinsic apoptosis or necroptosis as well (Figure 21E), indicating that 

PGE2 release is a common feature across various types of regulated cell death. Additionally, 

several other oxylipins were found to be relatively more abundant in the secretomes of 

ferroptotic cells compared to those of live cells, likely due to reduced consumption from the 

cell culture media following the induction of cell death (Figure 22). Taken together, ferroptosis 

induces expression of Ptgs2 independent of TLR4 signalling and the release of inflammatory 

oxylipins. 

 
 

Med
ium Ctrl

4-O
HT

4-O
HT + 

Fer1 Fer1
0

1

2

3

4

5

9-HODE

pg
/m

L

A

Med
ium Ctrl

4-O
HT

4-O
HT + 

Fer1 Fer1
0

5

10

15

13-HODE

pg
/m

L

✱✱✱

C

Med
ium Ctrl

4-O
HT

4-O
HT + 

Fer1 Fer1
0

1

2

3

12(13)-DiHOME

pg
/m

L

✱✱✱✱

Med
ium Ctrl

4-O
HT

4-O
HT + 

Fer1 Fer1
0

1

2

3

4

5

9(10)-DiHOME

pg
/m

L

ns

B

Med
ium Ctrl

4-O
HT

4-O
HT + 

Fer1 Fer1
0

5

10

15

20

25

12-HETrE

pg
/m

L

✱✱✱✱

Med
ium Ctrl

4-O
HT

4-O
HT + 

Fer1 Fer1
0

5

10

15

20

25

15-HETrE

pg
/m

L

✱✱✱✱

Med
ium Ctrl

4-O
HT

4-O
HT + 

Fer1 Fer1
0

20

40

60

80

100

14-HDoHE

pg
/m

L

ns

Med
ium Ctrl

4-O
HT

4-O
HT + 

Fer1 Fer1
0

20

40

60

17-HDoHE

pg
/m

L

ns

E

Med
ium Ctrl

4-O
HT

4-O
HT + 

Fer1 Fer1
0

2

4

6

8

LXA4

pg
/m

L

✱

D

Med
ium Ctrl

4-O
HT

4-O
HT + 

Fer1 Fer1
0

20

40

60

5-HETE

pg
/m

L

Med
ium Ctrl

4-O
HT

4-O
HT + 

Fer1 Fer1
0

5

10

15

11-HETE

pg
/m

L

✱✱✱✱

Med
ium Ctrl

4-O
HT

4-O
HT + 

Fer1 Fer1
0

20

40

60

80

12-HETE

pg
/m

L

✱✱

Med
ium Ctrl

4-O
HT

4-O
HT + 

Fer1 Fer1
0

5

10

15

20

25

15-HETE

pg
/m

L

✱

F



 65 

Figure 22. Ferroptosis induces the production and release of inflammatory oxylipins. 
A-F) Pfa1 cells were treated +/- 4OHT [1μM] +/- Ferrostatin-1 [1μM] for 72 h, supernatants (n=5) per 
condition) were collected, and concentrations of the indicated HETE, HODE, HETre, HDoHE, DiHOME 
and lipoxin A4 oxylipins was quantified by mass spectrometry using standards as compared to media. 
One- or two-way ANOVA was used to calculate p-values. ns: not significant; *: p<0.05; **: p<0.01; ***: 
p<0.001; ****: p<0.0001. Lipidomics experiment (A-F) was contributed by Adriano de Britto Chaves 
Filho. 
 

2.1.4. Ferroptotic cells release small metabolites 

Metabolic reprogramming is a defining feature of macrophages that drives their activation 

during inflammation371,372. Apoptotic cells can release nucleotides that act as effective 

DAMPs, facilitating their clearance305. In addition to nucleotides, apoptotic cells have been 

shown to release various other metabolites that can influence inflammatory responses373. 

Most of all, the impact of intracellular metabolism and the types of small metabolites released 

from ferroptotic cells have not been thoroughly investigated. To screen for the release of small 

molecules, PMLFs were treated with inducers of ferroptosis (RSL3 or erastin), apoptosis 

(TNF/Smac mimetic, TS), and necroptosis (TNF/Smac mimetic/Emricasan, TES). Cells 

undergoing ferroptosis exhibited the highest levels of ATP release (Figure 23A), occurring 

before cell death and accumulation of lipidROS (Figure 23B, 23G), in comparison to cells 

undergoing apoptosis and necroptosis (Figure 23C, 23D). Furthermore, overexpression of FSP1 

significantly decreased the ATP release and cell death upon ferroptosis induction (Figure 23E, 

23F). Consistent with previous reports326, ferroptotic cells also released oxidized nucleotide 8-

Hydroxy-2'-deoxyguanosine (8-OHdG) (Figure 23G). 
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Figure 23. Ferroptotic cells release nucleotides.  
A) Primary mouse lung fibroblasts (PMLFs) were treated with RSL3 [1μM] or erastin [1μM] +/- 
Ferrostatin-1 [1μM] for 15 h. ATP release was measured using the RealTime-GloÔ Extracellular ATP 
Assay and a luminescence plate reader. Relative Luciferase Units; RLU. B) Cells and treatments in (A) 
were stained with Draq7 [100nM]. Cells were imaged every 2 hours for near-infrared (NIR) count as a 
measure of dead cells using the IncuCyte live cell imaging system. % Cell death was normalized to 
confluency. C) PMLFs treated with +/- TNF⍺ [20ng/ml] +/- Birinapant [1μM] +/- Emricasan [2,5μM] 
(TES) for 15h. ATP release was measured using the RealTime-GloÔ Extracellular ATP Assay and a 
luminescence plate reader. Relative Luciferase Units; RLU. D) Cells and treatments in (A) were stained 
with Draq7 [100nM]. Cells were imaged every 2 hours for near-infrared (NIR) count as a measure of 
dead cells using the IncuCyte live cell imaging system. % Cell death was normalized to confluency. E) 
Parental Pfa1 or Pfa1 cells with stable FSP1 overexpression were treated with RSL3 [1μM] +/- 
Ferrostatin-1 [1μM] and ATP release was quantified using the RealTime-GloÔ Extracellular ATP Assay 
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and a luminescence plate reader. Relative Luciferase Units; RLU. F) Cells and treatments in (A) were 
stained with Draq7 [100nM]. Cells were imaged every 2 hours for near-infrared (NIR) count as a 
measure of dead cells using the IncuCyte live cell imaging system. % Cell death was normalized to 
confluency. G) Pfa1 were treated with RSL3 [1μM] or Erastin [1μM] +/- Ferrostatin-1 [1μM] and stained 
for lipid ROS accumulation using STY-BODIPY [1μM] for 24h. Levels of lipid peroxidation can be 
monitored by quantifying levels of co-oxidized STY-BODIPY (green, λex = 488 nm, λem = 495−540 nm) 
emitting green signals over reduced STY-Bodipy (red, λex = 561 nm, λem = 568−630 nm) emitting in 
the orange spectrum. H) GPX4 control or GPX4-deficient SCLC cell lines were kept in the presence of 
Ferrostatin-1 [1μM]. Supernatants were collected 16h after Ferrostatin-1 withdrawal and 8-OHdG was 
quantified using ELISA. Data are means +/- SEM of at least three independent experiments. One- or 
two-way ANOVA was used to calculate p-values. ns: not significant; *: p<0.05; **: p<0.01; ***: 
p<0.001; ****: p<0.0001. Incucyte experiment (G) was contributed by Christina Bebber.  
 

Therefore, to determine what kind of small metabolites are released from cells undergoing 

ferroptosis, metabolic profiling was performed on Pfa1 cells. Supernatants and corresponding 

cell pellets were collected from several groups at 30h (early, no cell death), 48h (late, 50% cell 

death) and 72h (100% cell death, only supernatant) with the following groups: untreated 

control cells, cells treated with 4-OHT with and without Fer1, and cells treated only with Fer1 

comparing the results against empty media (without cells to account for media consumption) 

(Figure 24A). A targeted library of over 400 polar metabolites was measured by liquid 

chromatography mass spectrometry, 174 of which could be detected in cell pellets and 122 in 

supernatants. Indeed, cells undergoing ferroptosis upon GPX4 deletion (+4OHT) as compared 

to live cells (-4OHT) showed distinct profiles of intracellular metabolites (Figure 24B). 

Interestingly, supernatants from cells undergoing ferroptotic cell death were enriched in TCA 

cycle, methionine cycle, purine and pyrimidine-derivates (Figure 24C).  
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Figure 24. Ferroptotic cells shows different metabolic profiles at different time points. 
A) Schematic of metabolomics experimental design to obtain ferroptotic metabolites (n=5 per 
condition). B) Heatmap of significantly different (p=0.05) metabolites in media of Pfa1 cells +/- 4OHT 
[1μM] for 48h. Log2 fold distance is shown. C) Heatmap of all metabolites detected within 
supernatants of all 4 experimental conditions, 48h after 4OHT [1μM] stimulation of Pfa1 cells +/- 
Ferrostatin-1 [1μM] stimulation. Log2 fold change is shown. Data are from 5 biological replicates for 
metabolomic measurements. One- or two-way ANOVA was used to calculate p-values. ns: not 
significant; *: p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.0001. Metabolomics experiment (A-E) were 
contributed by Eric Seidel and Christian Frezza 
 

Interestingly, early deletion of GPX4, before any measurable cell death occurred (at 30 hours), 

led to a significant increase in purine and pyrimidine derivatives. This increase was somewhat, 

but not completely, mitigated by co-treatment with ferrostatin-1. Metabolites necessary for 

pyrimidine synthesis, such as orotate, dihydroorotate, and cytosine, were elevated under all 

conditions involving GPX4 deletion (Figure 25A). The degradation products of purines, 

including xanthine, inosine, and adenosine were reduced following GPX4 deletion (Figure 

25B). Additionally, this early rise in intracellular nucleotides (Figure 25C) was accompanied by 

an accumulation of metabolites from the pentose phosphate pathway (PPP) (Figure 25D) as 
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well as an early rise in intracellular TCA cycle metabolites (Figure 25E). Next, significantly 

enriched metabolites from ferroptotic supernatants were analysed for metabolic pathway 

enrichment using MetaboAnalyst 6.0374 and the Kyoto Encyclopedia of Genes and Genomes 

(KEGG). Enrichment in metabolites from the TCA cycle, methionine cycle, purine and 

pyrimidine synthesis, and other pathways associated with ferroptosis protection, such as the 

GSH pathway was also confirmed (Figure 25F). 
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Figure 25. Early ferroptotic cells activate nucleotide synthesis and release metabolites of active 
anabolism. 
A) Heatmap of pyrimidine synthesis metabolites in cell pellets 30 h after 4OHT [1μM] stimulation of 
Pfa1 cells +/- Ferrostatin-1 [1μM]. Log2 fold change is shown. B) Heatmap of purine metabolism 
metabolites in cell pellets 30 h after 4OHT [1μM] stimulation of Pfa1 cells +/- Ferrostatin-1 [1μM]. Log2 
fold change is shown. C) Heatmap of pentose phosphate pathway (PPP) metabolites in cell pellets 30 
h after 4OHT [1μM] stimulation of Pfa1 cells +/- Ferrostatin-1 [1μM]. Log2 fold change is shown. D) 
Heatmap of nucleotides in cell pellets 30 h after 4OHT [1μM] stimulation of Pfa1 cells +/- Ferrostatin-
1 [1μM]. Log2 fold change is shown. E) Heatmap of TCA cycle metabolites in cell pellets 30 h after 4OHT 
[1μM] stimulation of Pfa1 cells +/- Ferrostatin-1 [1μM]. F) KEGG pathway enrichment of metabolites 
ferroptotic supernatants (48 h +4OHT [1μM]) is plotted by -log10 p-value using MetaboAnalyst 6.0374. 
Heatmaps show 5 independent biological replicates for metabolomics measurements. One- or two-
way ANOVA was used to calculate p-values. ns: not significant; *: p<0.05; **: p<0.01; ***: p<0.001; 
****: p<0.0001. Metabolomics experiment (A-E) were contributed by Eric Seidel and Christian Frezza. 
 
 

2.2. Ferroptotic supernatants induce macrophage reprogramming 

2.2.1. Ferroptotic supernatants induce transcriptional reprogramming of 

macrophages 

Having identified that ferroptotic cells release both protein and non-protein secretomes with 

putative immune-modulatory activity, we decided to test this on macrophages. Primary 

mouse bone marrow-derived cells were isolated and differentiated into primary 

F48/80+/CD11b+ bone marrow-derived macrophages (pBMDMs) as described before375 

(Figure 26A, 26B). Exposure to ferroptotic supernatants had no effect on BMDM 

differentiation and maturation (Figure 26C, 26D). Next, BMDMs were exposed to filtered 

ferroptotic supernatants +/- Fer-1 for 24 hours followed by RNA-sequencing (Figure 26E). 

Ferroptotic supernatant exposed pBMDMs showed upregulation of markers consistent with 

macrophage priming as well as enrichment in gene ontology (GO) terms associated with 

immune activation (Figure 26G). Amongst the upregulated transcripts were the MIF receptor 

CD74 and Ptger3, a PGE2 receptor identified (Figure 26F) and validated (Figure 26H). RNA-seq 

results further supported the identified ligands such as MIF and class of prostaglandins of the 

multi-omics approach.  
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Figure 26. Exposure to supernatants from ferroptotic cells triggers a transcriptional reprogramming 
in macrophages. 
A) Schematic of pBMDMs isolation and differentiation. 6-9-week old C57BL/6N strain mice were 
sacrificed and bone marrow cells were isolated and differentiated for 7 days with M-CSF [25ng/ml] as 
described before. B) pBMDMs differentiation at day 7 was confirmed with CD11b+ F4/80+ gating 
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within live cells. Cells were analysed by flow cytometry. C) pBMDMs were incubated with supernatants 
from GPX4 CTRL or GPX4 KO SCLC cell lines 24 h after Fer1 withdrawal. Representative flow cytometry 
analysis is shown. D) pBMDMs from (C) were quantified for combined CD11b+, F4/80+ within live cells. 
E) Schematic of supernatant transfer strategy from Pfa1 to pBMDMs (n=3 per condition). F) 
Differentiated pBMDMs were incubated for 24 h with the supernatants shown in (E), and then 
subjected to RNA sequencing. The 25 most significantly upregulated and downregulated genes are 
displayed, with the genes clustered row-wise according to their expression patterns. G) Positively 
enriched GO terms in pBMDMs exposed to ferroptotic supernatants. H) pBMDMs were subjected to 
the indicated supernatants from Pfa1 cells for 24h. The indicated transcripts were quantified by qPCR. 
Data are means +/- SEM of at least three independent experiments. All images were created with 
BioRender.com. One- or two-way ANOVA was used to calculate p-values. ns: not significant; *: p<0.05; 
**: p<0.01; ***: p<0.001; ****: p<0.0001. RNA sequencing analysis (F, G) was contributed by Ali 
Abdallah.  
 

As a control to test whether pBMDMs exposed to other regulated necrosis-derived 

supernatants would respond similarly or not, necroptotic supernatants from cells undergoing 

necroptosis upon induction of ZBP1 overexpression in the presence of caspase inhibition376 

were generated. In this way, necroptosis can be induced without the use of TNF which can act 

as a direct stimulant to macrophages. Cells harbouring the empty vector (ZBP1 EV cells) 

exhibited negligible cell death, even following treatment with emricasan whereas the 

overexpression of ZBP1 (ZBP1 OE cells) resulted in a significant increase in cell death (Figure 

27A, 27B). LDH leakage was similarly observed in ZBP1 and emricasan-induced necroptosis 

(Figure 27C). Interestingly, treating pBMDMs with necroptotic supernatants did not lead to 

the induction of any genes that are activated in response to exposure to ferroptotic 

supernatants (Figure 27D). 
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Figure 27. Inducible ZBP1 overexpression leads to necroptotic cell death. 
A) Empty vector inducible (ZBP1 EV) ZBP1-inducible (ZBP1 OE) iMEFs376 were pre-treated +/- 
doxycycline [1μg/ml] for 16 hours and +/- Emricasan [2.5μM] for 24h. DRAQ7 [100nM] was added to 
all wells to visualize dead cells. Images were acquired every 2h using the IncuCyte SX5 bioimaging 
platform. Time kinetic is shown. B) Cells and treatments in (A) were stained with Draq7 [100nM]. Cells 
were imaged every 2 hours for near-infrared (NIR) count as a measure of dead cells using the IncuCyte 
live cell imaging system. C) ZBP1 EV and ZBP1 OE cells treated as in (B) were subjected to LDH 
quantification. D) pBMDMs were incubated with ZBP1 EV or ZBP1 OE supernatants (SN) + Emricasan 
[2.5μM] for 24 h. The indicated transcripts were quantified by qPCR. Data are means +/- SEM of at 
least three independent experiments were applicable. One- or two-way ANOVA was used to calculate 
p-values. ns: not significant; *: p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.0001. Incucyte experiments 
(A, B) were contributed by Maria Nenchova, qPCR experiment (D) was contributed by Jenny Stroh.   
 

2.2.2. Ferroptotic supernatants prime macrophages 

As previous studies identified TLR4/TRIF signalling activation in neutrophils upon ferroptotic 

cell death350, macrophages were tested for cytokine secretion in response to TLR4 stimulation 

via LPS in the presence and absence of ferroptotic supernatants. Immortalized BMDMs 

(iBMDMs) were primed with either control or ferroptotic supernatant with or without 

interferon-gamma (IFN-ɣ)/LPS treatment (Figure 28A). As Fer1 treatment alone had an effect 

regarding TNF⍺ (Figure 28B) and IL6 (Figure 28C) secretion from iBMDMs, further activation 

experiments were done with supernatants derived from cells with a constitutive GPX4 

knockout that can only be cultured in the presence of Fer1 but resulting in ferroptotic cell 

death upon withdrawal of Fer1 (Figure 28D). Exposure to these ferroptotic secretomes had 

similar effect on TNF⍺ and IL6 secretion with significantly increased upon IFN-ɣ/LPS treatment 
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in iBMDMs (Figure 28E, 28F) as well as pBMDMs (Figure 28G, 28H) but did not change the 

percentage intracellular TNF⍺	levels of primary mature F4/80+CD11b+ BMDMs (Figure 28I), 

suggesting enhanced/prolonged activation of individual pBMDMs. Of note, elevated levels of 

Il1b mRNA (Figure 26H), did not result in increased IL-1β secretion from BMDMs incubated 

with ferroptotic supernatants in the presence and absence of additional IFN-ɣ/LPS treatment 

(Figure 28J, 28K). 

 
Figure 28. Ferroptotic supernatants prime macrophages. 
A) Schematic of supernatant transfer strategy from Pfa1 ctrl. or KO cells 72h after +/- 4OHT [1μM] +/ - 
Ferrostatin-1 (Fer1) [1μM] treatment iBMDMs. B) iBMDMs were incubated with Pfa1 ctrl. or KO 
supernatants for 6h with IFN gamma [25ng/ml], after which LPS [10ng/ml] was added for a total of 24 
h. TNF-alpha was quantified using ELISA. C) iBMDMs were incubated with Pfa1 ctrl. or KO supernatants 
6h with IFN gamma [25ng/ml], after which LPS [10ng/ml] was added for a total of 24 h. IL-6 was 
quantified using ELISA. D) Schematic of supernatant transfer strategy from GPX4 control and GPX4 KO 
SCLC cells 24h after Ferrostatin-1 withdrawal to iBMDMs. E) iBMDMs were incubated with ctrl. or KO 
supernatants for 6h with IFN gamma [25ng/ml], after which LPS [10ng/ml] was added for a total of 24 
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h. TNF-alpha was quantified using ELISA. F) iBMDMs were incubated with ctrl. or KO supernatants 6h 
with IFN gamma [25ng/ml], after which LPS [10ng/ml] was added for a total of 24 h. IL-6 was quantified 
using ELISA. G) pBMDMs were incubated with ctrl. or KO supernatants for 6h with IFN gamma 
[25ng/ml], after which LPS [10ng/ml] was added for a total of 24 h. TNF-alpha was quantified using 
ELISA. H) pBMDMs were incubated with ctrl. or KO supernatants 6h with IFN gamma [25ng/ml], after 
which LPS [10ng/ml] was added for a total of 24 h. IL-6 was quantified using ELISA. I) Differentiated 
pBMDMs were treated with ctrl. or KO supernatants for 6h IFN gamma [25ng/ml], LPS [10ng/ml] and 
Brefeldin A (BFA) [5μg/ml]. Combined CD11b+, F4/80+ within live cells were quantified using flow 
cytometry. J) iBMDMs were incubated with Pfa1 ctrl. or KO supernatants as indicated for 6h with IFN 
gamma [25ng/ml], after which LPS [10ng/ml] was added for a total of 24 h. IL1b was quantified using 
ELISA. K) iBMDMs were incubated with SCLC ctrl. or KO supernatants as indicated for 6h with IFN 
gamma [25ng/ml], after which LPS [10ng/ml] was added for a total of 24 h. IL1b was quantified using 
ELISA. Data are means +/- SEM of at least three independent experiments. All images were created 
with BioRender.com. One- or two-way ANOVA was used to calculate p-values. ns: not significant; *: 
p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.0001. 
 

To determine if the "priming substance" in ferroptotic supernatants is part of the protein or 

non-protein secretome, supernatants were boiled to denature the protein components. 

Notably, the boiled supernatants from ferroptotic cells maintained their priming activity, 

strongly suggesting that the non-protein fraction released from these cells is responsible for 

this effect (Figure 29A, 29B). Notably, overexpression of FSP1 in the cells producing the 

supernatants was enough to reduce the supernatants' priming activity on macrophages 

(Figure 29C).  
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Figure 29. The non-protein fraction of ferroptotic supernatants is responsible for priming.  
A) iBMDMs were incubated with Pfa1 ctrl. Or KO supernatants or boiled (*cooked*) supernatants for 
6h with IFN gamma [25ng/ml], after which LPS [10ng/ml] was added for a total of 24 h. TNF-alpha was 
quantified using ELISA. B) iBMDMs were incubated with GPX4 ctrl. Or KO supernatants or boiled 
(*cooked*) supernatants for 6h with IFN gamma [25ng/ml], after which LPS [10ng/ml] was added for 
a total of 24 h. TNF-alpha was quantified using ELISA. C) iBMDMs were incubated with Pfa1 ctrl. Or 
Pfa1-FSP1 OE supernatants for 6h with IFN gamma [25ng/ml], after which LPS [10ng/ml] was added 
for a total of 24 h. TNF-alpha was quantified using ELISA. Data are means +/- SEM of at least three 
independent experiments. One- or two-way ANOVA was used to calculate p-values. ns: not significant; 
*: p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.0001. 
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iBMDMs were primed with necroptotic supernatants derived from ZBP1-inducible MEFs (ZBP1 

OE) did not show enhanced TNF or IL-6 secretion as compared to vector control (ZBP1 EV) 

supernatants upon stimulation (Figure 30A, 30B). Together, these findings reveal that 

ferroptotic secretomes, and specifically the non-protein components, uniquely prime 

macrophages for activation, a capability not observed with necroptotic supernatants. 

 
Figure 30. Necroptotic supernatants fail to prime macrophages. 
A) iBMDMs were incubated with empty vector (EV) or supernatants from ZBP1 induced (ZBP1 OE) + 
Emricasan [2.5 μM] for 6h with IFN gamma [25ng/ml], after which LPS [10ng/ml] was added for a total 
of 24 h. TNF alpha was quantified using ELISA. B) iBMDMs were incubated with empty vector (EV) or 
supernatants from ZBP1 induced (ZBP1 OE) + Emricasan [2.5 μM] for 6h with IFN gamma [25ng/ml], 
after which LPS [10ng/ml] was added for a total of 24 h. IL-6 was quantified using ELISA. Data are means 
+/- SEM of at least three independent experiments were applicable. One- or two-way ANOVA was used 
to calculate p-values. ns: not significant; *: p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.0001. ELISA 
experiments (A, B) were contributed by Jenny Stroh. 
 

2.2.3. Ferroptotic secretome-exposed macrophages also show signs of trained 

immunity  

Given that Clec4n (Dectin-2), a C-type lectin receptor and Il1b were upregulated in pBMDMs 

treated with ferroptotic secretomes and fumarate release was detected in ferroptotic cells, 

an experimental setup of “trained immunity” in macrophages was performed (Figure 30A). 

Cells isolated from mouse bone marrow, undifferentiated BMDMs, were trained with either 

control or ferroptotic supernatants for 24 hours and left for a resting period for 7 days. The 

resting period was followed by re-stimulation with LPS- a TL4 ligand or PAM3CSK- a TLR2 

ligand. Intriguingly, cells trained with ferroptotic supernatant showed a significantly increased 

response to both secondary which was measured by TNF⍺ and IL6 secretion from 

macrophages (Figure 31B, 31C). In addition to the protein levels, mRNA levels of Tnf and Il6 

were upregulated upon training with ferroptotic supernatants (Figure 31D, 31E). Of note, the 

variability between the biological repeats is potentially derived from the not-ideal replication 
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of the ‘training’ treatment with freshly isolated bone-marrow derived cells, resulting in a trend 

but not reaching significance between non-ferroptotic and ferroptotic supernatants. Even 

though the effect of gender or age of the mice have been optimized, results were still showing 

variability. Besides the variability, the medium control for the secondary stimulus, in this case 

DMEM, caused high levels of cytokine release. As the ferroptotic supernatants were of RPMI 

origin, we sought to compare the effect of RPMI and DMEM alone on the ‘training’ status of 

macrophages as well as in activation post-secondary stimulus. Replacement of DMEM with 

RPMI medium sufficiently lowered the activation levels of medium control (Figure 31F, 31G) 

but again failing to reach significance. Epigenetic markers and metabolic changes were also 

checked by western blotting and seahorse assays but both failed to show additional evidence 

for the ‘trained’ phenotype of macrophages (data not shown). A recent study has reported 

the induction of distinct trained-immunity programs in human monocytes377. The 

characterization of gene expression profiles via single-cell RNA sequencing revealed a high 

heterogeneity of cytokines and chemokine markers across monocyte subpopulations 

suggesting that the existence of a subpopulation with low trained immunity phenotype can 

also explain the variability and lack of defined ‘trained’ phenotype.  



 79 

 
Figure 31. Ferroptotic-exposed macrophages also show signs of trained immunity. 
A) Experimental setup for “trained immunity”. B) pBMDMs were trained with ctrl. or KO supernatants, 
C. albicans or DMEM for 24h and left for a resting/differentiation period of 6 days. On day 7, 
macrophages were challenged with ctrl. or KO supernatants, C. albicans, TLR4 ligand LPS, TLR2 ligand 
PAM3CSK (P3C) for 24 h. TNF-alpha was quantified using ELISA. C) pBMDMs were trained with ctrl. or 
KO supernatants, C. albicans or DMEM for 24h and left for a resting/differentiation period of 6 days. 
On day 7, macrophages were challenged with ctrl. or KO supernatants, C. albicans, TLR4 ligand LPS, 
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TLR2 ligand PAM3CSK (P3C) for 24 h. IL-6 was quantified using ELISA. D-E) pBMDMs were subjected 
to the indicated supernatants from (B). The indicated transcripts were quantified by qPCR. Data are 
means +/- SEM of at least three independent experiments. F) pBMDMs were subjected to the indicated 
supernatants from (B) with a medium change to RPMI. TNF-alpha was quantified using ELISA. G) 
pBMDMs were subjected to the indicated supernatants from (B) with a medium change to RPMI. IL-6 
was quantified using ELISA. Data are means +/- SEM of at least three independent experiments were 
applicable. All images were created with BioRender.com. One- or two-way ANOVA was used to 
calculate p-values. ns: not significant; *: p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.0001. 
 

2.2.4. Ferroptosis in vivo 

In order to study the inflammatory consequences of ferroptosis in vivo, a GPX4fl/fl mouse line 

was used. Since GPX4 KO in mice is embryonically lethal, a floxed allele model was previously 

developed and is commercially available378. Upon adenoviral Cre administration 

intratracheally, we induced Gpx4 deletion in the lung. To this end, 9-12-week-old mice were 

inhaled with adenoviral Cre (Figure 32A) and sacrificed after 3 weeks, followed by immune 

analysis via flow cytometry. Non-inhaled controls showed no differences between different 

cell types (data not shown). GPX4 KO lungs showed slightly elevated CD45+ cells, (Figure 32B). 

There were no significant differences between myeloid (CD11b+) and dendritic (CD11c+) cells 

(Figure 32C), neutrophils (CD11b+ Gr1+), M1- macrophages (CD11b+ CD80+) or M2 

macrophages (CD11b+ CD206+ and CD11b+ Arg1+) (Figure 32D).  There was however a 

significant difference significantly higher percentages of CD4+ T helper cells as well as a trend 

for elevated CD8+ cytotoxic T cells in GPX4 KO lungs (Figure 32E).  
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Figure 32. Ferroptosis induction in vivo via Gpx4 deletion induces CD4+ T cell recruitment 
A) Experimental setup for intratracheally inhalations of the mice. B-E) Flow cytometry analysis of the 
lungs from inhaled GPX4wt/wt and GPX4fl/fl mice. Mice were sacrificed 3 weeks after the inhalation. All 
images were created with BioRender.com. One- or two-way ANOVA was used to calculate p-values. 
ns: not significant; *: p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.0001. FACS experiments (B-E) were 
contributed by Ariadne Androulidaki.  
 

Next, the same samples were subjected to qPCR analysis for the levels of inflammatory 

markers. Surprisingly, several inflammatory factors were significantly elevated in GPX4 KO 

lungs including Tnf, Irf3 and Zbp1 (Figure 33A, 33B). For a deeper analysis on the 

transcriptional changes upon ferroptosis induction in the lungs upon, samples were sent for 

RNA sequencing. Results showed different transcriptional profile between GPX4 WT and KO 
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samples (Figure 33C). Pathway analysis using STRING showed enrichment in autoimmune 

disease, infection and antigen processing and presentation in GPX4 KO samples (Figure 33D). 

Hence, our data reveal that although mosaic deletion of GPX4 in the lung alone can lead to 

transcriptional upregulation in inflammatory genes, it is insufficient to trigger a massive 

cellular inflammatory response in vivo, rather GPX4 deletion seems to ‘prime’ the tissue for 

an inflammatory response as highlighted by elevated secretion of several inflammatory 

cytokines.  
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Figure 33. Gpx4 deletion in the lungs shows signs of inflammation 
A-B) qPCR analysis of the lungs from inhaled GPX4wt/wt and GPX4fl/fl mice. The indicated transcripts were 
quantified by qPCR. C) 5 WT and 5 GPX4FL/FL mice of both genders were intratracheally inhaled with 10 
x 107 PFU (plaque-forming units) of Adeno-Cre. Three weeks later mice were sacrificed, lungs were 
excised, RNA isolated and sequenced by RNA-seq. The top 25 differentially expressed genes between 
both groups are plotted as a heatmap. D) KEGG pathways enriched in GPX4FL/FL lungs. One- or two-way 
ANOVA was used to calculate p-values. ns: not significant; *: p<0.05; **: p<0.01; ***: p<0.001; ****: 
p<0.0001. RNA sequencing analysis (C, D) was contributed by Ali Abdallah.  
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3. Discussion 

Ferroptosis is a recently described form of regulated cell death that has been implicated in 

diseases with involvement of inflammation. However, it is not clear if ferroptosis can trigger 

inflammation as shown by other pathways of regulated cell death such as necroptosis and 

pyroptosis. The nature of potential DAMPs directly released from ferroptotic cells as well as 

the mechanisms and type of inflammatory response triggered in immune cells have remained 

unexplored so far. In this study, it has been identified for the first time, through a multi-omics 

approach, the first detailed and unbiased analysis of proteins, oxylipins, and metabolites that 

are released from ferroptotic cells and its subsequent effect on macrophages.  

 

3.1. Investigating the protein fraction of ferroptotic secretome  

Over the past decades, the discovery of various types of regulated necrosis has transformed 

cell death research. With the identification of numerous cell death pathways, the focus to 

understanding not only the mechanisms and machineries involved but also the immunological 

consequences of cell death have become relevant. Notably, regulated necrosis pathways 

involve the rupture of the plasma membrane and cell lysis, leading to the release of cytosolic 

contents into the extracellular space1. In this scenario, endogenous non-inflammatory 

components and organelles from healthy cells can be identified as damage-associated 

molecular patterns (DAMPs) when they are released, secreted, or exposed during cell death 

or damage, thereby acquiring immunomodulatory functions250. Mechanistically, DAMPs and 

alarmins function as ligands that activate immune cells expressing pattern recognition 

receptors (PRRs), leading to the production of immune factors like cytokines and chemokines. 

The most well-known DAMPs, play an important role as adjuvants in immunogenic cell death 

(ICD) but the relationship between ferroptosis and ICD is not yet completely clear. To 

understand the DAMP-PRR axis in ferroptosis, which links cell death to immunity, it is essential 

to investigate the specific nature of DAMPs and alarmins released during cell death379. A 

comprehensive analysis of ferroptotic secretome has been lacking to date.  

 

In this study, different classes of ferroptotic secretome were investigated. Initially the protein 

fraction of the secretome revealed 353 proteins of which 48 were enriched in ferroptosis 

supernatants (Figure 17D). The functional network analysis revealed enrichments in innate 
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immune system and related pathways. Even though the protein fraction was lacking the bona-

fide chemo-cytokines, the pro-inflammatory cytokine MIF release was identified from 

ferroptotic cells. Until now only pyroptotic cells were shown to release MIF in addition to other 

cytokines and alarmins360. Of note, MIF is usually stored within the cytoplasm pre-made and 

potentially released upon membrane rupture, this can also be seen as induction of ferroptosis 

did not increase mRNA levels (Figure 18A). The immunomodulatory effects of MIF has been 

previously characterized as it can enhance M1 polarization of BMDMs in vitro in a dose-

dependent manner365 and recombinant MIF can also induce the secretion of significant 

amounts of TNF⍺	in BMDMs366. In addition to its effects on immune cells, MIF was also shown 

reduce the oxidative stress and lipid peroxidation in vitro and in vivo by increasing GSH levels 

playing a role in tubular injury by counteracting cell death367. This study by Stoppe et al. shows 

a protective role of MIF by potently limiting necroptosis and lipid peroxidation thus ferroptosis 

by restoring intracellular GSH. As ferroptosis was shown to play a significant role in acute 

kidney injury (AKI) resulting in the breakdown of renal tubules348, it brings the question 

whether the release of MIF in vivo upon AKI from ferroptotic cells can act as an auto-inhibitory 

mechanism.  

 

Although several common proteins, including MIF, can be released from both ferroptotic and 

necroptotic cells, there was a notable absence of any typical NF-κB-induced proteins in 

ferroptotic supernatants. Not only in the total released proteome, but also in the newly 

translated proteome that was previously analysed from the same cell setup in mass 

spectrometry by a previous study in the lab, lacked chemo- and cytokines production in cells 

undergoing ferroptosis (data not shown). Absence of necroptosis associated chemo- and 

cytokines in ferroptosis can also be the result of the lack of RIPK3 activation during ferroptosis 

as it was shown to be important for CXCL1 production during necroptosis380. It is also worth 

to mention that due to different abundances of peptides, some might not be detected without 

enrichment or prefractionation in mass spectrometry. Especially proteins with low molecular 

weights, including most cytokines, provide less peptides. Indeed, in ELISA assays we could 

detect basal levels of CXCL1 which were not detected in proteomics. Taken together, even 

though the protein fraction supernatants from ferroptotic cells contain the pro-inflammatory 

cytokine MIF in the absence of chemo- and cytokines, experiments performed after the heat-
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inactivation of ferroptotic supernatants suggest the non-protein fraction have an effect 

macrophage polarization.  

 

3.2. Ferroptotic oxylipins and metabolites can influence macrophage phenotype 

In addition to the released protein fraction, the non-protein fraction including oxylipins and 

metabolites were investigated. Several oxylipins with inflammatory potential most 

importantly prostaglandins were detected in the ferroptotic secretome. Previous studies have 

shown that ferroptosis is associated to Ptgs2120, the gene encoding for COX-2 that is involved 

in the synthesis of PGE2. PGE2 is the most abundant eicosanoid lipid in the inflammatory 

environment although mechanism of which of its suppression of inflammation is not always 

so clear. Current consensus rests on the activation of protein kinase A (PKA) downstream of 

the PGE2 receptors EP2 and EP4 via cAMP. Activated PKA can induce phosphorylation in the 

transcription factor CREB to elevate the levels of anti-inflammatory cytokines such as 

interleukin-10 (IL-10)381. In the cell death context, it has been described as an inhibitory DAMP 

released from necroptotic cells and when combined with various PPR ligands it can suppress 

inflammatory responses by downregulating Tnf and Ifnb1 mRNA317. PGE2 has also been 

recently described as a vital component of the pyroptotic secretome that plays a role in tissue 

repair382. Even though it has been described as a marker gene induced upon ferroptosis, 

release of prostaglandins has not been properly documented from ferroptotic cells. Indeed, 

knockdown of GPX4 in NIH-3T3 cells resulted in the release of COX2-dependent PGE2 and 

PGF2⍺333. Here we show that a wide range of prostaglandins that are released from ferroptotic 

cells and the lipidROS dependency of Ptgs2 and PGE2 shown to be unique to ferroptosis. Yet, 

interestingly, Fer1 significantly lowered basal release of prostaglandins suggesting lipidROS is 

also involved in their constitutive production. Cyclooxygenases responsible for cellular 

prostaglandin biosynthesis requires activation via the existing endogenous peroxides383,384. 

The presence strong radical-trapping agents (RTAs) such as Fer1 can influence the intracellular 

redox environment as they act as scavengers for peroxides or free radicals within the cell. Such 

actions would dampen the production and accumulation of lipid hydroperoxides necessary to 

activate the COX-2, subsequently lowering the basal prostaglandin levels.  

When comparing ATP release between cells undergoing ferroptosis and those undergoing 

necroptosis, we observed that a robust ATP release is a distinctive trait of cells dying due to 
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GPX4 inhibition. Interestingly, this ATP release was significantly reduced when FSP1 was 

overexpressed, suggesting that FSP1's enhancement of radical-trapping ubiquinol 

production125,126 can mitigate this effect. Although ATP release was detected shortly after 

GPX4 inhibition (30 hours), it was not present in the supernatants of GPX4-depleted cells (48 

and 72 hours). Early ferroptotic cell pellets depleted of GPX4 showed a significant 

accumulation of intracellular nucleotides, accompanied with an increased intermediates of 

nucleotide synthesis and the pentose phosphate pathway (PPP) prior to cell death. PPP is an 

alternative metabolic pathway to glycolysis and also plays a role against oxidative stress via 

NADPH production providing the cells with ribose-5-phosphate that is important for 

nucleotide synthesis385. As NADPH is vital in neutralizing reactive oxygen intermediates and 

regenerating reduced GSH from its oxidized form GSSG386, it is plausible to think that upon 

GPX4 deletion general ROS can lead to PPP activation. Together, these data suggest that early 

ferroptotic cells might activate the PPP to maintain basal levels of energy homeostasis. 

 

Metabolites enriched in ferroptotic cells show a distinct metabolite profile that can be 

reversed upon Fer1 addition, confirming their lipidROS dependent enrichment. Interestingly, 

supernatants from cells undergoing ferroptotic cell death were significantly enriched in 

methionine cycle, TCA cycle, purine and pyrimidine-derivates. Methionine cycle metabolites 

S-adenosylmethionine (SAM), S-adenosylhomocysteine (SAH) and 1-methylnicotinamide 

(MNA) are found to be abundant in ferroptotic supernatants. Intermediates of methionine 

cycle such as SAM can function as substrates for epigenetic modifications linking cellular 

metabolism with epigenetic regulation387. This has been shown in the case of T cells where 

methionine-dependent SAM biosynthesis maintains histone methylation388. Not only the 

methylation state, but also the activation of BMDMs can be affected upon SAM treatment as 

it can enhance LPS-induced pro-IL-1β expression389. While methylation state can rely on SAM 

availability, as it functions as the universal methyl donor in cells, demethylation requires TCA 

cycle intermediates such as ⍺-ketoglutarate (also termed 2-oxoglutarate)390. Bystander cells 

that encounter ferroptotic cells would be exposed to these metabolites and might potentially 

undergo epigenetic changes. This is significantly important in immune cells as it can affect the 

“primed” or a “trained” state of innate immune cells. Methionine intermediates are also 

required by proliferating cells, and in cancer cells where gene promoters are hypo- or hyper-
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methylated, reduction in the cellular methylation potential (SAM/SAH) can lead to cell cycle 

arrest determining the outcome of cancer391.  

 

TCA cycle intermediates that were enriched in ferroptotic supernatants, mainly ⍺-

ketoglutarate and glutamate in combination with ATP and lactate fall in the line with a 

previous study150 describing glutaminolysis as one of the crucial hallmarks of ferroptosis. 

Ferroptotic cells also released increased amounts of lactate, suggestive of increased rates of 

glycolysis. High glycolic rates leading to lactate release was shown to alter metabolism in 

human monocytes upon M. tuberculosis infection leading to increased levels of TNF⍺ and IL-

1β production392. In combination with methionine and TCA cycle intermediates, a well 

described DAMP uric acid393 was also detected in ferroptotic supernatants.  Of note, TCA cycle 

intermediates like fumarate and succinate can inhibit certain demethylases and crucially 

effect trained immunity394. The metabolic rewiring of trained macrophages as a result 

represents a plausible mechanism behind the integration of immunometabolic and epigenetic 

programs in trained immunity that might be caused by ferroptotic cells. While macrophages 

trained with ferroptotic secretomes had a trend of secreting higher levels of pro-inflammatory 

cytokines, there were no detectable metabolic changes as measured by Seahorse assays (data 

not shown). Differences in trained immunity ligands might differ in the characteristics of 

macrophages as some can lack the pre-defined metabolic rewiring but still keep the epigenetic 

changes to enrich for pro-inflammatory cytokines. For example, the aldosterone-trained 

macrophage is different from cells trained by prototypical microbial inducers of trained 

immunity395. A recent study has reported the induction of distinct trained-immunity 

subpopulations in human monocytes. Characterization of gene expression profiles via single-

cell RNA sequencing revealed a high heterogeneity of cytokines and chemokine markers 

across monocyte subpopulations where the existence of a subpopulation with low trained 

immunity phenotype was also present377. Due to high heterogeneity within trained immunity 

populations, further epigenetic and single cell characterization can shed more light into the 

variability we observed in ferroptotic supernatant-trained macrophages.  
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3.3. Priming of macrophages is linked to the non-protein fraction of ferroptotic 

secretomes 

Ferroptotic cells release a secretome containing protein and non-protein fractions that can 

potentially have immunomodulatory effects. The host immune response is largely based on 

the detection of pathogen- or damage-associated patterns (PAMPs or DAMPs) that lead to the 

activation of various immune cells. The host response is usually divided into two parts: the 

innate and adaptive immune response. Initial activation of pattern recognition receptors 

(PRRs) induces the secretion of pro-inflammatory cytokines which subsequently activate the 

adaptive immune response. After exposure to a pathogen, lymphocytes can recognize and 

form the memory B and T cells that can be activated upon reencountering with the same 

pathogen210.  

 

Multiple PPRs have been identified as responsive to ferroptotic DAMPs323. Recently, TLR4 has 

been highlighted for its critical role in recruiting immune cells in response to ferroptosis in an 

in vivo ischemia-reperfusion injury model. This immune response was completely abrogated 

by inhibiting ferroptosis350. Preliminary studies done with ferroptotic cell supernatants on 

cytokine arrays with two immortalised macrophage cell lines showed very limited production 

of secreted chemo- and cytokines (data not shown). The extensive multi-omics done in this 

study on different fractions of the ferroptotic secretome identified certain DAMPs that can be 

sensed by immune cells. RNA sequencing that was performed with ferroptotic supernatant 

exposed primary bone marrow derived macrophages revealed enrichment in GO terms 

associated with immune activation. Besides CD74, a MIF receptor, and Ptger3, a PGE2 

receptor, further significantly upregulated transcripts related to inflammatory processes 

included the transcriptional regulator Id3 that can control the formation of distinct memory 

CD8+ T cell subsets396, an endogenous inhibitor of MIF397,398, Gremlin-1 (Grem1), that can 

potentially block the M1 polarization of macrophages399. One of the N-formyl peptide (fMLF 

or fMet-Leu-Phe) receptors (FPRs), Fpr1, was also significantly upregulated in macrophages 

upon exposure to ferroptotic cells. FPRs are a family of PRRs that can elicit important 

regulatory effects during inflammation and cancer400. While fMLF from bacteria were the 

initial ligands for FPRs401, it can also derive endogenously from mitochondria as a result of 

severe cell dysfunction or cell death402,403. Necrotic cells were shown to release mitochondria 

derived fMLF and activate human monocytes404. As ferroptosis is described with 
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mitochondrial fragmentation and breakdown it is tempting to speculate that ferroptotic cells 

cause upregulation of Fpr1 upon detection of fMLF peptides.  

 

In addition to other PPRs upregulated, the scavenger receptor Marco was also enriched in 

primary BMDMs upon ferroptotic secretomes. Besides its main function as regulator of 

phagocytosis, Marco can participate in cell-cell recognition to start inflammatory 

responses405. Ligands include acetylated low-density lipoprotein (acLDL)406, oxidised LDL 

(oxLDL)407 but also apoptotic cells408. Marco is highly expressed in tumour-associated 

macrophages (TAMs) and monocytic myeloid-derived suppressor cells (mMDSCs)409,410 

contributing to tumour progression by suppressing NK- and T-cell antitumor functions. Marco 

is one of the scavenger receptors that can tether DAMPs to other PPRs such as TLR2, could 

very well be the mechanism behind the phagocytosis of ferroptotic cells as it also happens via 

TLR2 signalling331. Another upregulated gene in ferroptotic-exposed macrophages, versican 

(Vcan), is an ECM-derived peptidoglycan that can lead to the production of pro-inflammatory 

cytokines in macrophages by TLR2 activation driving metastasis411,412. Upregulation of Vcan in 

myeloid cells potentially support the cells in their own microenvironment as a part of the 

inflammatory response. Vcan expression by macrophages thought to be critical for promoting 

metastasis as its highly expressed in tumour-associated macrophages (TAMs) by mediating 

mesenchymal to epithelial transition (MET) of metastatic tumour cells413. More work is 

needed to elucidate the role that versican plays in monocyte/macrophage involvement upon 

encountering ferroptotic cells, as it can change the course of cancer progression. We also 

found Clec4n (Dectin-2), a C-type lectin receptor, and Il1b to be upregulated in BMDMs treated 

with ferroptotic secretomes. Given that the related C-type lectin receptor Dectin-1 and IL-1β 

have both been shown to promote a state of “trained immunity” in macrophages, our claim 

that ferroptotic secretomes may elicit trained immunity of macrophages was further 

supported but as mentioned before needs to be studies in more detail.  

 

In addition to the potentially ferroptotic supernatant-trained macrophages, we thought to 

test whether ferroptotic cells can also “prime” the macrophages in which the effect of the 

immune-relevant genes is further enhanced with a secondary challenge. The M1/M2 

polarization model offers a straightforward way to differentiate between two types of 

macrophages based on their metabolic activities414. M1 macrophages are associated with 
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tumor regression and the inhibition of tumor growth, while M2 macrophages promote tumor 

development by producing angiogenesis factors and inhibiting M1 macrophages, thereby 

suppressing antitumor immunity415. Based on this, both immortal and primary BMDMs were 

primed with ferroptotic supernatants and further polarized with IFNɣ + LPS (M1) and IL-4 (M2) 

stimuli. Even though the polarization was confirmed via western blotting by ARG1 expression, 

there were no significant chemo- or cytokines detected from M2 polarized macrophages (data 

not shown). Whereas M1 polarization in addition to ferroptotic supernatants significantly 

increased TNF⍺ and IL-6 secretion from macrophages, it didn’t affect their phagocytosis 

capabilities (data not shown). The additional excitability of macrophages upon encountering 

ferroptotic cells brings the question of what might be responsible for the LPS-induced 

enhanced cytokine secretion from ferroptotic-secretome exposed macrophages. Even though 

the protein fraction of the secretome was heat-inactivated by cooking of the supernatants, 

the additive effect of ferroptotic secretome were still present on macrophages linking the 

source of the ligand to the non-protein fraction that is composed of lipid mediators, 

metabolites and potentially other heat-stable small molecules that are not measured. 

Notably, necroptotic supernatants were unable to enhance LPS-induced cytokine secretion.  

 

For an efficient ICD during infection or cancer DAMPs (responsible for adjuvanticity) and 

antigens needs to be presented to T-cells in a well-established manner. It is important to 

emphasize that although the release of DAMPs is necessary for ICD, it does not necessarily 

ensure the induction of immunogenicity416. While macrophages are responsible for the initial 

phagocytosis, the main cells capable of antigen presentation are dendritic cells (DCs) that 

mature and get activated in the presence of DAMPs. A recent study showed that even though 

DCs engulfed and underwent maturation after co-cultured with ferroptotic cancer cells, they 

failed to perform antigen cross-presentation that would affect T-cell stimulation and 

proliferation336. At the same time ferroptotic neurons were shown to secrete factors that 

promote T-cell activation and cytokine production417. The limited activation of macrophages 

observed without LPS might result from a unique combination of pro- and anti-inflammatory 

modulators in ferroptotic supernatants. Since any of the metabolites, oxylipins, or other non-

protein mediators not examined in this study could mediate these priming effects on 

macrophages, extensive future research will be necessary to identify the specific class of these 

modulators.  
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3.4. Ferroptosis and inflammation in tissue pathology 

In this study, we’ve made use of an in vivo model for ferroptosis in the lung by targeted mosaic 

knockout of Gpx4 upon viral Cre administration. The role of ferroptosis in the pathological 

progression of various lung diseases such as acute lung injury (ALI)354,354,418–421, radiation-

induced lung injury (RILI)356,422, chronic obstructive pulmonary disease (COPD)355,423, 

asthma424–426, infections427–429 and cancer126,362,430–433 has been acknowledged. Additionally, 

numerous interventions—such as ferroptosis inducers and inhibitors, iron chelators, lipid 

peroxidation inhibitors, and antioxidants—have been explored for ferroptosis-related lung 

diseases434. Upon analysis of different immune cell groups in the lung upon ferroptosis 

induction, only CD4+ T cells were significantly upregulated. Meanwhile on the gene level, 

upregulation in Tnf, Irf3 and Zbp1 strongly suggests a type I interferon response and 

potentially NF-κB-driven inflammatory environment in the lung. Further pathway enrichment 

done with the identified hits from RNA sequencing were also strongly linked to cytokine-

cytokine receptor interactions hinting at an acute inflammatory profile post ferroptotic cell 

death. Resident alveolar macrophages are major regulators of the lung inflammatory 

microenvironment and the first line of defence against infectious and non-infectious 

stimuli435. Most of the alveolar macrophages display plasticity, with both M1 and M2 

phenotypes simultaneously allowing them to quickly switch in between436. Inhibiting 

ferroptosis has been demonstrated as an effective approach to alleviate pulmonary 

inflammation and tissue damage in acute respiratory distress syndrome (ARDS) including LPS-
354 and intestinal ischemia/reperfusion (IRI)-419 induced acute lung injury (ALI), acute radiation-

induced lung injury (RILI)422 and chronic obstructive pulmonary disease (COPD)355. Ferroptosis 

induced by bacterial infection can also exacerbate the tissue injury in bacterial pneumonia428. 

Therefore, ferroptosis induction in the lung epithelial tissue can affect the polarization state 

alveolar macrophages and subsequently the outcome of infection or cancer.  

 

DAMPs that are released upon ferroptosis not only harms epithelial and endothelial cells but 

can also recruit and activate immune cells, further amplifying the damage. Cell death can have 

a sensitizing effect on the tissue but not lead to a full-blown inflammation. This hypothesis 

was tested by a study conducted by Dai and colleagues in the pancreas, who observed similar 

results in Gpx4 wild-type versus knockout mice using the same conditional knockout in vivo 

model326. Their findings revealed that knockout (KO) mice experienced increased mortality 
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and pancreatic injury compared to wild-type (WT) mice when subjected to cerulein- or 

arginine-induced pancreatitis. Furthermore, DAMPs specifically 4-HNE and 8-hydroxy-2ʹ-

deoxyguanosine (8-OHG) was released from ferroptotic pancreas cells leading to the 

activation of TMEM173/STING pathway. Notably, both the acute pancreatitis and the KRAS-

driven PDAC model had increased M1 macrophage infiltration upon ferroptosis. This suggests 

that GPX4 KO mice are more vulnerable to pancreatic tissue damage than WT mice, supporting 

our hypothesis that ferroptotic cell death might prime tissues for an amplified immune 

response.  

  

Although other regulated necrosis pathways like necroptosis and pyroptosis have been shown 

to exacerbate inflammation in various diseases, a growing body of literature suggests that 

ferroptosis may initiate inflammation or sensitize tissues to other inflammatory events. 

Importantly, immunogenic cell death recruits and activates immune cells through alarmins, 

which are hypothesized to trigger additional necrotic cell death pathways. As such, a sequence 

wherein one type or regulated necrosis precedes another in vivo is possible. However, the 

specific molecular pathways and mechanisms that would drive primary and secondary 

necroinflammation, as well as the hierarchical sequence of these events, remain to be fully 

understood. Overall, there is strong evidence that ferroptosis is closely linked to pronounced 

inflammatory responses, marked by increased levels of proinflammatory cytokines in 

damaged tissues. These findings collectively suggest that ferroptosis plays a crucial role in 

early inflammatory processes in vivo, and that preventing necroinflammation could offer a 

new therapeutic approach for addressing inflammatory tissue damage and disease. 

 

3.5. Concluding remarks and future perspectives  

In conclusion, our study presents the first comprehensive catalogue of ferroptotic secretomes 

and compares these with factors released from necroptotic cells. Our data support the idea, 

that ferroptotic secretomes contain some factors with innate immune activity but lack other 

bona fide inflammatory chemo- and cytokines. While many features are shared in the release 

profiles of cells undergoing regulated necrosis, we found that significant metabolite release is 

a distinctive characteristic of ferroptosis. Further experiments done with pBMDMs exposed 

to ferroptotic supernatants expressed increased levels of Il1b mRNA which is one of the 

hallmarks of inflammasome priming. Potential target pathways that are involved in the 
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transcriptional reprogramming of macrophages can be further identified by utilizing different 

knockout strains of pBMDMs to fully decipher how the ligand/receptor systems are involved 

in macrophage-priming. Given our in vitro data also pointing towards trained immunity, an 

immune response augmenting anti-pathogen immune activation, implementing a single cell 

RNA-sequencing experiment in Gpx4-knockout lungs in vivo can allow us to identify which 

populations are affected most by GPX4 ablation and which immune cell compartments 

account for the observed difference in inflammatory signatures. In addition to this finely 

resolved information on immune cell states, we should be able to see possible stromal 

reactions such as fibroblast recruitment and activation as a response to tissue injury. Overall, 

our data provide a foundational basis for exploring the potential cell-type specificity of 

ferroptosis-induced immune responses in the future. 
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4. Materials and Methods 

4.1. Animals  

4.1.1. Tissue harvest 

Mice from the C57BL/6N strain were obtained from in-house breeding at the CECAD in vivo 

research facility at the Cologne University Medical Center, Cologne, Germany, and housed in 

compliance with animal welfare regulations according to the local animal welfare authority 

(Landesamt für Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen, Germany) under 

specific-pathogen-free conditions with food and water ad libitum and a regular 12-hour light-

dark-cycle. For tissue harvest, animals were handled and sacrificed in compliance with 

Directive 2010/63/EU. Primary murine bone marrow derived macrophages (pBMDMs)375 and 

primary lung fibroblasts (PMLFs)437 were generated as previously described.  

 

4.1.2. Inhalations 

9-12 weeks old mice were anesthetized with Ketavet (100 mg/kg) and Xylazine (20 mg/kg) by 

intraperitoneal injection followed by intratracheal inhalation of replication-deficient 

adenovirus expressing Cre (Ad5-CMV-Cre, 1x1011 PFU, University of Iowa) mixed with 

OptiMEM and CaCl2 (10mM). 

 

4.2. Chemicals and reagents  

Murine His-TNF-alpha was kindly provided by Prof. Dr. Henning Walczak. 

Table 4-1. Chemicals, peptides, and recombinant proteins 
Name Company Catalogue Number 

2-Propanol Roth Cat# 9866.5 
37% Formaldehyde VWR Cat# 1.039.992.500 
3,3’5,5’ tetramethylbenzidine (TMB) Sigma Aldrich Cat# 87748 
30% H2O2 Sigma Aldrich Cat# 95313 
Acetic Acid (CH3COOH) Roth Cat# 3738.2 
Acetone Sigma Aldrich Cat# 179124 
Acetonitrile hypergrade for LC-MS  Merck Millipore Cat# 1.00029.2500 
Amersham ECL Prime Western Blotting 
Detection Reagent  

Cytiva Cat# RPN2235 

Ammonium carbonate  Merck Millipore Cat# 207861-500G 
Ammonium hydroxide solution Merck Millipore Cat# 221228-1L-A 
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Ammonium persulfate Sigma Aldrich Cat# 431532 
Arg-10 HCL Silantes Cat# 201604102 
Benzonase HC Merck Millipore Cat# 71206 
Birinapant Selleck Chem Cat# S7015 
Bovine Serum Albumin (BSA) Sigma Aldrich Cat# A7030 
BODIPY™ 581/591 C11 Invitrogen Cat# D3861 
Brefeldin A Biolegend Cat# 420601 
Calcium chloride (CaCl2)  Roth Cat# CN92.1 
CAA (2-Chloracetamid) Merck Millipore Cat# 79-07-2 
Collagenase IV Sigma Aldrich Cat# C5138 
cOmplete™, EDTA-free Protease Inhibitor 
Cocktail 

Sigma Aldrich Cat# 4693132001 

Dimethyl sulfoxide (DMSO) PAN Biotech Cat# P60-36720100 
Dithiothreitol (DTT) VWR Cat# 441496P 
DNase IV Sigma Aldrich Cat# D5025 
Doxycycline VWR Cat# J63805.06 
DRAQ7 Biolegend Cat# 424001 
Emricasan Hölzel Cat# HY-10396 
Erastin Biomol Cat# 5449/10 
Ethanol 99%, absolute Roth Cat# 9065.3 
Ethylenediaminetetraacetic acid (EDTA) VWR Cat# 1084520250 
Ferrostatin-1 Cayman Chemicals Cat# 17729 
Formic acid Honeywell/Fluka Cat# 607-001-00-0 
GSK872 Millipore Cat# 530389 
ITS+1  Sigma-Aldrich Cat# I2521 
Hyaluronidase V Sigma-Aldrich Cat# H6254 
Ketaset ZOETIS Cat# 116810 
LPS from E. coli, Serotype EH100 (Ra) 
(TLRGRADE™) (Ready-to-Use) 

Enzo Cat# ALX-581-010-
L001 

Lys-8 HCL Silantes Cat# 211604102 
Lysyl Endopeptidase (LysC) WAKO Cat# 129-02541 
Methanol-LC-MS grade VWR Cat# 1.06035.2500 
Murine His-TNF-alpha Walczak lab Kupka et al. 438 
ML210 Tocris Cat# 6429/10 
N, N, Nʹ, Nʹ-Tetramethylethylenediamine 
(TEMED) 

Sigma Cat# T9281 

Necrostatin-1s Abcam Cat# ab221984 
PhosSTOP™ Sigma Cat# 4906837001 
Ponceau S  Sigma Cat# P3504 
Propidium iodide (PI) Sigma Cat# P4170 
Protease inhibitor  Sigma-Aldrich Cat# 4693132001 
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Recombinant Murine M-CSF Peprotech Cat# 315-02 
RIPA buffer Thermo Fisher Cat# 89901 
ROTIPHORESE® Gel 30 Roth Cat# 3029.2 
RSL3 Selleck Chem Cat# S8155 
Skim milk powder VWR Cat# A0830 
Sodium Acetate Trihydrate (CH3COONa.3H2O) VWR Cat# 1062671000 
Sodium Azide Sigma Cat# S2002-100G 
Sodium Chloride (NaCl) VWR Cat# 1064045000 
Sodium dodecyl sulphate (SDS) Sigma Aldrich Cat# L3771-100G 
STY-BODIPY Cayman Chemical Cat# Cay27089-500 
Sulfuric acid 10% (H2SO4) VWR Cat# 95441000 
SuperSignalTM West Femto Maximum Sensitivity 
Substrate  

Thermo Fisher Cat# 34095 

Tamoxifen (4-OHT) Sigma Aldrich Cat# H7904-5MG 
TEAB Sigma Aldrich Cat# T7408 
Tris VWR Cat# 1083872500 
Tris-HCl VWR Cat# 648313-250 
Triton x100 VWR Cat# 1086031000 
Trypsin-EDTA (%0.25) Gibco Cat# 25200056 
Tween 20 VWR Cat# 0777-1L 
Urea Sigma Aldrich Cat# U1250 
Valine-d8 CK-Isotopes Cat# DLM-488 
Xylazine Serumberg - 

 
Table 4-2. Critical commercial assays 

Name Company Catalogue Number 

Bicinchoninic acid (BCA) protein assay  Biorad Cat# 774985 
Click Chemistry Capture Kit Jena Bioscience Cat# CLK-1065 
CytoTox 96® Non-Radioactive Cytotoxicity Assay  Promega Cat# G1780 
LunaScript RT SuperMix Kit NEB Cat# E3010L 
Luna Universal qPCR Master Mix NEB Cat# M3003E 
NucleoSpin RNA Kit  Macherey-Nagel Cat# 740955250 
RealTime-Glo™ Extracellular ATP Assay Promega Cat# GA5010 

 
4.3.  Nucleic acid techniques  

4.3.1. RNA isolation and cDNA synthesis 

Total RNA from tissues was isolated using the NucleoSpin RNA kit (Macherey-Nagel, 

740955.250) according to the manufacturer’s protocol. cDNA synthesis from the isolated RNA 
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was reverse transcribed using the LunaScript RT SuperMix Kit (NEB, E3010L) following the 

protocol provided by the manufacturer (Table 4-3, 4-4).  

Table 4-3. cDNA reaction components 
Name Amount in 20 µl 

Reaction 
Concentration Final concentration in 10µl 

LunaScript RT 
SuperMix 

4µl 5X 1X 

cDNA Variable* *Up to 1µg Variable 
H2O To 20 ml -  

 
Table 4-4. cDNA synthesis thermocycler protocol 

Cycle Step Temperature Time Cycles 

Primer Annealing 25°C 2 minutes 1 
cDNA Synthesis 55°C 10 minutes 
Heat Inactivation 95°C 1 minute 
Hold 4°C ∞  

 
4.3.2. Determination of DNA concentration 

The Nanodrop 8000 spectrophotometer (Thermo Fisher Scientific) was used to determine the 

concentration of nucleic acids. The purity of DNA and RNA is reported by the ratio of 

absorbance at 260 nm to 280 nm. A ratio of OD260/OD280 about 1.8 was considered as 

sufficiently purified DNA samples. A ratio of OD260/OD280 of 2.0 was considered as 

sufficiently purified RNA samples. 

 
4.3.3. Quantitative realtime PCR analysis  

For quantitative real-time PCR (qRT-PCR) analysis, Luna® Universal qPCR Master Mix (NEB, 

M3003S) was mixed with nuclease-free water (NEB, B1500L), forward and reverse primers 

(Thermo Fisher) reconstituted in nuclease free water (NEB, B1500L) and cDNA (Table 4-5). 

Real-time qPCR was performed in quadruplets on the Quant Studio 5 qRT-PCR machine. 

Relative expression of gene transcripts was analysed via the 2-ΔCT or the 2-ΔΔCT method to 

the reference gene Glycerinaldehyde-3-phosphate-Dehydrogenase (GAPDH).  

Table 4-5. qPCR reaction components 
Name Amount in 10 µl 

Reaction 
Concentration Final concentration in 10µl 

Primer Mix 
(Forward & 
Reverse) 

1µl 10µM 100 nM  
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Luna® Universal 
qPCR Master Mix 

2µl 2x 1x 

cDNA 2µl 5 ng/µl 10 ng 
H2O 1µl -  

 
Table 4-6. qPCR primer sequences 

Primer Sequence (5’ > 3’) Species Source 

Alox5 forward ACTACATCTACCTCAGCCTCATT 
M. Musculus Harvard 

Primer Bank 

Alox5 reverse GGTGACATCGTAGGAGTCCAC 
M. Musculus Harvard 

Primer Bank 

Alox12 forward TCCCTCAACCTAGTGCGTTTG 
M. Musculus Harvard 

Primer Bank 

Alox12 reverse GTTGCAGCTCCAGTTTCGC 
M. Musculus Harvard 

Primer Bank 

Alox15 forward GGCTCCAACAACGAGGTCTAC 
M. Musculus Harvard 

Primer Bank 

Alox15 reverse AGGTATTCTGACACATCCACCTT 
M. Musculus Harvard 

Primer Bank 

Amica1 forward ATGCTTTGCCTCCTGAAACTG 
M. Musculus Harvard 

Primer Bank 

Amica1 reverse TGATTCACCCACATGCACTCT 
M. Musculus Harvard 

Primer Bank 

Arg2 forward TCCTCCACGGGCAAATTCC 
M. Musculus Harvard 

Primer Bank 

Arg2 reverse GCTGGACCATATTCCACTCCTA 
M. Musculus Harvard 

Primer Bank 

Cd74 t2 forward CCGCCTAGACAAGCTGACC 
M. Musculus Harvard 

Primer Bank 

Cd74 t2 reverse  
ACAGGTTTGGCAGATTTCGGA 

M. Musculus Harvard 
Primer Bank 

Clec4n t1 forward AAGCGGAGCAGAATTTCATCA 
M. Musculus Harvard 

Primer Bank 

Clec4n t1 reverse CCATTTGCCATTACCTTGTGGA 
M. Musculus Harvard 

Primer Bank 
 
Gapdh forward CTCCCACTCTTCCACCTTCG 

M. Musculus Harvard 
Primer Bank 

Gapdh reverse GCCTCTCTTGCTCAGTGTCC 
M. Musculus Harvard 

Primer Bank 

Il1beta forward GAAATGCCACCTTTTGACAGTG 
M. Musculus Harvard 

Primer Bank 
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Il1beta reverse TGGATGCTCTCATCAGGACAG 
M. Musculus Harvard 

Primer Bank 

Il6 forward CTGCAAGAGACTTCCATCCAG 
M. Musculus Harvard 

Primer Bank 

Il6 reverse AGTGGTATAGACAGGTCTGTTGG 
M. Musculus Harvard 

Primer Bank 

Marco forward  ACAGAGCCGATTTTGACCAAG 
M. Musculus Harvard 

Primer Bank 

Marco reverse CAGCAGTGCAGTACCTGCC 
M. Musculus Harvard 

Primer Bank 
Mif forward CAGAGGGGTTTCTGTCGGAG M. Musculus NCBI 
Mif reverse GTGCACTGCGATGTACTGTG M. Musculus NCBI 

Por forward ATGGGGGACTCTCACGAAGAC 
M. Musculus Harvard 

Primer Bank 

Por reverse TCTTGCTGAACTCCGGTATCTC 
M. Musculus Harvard 

Primer Bank 

Ptgds forward TGCAGCCCAACTTTCAACAAG 
M. Musculus Harvard 

Primer Bank 

Ptgds reverse TGGTCTCACACTGGTTTTTCCT 
M. Musculus Harvard 

Primer Bank 
 
Ptger3 forward CCGGAGCACTCTGCTGAAG 

M. Musculus Harvard 
Primer Bank 

Ptger3 reverse CCCCACTAAGTCGGTGAGC 
M. Musculus Harvard 

Primer Bank 

Ptges forward  GGATGCGCTGAAACGTGGA 
M. Musculus Harvard 

Primer Bank 

Ptges reverse CAGGAATGAGTACACGAAGCC 
M. Musculus Harvard 

Primer Bank 

Ptgs1 forward ATGAGTCGAAGGAGTCTCTCG 
M. Musculus Harvard 

Primer Bank 

Ptgs1 reverse GCACGGATAGTAACAACAGGGA 
M. Musculus Harvard 

Primer Bank 

Ptgs2 forward TGAGCAACTATTCCAAACCAGC 
M. Musculus Harvard 

Primer Bank 

Ptgs2 reverse GCACGTAGTCTTCGATCACTATC 
M. Musculus Harvard 

Primer Bank 
Serpinb2 t1 
forward GTGCTGGGGGTAACACTGAAC 

M. Musculus Harvard 
Primer Bank 

Serpinb2 t1 
reverse GCGAAATCACAGCCACTGAAG 

M. Musculus Harvard 
Primer Bank 
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Serpinb2 t2 
reverse GGTGTGTTGATTGTTGAGCTGA 

M. Musculus Harvard 
Primer Bank 

Tnf forward CAGGCGGTGCCTATGTCTC 
M. Musculus Harvard 

Primer Bank 

Tnf reverse CGATCACCCCGAAGTTCAGTAG 
M. Musculus Harvard 

Primer Bank 
 

4.4.  Cell culture techniques 

Table 4-7. Cell culture reagents 
Name Company Catalogue Number 

ACK lysis buffer Thermo Fisher Cat# A1049201 
DMEM, high glucose, pyruvate Thermo Fisher Cat# 41966052 
DMEM, high glucose, no 
glutamine, no phenol red 

Thermo Fisher Cat# 31053028 
 

DMEM, high glucose, 
GlutaMAX™ supplement 

Thermo Fisher Cat# 61965059 
 

EDTA (Versene), 1%, in PBS, 
without Ca2+ and Mg2+  

Genexxon Bioscience 
 

Cat# C4263.0100 
 

Fetal Bovine Serum (FBS) Sigma Cat# 10500064 
HBSS without Ca2+ and Mg2+  Lonza Cat# 10-547F 
ITS+1 Liquid Media 
Supplement (100×) 

Sigma Cat# I2521 
 

OptiMEM Thermo Fisher Cat# 31985062 
PBS, pH 7.4 Thermo Fisher Cat# 10010056 
Penicillium/Streptomycin (P/S) Sigma Cat# P4333-100ML 
Reagent Reservoirs VWR Cat# 613-1174 
RPMI 1640 medium Thermo Fisher Cat# 21875091 
SILAC DMEM FBS Kit Silantes Cat# 282006500 
75 cm2 Cell Culture Flask  Greiner Cat# 658175 
175 cm2 Cell Culture Flask  Greiner Cat# 660175 
6 Well Cell Culture Plate  Greiner Cat# 657160 
24 Well Cell Culture Plate  Greiner Cat# 662160 
96 Well Cell Culture Plate  Greiner Cat# 655180 
5 mL Serological pipettes  Greiner Cat# 606180 
10 mL Serological pipettes  Greiner Cat# 607180 

 
Table 4-8. Cell lines 

Cell line Organism Tissue Source 
GPX4 Control  M. Musculus GPX4 Control mouse 

small cell lung cancer 
tumor line RP252.7 

Bebber et al.362 
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GPX4 KO  M. Musculus GPX4 KO mouse small 
cell lung cancer tumor 
line RP252.7 

Bebber et al.362 

Pfa1 M. Musculus Tamoxifen-inducible 
GPX4KO mouse 
embryonic fibroblast  

Seiler et al.361 

Pfa1-mFSP1 OE  M. Musculus  mFSP1 overexpressing, 
tamoxifen-inducible 
GPX4KO mouse 
embryonic fibroblast  

Doll et al.125 

CL13  M. Musculus Immortalized murine 
bone marrow-derived 
macrophages 

De Nardo et al.439 

ZBP1-EV M. Musculus ZBP1-empty vector-
inducible mouse 
embryonic fibroblast 

Jiao et al.376 

ZBP1-OE M. Musculus ZBP1-overexpression-
inducible mouse 
embryonic fibroblast 

Jiao et al.376 

pBMDMs M. Musculus Primary bone marrow 
derived macrophages  

von Karstedt lab 

PMLFs M. Musculus Primary lung fibroblasts von Karstedt lab 
 

4.4.1. Cell lines and culture conditions 

Murine SCLC cell lines were cultured in RPMI; Pfa1 and Pfa1-mFSP1OE cells were cultured in 

DMEM GlutaMAX™; CL13 BMDMs were cultured in DMEM medium. All cells were kept at 37°C 

with 5% CO2 and all media were supplemented with 10% FCS and 1% P/S. All cell lines were 

tested for mycoplasma at regular intervals (mycoplasma barcodes, Eurofins Genomics).  

 
4.5.  Protein analysis techniques  

4.5.1. Cell lysation and protein isolation from cells 

To analyse the protein expression of a specific protein in different cell lines and under different 

conditions, cells were washed once with PBS and lysed RIPA buffer (Thermo Fischer, 89901) 

containing protease and phosphatase inhibitors (Sigma, 4693132001 and 4906837001) on ice 

or overnight at -20°C. Lysates were centrifuged for 20 minutes at 13000 rpm at 4°C. 

Supernatant containing the whole protein fraction was then transferred into a new reaction 

tube to determine the protein concentration using bicinchoninic acid (BCA) protein assay 
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(Biorad, 774985) according to the manufacturer’s instructions. The absorbance of each sample 

was measured at 750 nm with plate reader (Thermo scientific, Multiskan SkyHigh).  

 
4.5.2. SDS - Polyacrylamide Gel Electrophoresis (PAGE) 

To resolve the proteins, sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-

PAGE) consisting of a stacking gel with a polyacrylamide percentage of 4% followed by 

separation gel with differing percentages (Table 4-9) were used. Equal amounts of protein 

were mixed with a final concentration of 1x reducing sample buffer and 200 mM DTT. Cell 

lysates were heated for 10 minutes at 80°C in order to speed up the process of denaturation. 

Gel electrophoresis of proteins was performed using the Mini-PROTEAN® Tetra Cell System 

(1658004) by Biorad. Proteins were separated via gel electrophoresis at 80V for 30 minutes 

followed by 180V for 1 hour in 1x Tris-Glycine SDS Running buffer (Biorad, 1610772). 

Table 4-9. SDS-PAGE composition  
Components 12,5% Separating gel 15% Separating gel 4% Stacking gel 

 Volume for 2 gels Volume for 2 gels 
30% Acrylamide   6.3ml 7.5ml 700μl 
1.5 M Tris, pH 8.8 3.8ml 3.8ml - 
0.5 M Tris, pH 6.8  - - 1.3ml 
10% (w/v) 
Ammonium 
persulfate 

75μl 75μl 33μl 

TEMED 7.5μl 7.5μl 5μl 
MilliQ 4.9ml 3.6ml 3ml 

 
4.5.3. Western blot analysis  

Trans-Blot® Turbo Transfer System (Biorad, 1704270) was used for the transfer of the proteins 

from the SDS gel to the nitrocellulose membrane. After protein transfer, ponceau solution was 

used to confirm transfer and membranes were blocked in PBS with 0.1% Tween 20 (PBS-T) 

with 5% (w/v) skim milk powder (VWR, A0830) for 1 hour. Next, membranes were incubated 

with the primary antibodies (Table 4-10) overnight at 4°C. The following day membranes were 

washed three times with PBST for a total amount of 30 minutes. Incubation with secondary 

antibody conjugated with horse radish peroxidase (HRP) was done at room temperature for 1 

hour. After secondary antibody incubation the membrane was washed again three times with 

PBST for a total amount of 30 minutes. The membranes were developed using Amersham ECL 

Prime Western Blotting Detection Reagent (RPN2235, Cytiva) or SuperSignalTM West Femto 
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Maximum Sensitivity Substrate (34095, Thermo Fisher). The FUSION Solo S system and 

software (Vilber) were used to image the membranes. 

 
Table 4-10. Western blot antibodies  

Name Company Catalogue Number 

HRP Goat Anti-Mouse IgG H+L Biotium Cat# 20400-1mg 
RRID: AB_3083795 

HRP Goat Anti-Rabbit IgG (H+L) Biotium Cat# 20402-1mg, 
RRID: AB_3083796 

Mouse monoclonal anti b-ACTIN Sigma Aldrich Cat# A1978 
RRID: AB_476692 

Rabbit monoclonal anti MIF Cell Signaling 
Technology 

Cat# 87501S 
RRID: AB_2943242 

Rabbit polyclonal anti GPX4  
 

Abcam Cat# ab41787 
RRID: AB_941790 

 
4.5.4. Enzyme-linked immunosorbent assay (ELISA) 

Corresponding ELISA kits (Table 4-11) were used according to the manufacturer’s instructions 

to detect and quantify the cyto- and chemokines in the supernatants from the cell lines. 

Supernatants were collected and stored at -20°C until analysis.  

Table 4-11. ELISAs 
Name Company Catalogue Number 

8-OHdG ELISA BioVision Cat# K4160-100 
Mouse CXCL1/KC DuoSet ELISA R&D Systems Cat# DY453 
Mouse CXCL2/MIP-2 DuoSet ELISA R&D Systems Cat# DY452 
Mouse IL-1beta/IL-1F2 DuoSet ELISA R&D Systems Cat# DY401 
Mouse IL-6 DuoSet ELISA R&D Systems Cat# DY406 
Mouse MIF DuoSet ELISA R&D Systems Cat# DY1978 
Mouse TNF-alpha DuoSet ELISA R&D Systems Cat# DY410 
Prostaglandin E2 Parameter Assay Kit R&D Systems Cat# KGE004B 

 
4.6.  Fluorescence activated cell sorting (FACS) 

Table 4-12. FACS antibodies 
Name Company Catalogue Number 

APC anti-mouse/human CD11b Antibody Biolegend Cat# 101212 
APC anti-mouse CD11c Antibody Biolegend Cat# 117309 
APC anti-mouse CD45 Antibody Biolegend Cat# 103112 
BD Horizon™ V450 Rat anti-Mouse CD4 BD Biosciences Cat# 560470 
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Brilliant Violet 421™ anti-mouse CD206 (MMR) 
Antibody 

Biolegend Cat# 141717  

Brilliant Violet 421™ anti-mouse TNF-α Antibody Biolegend Cat# 506327 
CD11b Monoclonal Antibody (M1/70), PE, 
eBioscience™ 

Invitrogen Cat# 12-0112-82 

eBioscience™ Fixable Viability Dye eFluor™ 660 Thermo Fisher Cat# 65-0864-14 
eBioscience™ Fixable Viability Dye eFluor™ 780 Thermo Fisher Cat# 65-0865-14 
F4/80 Monoclonal Antibody (BM8), FITC Invitrogen Cat# 11-4801-82 
FITC anti-mouse CD14 Antibody Biolegend Cat# 123307 
FITC anti-mouse CD80 Antibody Biolegend Cat# 104705 
FITC anti-mouse NK-1.1 Antibody Biolegend Cat# 108705 
Ly-6G/Ly-6C Monoclonal Antibody (RB6-8C5), FITC Thermo Fisher Cat# 11-5931-82 
PE anti-mouse CD8a Antibody Biolegend Cat# 100708 

 

4.6.1. BODIPY C11 staining 

For lipid ROS quantification, 5000 Pfa1 cells were seeded in 500µl of the respective medium 

in 24-well plates (Greiner, 662160) with and without 4-OHT and Fer-1. 30 minutes before 

lysing at different time points BODIPY C11 was added at 5μM to each well. Cells were washed, 

detached and a minimum of 5000 events were measured using BD LSRFortessa with at least 

three replicates per condition. 

 
4.6.2. Propidium iodide (PI) staining 

Cells were washed, detached and harvested by centrifugation for 5 min at 1200 rpm. To 

quantify cell death by damaged cell membrane, the cell pellet was then resuspended in 200μl 

of PBS with 2% FCS and 1μg/ml propidium iodide (PI). 

 
4.6.3. pBMDM staining 

Fresh or frozen bone marrow cells were used to generate pBMDMs as previously described375 

using 25ng/ml M-CSF in the medium. At day 6 post differentiation, 300 000 pBMDMs were 

seeded in 6-well plates and incubated with non-ferroptotic or ferroptotic supernatants for 

24hours to confirm the differentiation. Macrophages were removed from the plates with ice-

cold PBS and stained with the following antibodies/dyes: fixable viability dye eFluorÔ 780, 

APC anti-mouse/human CD11b, FITC F4/80 Monoclonal Antibody (BM8). For intracellular 

TNFa staining, at day 6 300 000 pBMDMs were seeded in 6-well plates and incubated with 

non-ferroptotic or ferroptotic supernatants containing 25ng/ml IFN gamma, 10ng/ml LPS and 



 106 

5µg/ml Brefeldin A for 6 hours. Macrophages were removed from the plates with ice-cold PBS 

and stained with the following antibodies/dyes: fixable viability dye eFluorÔ 780, APC anti-

mouse/human CD11b, FITC F4/80 Monoclonal Antibody (BM8), Brilliant Violet 421™ anti-

mouse TNF-α.  

 
4.6.4. Immune cell analysis from murine lungs  

In order to isolate immune cells from lungs, whole tissue was dissected and minced with 

scalpels into fragments small enough to be aspirated into a 5 ml pipette at RT. 45 ml of tissue 

suspension was incubated with 5ml of a 10x Triple Enzyme Mix (1 g Collagenase IV, 100 mg 

Hyaluronidase and 20,000 Units DNase IV into 80 ml HBSS) at RT for 90 min on a shaker at 80 

rpm. Cell suspension was repeatedly pipetted to further dissociate cells, centrifuged at 50 x g 

at RT for 10 min and the supernatant was collected by passing it through a 70 μm nylon 

strainer. The bigger pellets in the bottom of the tube were then discarded and the filtered 

supernatant was centrifuged at 200 x g for 5 min. Cell pellets were washed with 10 ml Wash 

Buffer (1g BSA and 2ml 0.5 M EDTA in 800 ml HBSS) at 200 x g for 5 min once and were 

resuspended with 2 ml ACK lysing buffer (Gibco) for 1 min to deplete red blood cells. Cells 

were washed with PBS and immediately stained for live/dead cells using the Fixable Viability 

Dye eFluor 660 or eFluor 450 (eBioscience) (1:1000) in PBS for 30 min, at 4 °C. Cells were then 

washed twice with FACS buffer (PBS, 2% FCS) and stained with the respective FACS antibodies 

(1:1000) for another 30min, at 4oC. Fc block (CD16/32, Biolegend, 1:50) was used 15min 

before adding the antibodies for blocking Fc receptors. For subsequent intracellular stainings, 

cell pellets were resuspended in 200μl Fixation/Permeabilization buffer (eBioscience) and 

incubated overnight at 4 °C. The next day, cells were washed with 1× Permeabilization buffer 

(eBioscience) and incubated for 15 min with 2% goat serum before adding the respective 

intracellular antibodies 1:50, for 30 min at 4 °C in 1× Permeabilization buffer. After washing 

twice with 1× Permeabilization buffer cells were resuspended in FACS buffer. Measurements 

were acquired using a BD LSR Fortessa flow cytometer and data were analysed with the FlowJo 

(10.6.1) software.  
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4.7.  Cell death assays 

Cell viability was determined by different types of cell death assays monitoring cell membrane 

integrity by incorporation of intercalating agents into dsDNA or the release of lactate 

dehydrogenase (LDH).  

 
4.7.1. Live cell imaging (IncuCyte)  

1000 Pfa1, Pfa1-mFSP1-OE cells were plated in 96-well plates and treated with or without 4-

OHT (5μM), and Ferrostatin-1 (Fer1, 1μM). 5000 lung fibroblasts were plated in 96-well plates 

and treated with or without RSL3 (1μM), erastin (10μM), ferrostatin-1 (Fer1, 1μM), TNF⍺ 

(20ng/ml), birinapant (1μM), emricasan (2,5μM), nec1s (10μM). 5000 ZBP1-overexpression-

inducible and empty ZBP1-empty vector-inducible MEFs were plated in 96-well plates and pre-

treated with or without doxycycline (1μ/ml) and treated with or without emricasan (2,5μM). 

For dead cell quantification DRAQ7 (100nM) was used. For lipid ROS quantification STY-

BODIPY (1μM) was used. Cells were imaged every 2h using the 10x objective within the 

IncuCyte SX5 live cell imaging system (Sartorius). Analysis for confluence, DRAQ7- positive 

(dead), reduced- and oxidized-BODIPY positive cells was performed using the Software 

IncuCyte 2021B (Sartorius). 

 
4.7.2. LDH release assay 

Pfa1 and mFSP1-overexpressing Pfa1 cells were seeded on a 24-well plate at 5000 cell per well 

and treated with or without 4-OHT and Fer 1 as described as above for 72 hours. ZBP1-

overexpression-inducible and empty ZBP1-empty vector-inducible mouse embryonic 

fibroblast (MEFs) were seeded on a 24-well plate at 35 000 cells per well and pre-treated with 

or without doxycycline 16 hours and treated with or without emricasan as described above 

for 24 hours. Supernatants were collected at the respective indicated times post treatment 

with different drug concentrations and the presence of LDH was quantified by using CytoTox 

96® Non-Radioactive Cytotoxicity Assay according to the manufacturer’s instructions. 

 
4.8.  Quantification of proteins in ferroptotic supernatants  

Pfa1 cells were labelled with heavy Arg10 and Lys8 using SILAC DMEM with 1% glutamine, 

10% FBS and 1% PS for 6 passages, and isotope integration was confirmed via mass 

spectrometry as described below. For ferroptotic supernatant harvest, 2.3 million cells were 

seeded on 15 cm dishes in labelled medium in presence of 1 µM tamoxifen or in unlabelled 
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medium in presence of DMSO (triplicates for each condition). After 40h, medium was replaced 

with heavy or unlabelled SILAC medium containing 0%FCS and 1% ITS+1. 72 hours later, 

supernatants were collected, cleared by centrifugation (3 min;300g: 4°C) and concentrated 

using Amicon Ultra centrifugal filters (Sigmal Aldrich) at a 10 kDa cutoff for 25 min at 3200 g 

and 4°C followed by another 10 min at 3200g upon adding 10 mL ice cold PBS. Proteins were 

precipitated from filtrates using the 4-fold volume of ice-cold acetone for 15 min at -80°C 

followed by overnight incubation at -20°C and centrifugation for 15 min at 16000 g and 4°C. 

Air-dried pellets were then lysed in 100 µL lysis buffer (8M Urea in 50 mM TEAB containing 

protease inhibitor cocktail), and nucleic assays were removed using 50 U Benzonase HC 

(Merck Millipore) at 37°C for 30 min followed by centrifugation at 20000 g for 15 min. 50 µg 

of pooled protein (25 µg unlabelled and labelled, respectively) was then digested by 

subsequent treatment with 5 mM DTT (25 min, 1h), 40 mM chloracetamide (30 min at rt), LysC 

endopeptidase ( enzyme : substrate ratio of 1:75; 4 h at 25°C) and trypsin (enzyme : substrate 

ratio of 1:75; overnight at 25°C). At the next day, samples were acidified by adding formic acid 

to a final concentration of 1%. Samples were cleared by centrifugation (full speed for 5 min) 

and loaded onto a stage tip column (5 min at 2600 rpm) followed by washing with 0.1% formic 

acid and 0.1%formic acid in 80% acetonitrile and air-drying.  

 

All samples were analysed by the CECAD Proteomics Facility on a Q Exactive Plus Orbitrap 

(Thermo Scientific) mass spectrometer that was coupled to an EASY nLC (Thermo Scientific). 

Peptides were loaded with solvent A (0.1% formic acid in water) onto an in-house packed 

analytical column (50 cm, 75 µm inner diameter, filled with 2.7 µm Poroshell EC120 C18, 

Agilent). Peptides were chromatographically separated at a constant flow rate of 250 nL/min 

using the following gradient: 3-5% solvent B (0.1% formic acid in 80 % acetonitrile) within 1.0 

min, 5-30% solvent B within 121.0 min, 30-40% solvent B within 19.0 min, 40-95% solvent B 

within 1.0 min, followed by washing and column equilibration. The mass spectrometer was 

operated in data-dependent acquisition mode. The MS1 survey scan was acquired from 300-

1750 m/z at a resolution of 70,000. The top 10 most abundant peptides were isolated within 

a 1.8 Th window and subjected to HCD fragmentation at a normalized collision energy of 27%. 

The AGC target was set to 5e5 charges, allowing a maximum injection time of 55 ms. Product 

ions were detected in the Orbitrap at a resolution of 17,500. Precursors were dynamically 

excluded for 25.0 s. All mass spectrometric raw data were processed with MaxQuant 2.0.3 440 
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using default parameters. Briefly, MS2 spectra were searched against the canonical murine 

Uniprot reference proteome (UP000000589, downloaded at: 26.08.2020) including a list of 

common contaminants. False discovery rates on protein and PSM level were estimated by the 

target-decoy approach to 1% (Protein FDR) and 1% (PSM FDR) respectively. The minimal 

peptide length was set to 7 amino acids and carbamidomethylation at cysteine residues was 

considered as a fixed modification. Oxidation (M) and Acetyl (Protein N-term) were included 

as variable modifications. Multiplicity was set to 2 and Arg10 as well as Lys8 were defined as 

labels for the heavy channel and the re-quantify option was enabled. The match-between runs 

option was enabled between replicates in each sample group. LFQ quantification was enabled 

using default settings. Final data analysis was performed in Perseus 1.6.15441 based on 

normalized ratios between heavy and light channel. 

 
4.9.  Quantification of oxidized phospholipids in ferroptotic supernatants 

200.000 Pfa1 cells were seeded on 10 cm dishes in presence of DMSO, 1µM tamoxifen and 

1µM Fer1 in 8 ml phenol-red free medium. Supernatants were collected upon centrifugation 

for 5 min at 3000 rpm and 4°C and 1 mL was subsequently snap frozen in liquid nitrogen. 

Sample preparation for oxylipin analysis was performed as previously described with 

modifications368. Medium samples were previously centrifuged to remove cellular debris. 

Briefly, 500 μL of supernatant was added by 100 µL of internal standard mixture. Samples 

were vortexed and applied into solid-phase extraction (SPE) Strata C18-E columns (50 mg; 8B-

S001-DAM, Phenomenex). The SPE columns were washed with 1 mL of 5% methanol and the 

oxylipins were eluted using 100% methanol. Samples were dried under N2 gas and dissolved 

in 50 µL of methanol for analysis. The oxylipin analysis was carried out by Q-Exactive Plus 

(Thermo) interfaced with an ultra-high-performance liquid chromatography (Vanquish, 

Thermo). The chromatographic and mass spectrometry conditions for analysis of oxylipins was 

carried out as described, with modifications. Samples were loaded into a UPLC BEH shield 

Reversed Phase C18 column (2.1 x 100 mm; 1.7 μm; Waters) with a flow rate of 0.4 mL/min 

and oven temperature maintained at 40 °C. The mobile phase A consisted of formic 

acid/water/acetonitrile (0.02:70:30), while mobile phase B composed of 

acetonitrile/isopropanol (70:30). Oxidized lipids were separated by a gradient as follows: from 

0.1 to 40% B over the first 3.5 min, from 40 to 75% B from 3.5-6.0 min, from 75 to 99% B from 

6.0-6.5 min, hold at 99% B from 6.5-10.5 min, decreased from 99 to 0.1% B during 10.5–
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11 min, and hold at 0.1% B from 11–15 min. The mass spectrometry was operated in negative 

ionization mode. The ESI parameters used in this analysis were: sheath gas (30 au), auxiliary 

gas (10 au), spray voltage (2.5 kV), ion transfer temperature: 320°C, S-lens RF level: 55% and 

aux gas heater temperature: 120 °C. Data for lipid molecular species identification and 

quantification was obtained by parallel reaction monitoring (PRM) experiment. PRM data was 

acquired with a resolution setting of 17,500 at 200 m/z, AGC target 5e4 counts, Maximum IT 

50 ms, isolation window 1.5 m/z. Collision energy (CE) was individually optimized for each ion. 

Specific fragment ions monitored for each oxidized lipid specie were manually identified using 

SeeMS and ChemDraw softwares. Quantification was performed by monitoring the peak area 

of specific fragments for each analyte using Skyline software. The area ratio obtained for each 

oxidized lipid was calculated by dividing the peak area of the lipid by the corresponding 

internal standard. The concentration of lipid species was calculated by applying the area ratio 

in a calibrate curve constructed for each analyte. The concentration of oxylipins was expressed 

in pg/mL of medium. 

 
4.10. Quantification of intracellular and supernatant metabolites 

Metabolite Extraction 

For metabolomics analysis of ferroptotic supernatants, Pfa1 cells were seeded on 6 well plates 

in presence of DMSO, 1 µM tamoxifen, 1 µM Fer1 or 1µM Tamoxifen and 1 µM Fer1(25.000 

cells per well; pentaplicates per condition), and samples were harvested at 24 h (cells + 

supernatant), 48 h (cells + supernatant) and 72 h supernatant only). For sample harvest, 

supernatants were centrifuged at full speed and 4°C for 5 min, and 50 µL of the cleared 

supernatants were added to 350 µL ice-cold extraction solution (50% methanol, 30% 

acetonitrile (both from Fisher Scientific), 20% ultrapure water, 5 µM valine-d8 (CK isotopes) 

on dry ice. Cells were washed twice with ice-cold PBS and subsequently incubated with 100 

µL extraction solution for 20 min in a dry ice/methanol bath, followed by scraping. 

Supernatants and cell samples were then stirred vigorously in a thermomixer at full speed and 

4 °C followed by 20 min centrifugation at 4°C and full speed. Cleared samples were stored at 

-80°C and submitted for further metabolomic analysis. Chromatographic separation of 

metabolites was achieved using a Millipore Sequant ZIC-pHILIC analytical column (5 µm, 2.1 × 

150 mm) equipped with a 2.1 × 20 mm guard column (both 5 mm particle size) with a binary 

solvent system. Solvent A was 20 mM ammonium carbonate, 0.05% ammonium hydroxide; 
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Solvent B was acetonitrile. The column oven and autosampler tray were held at 40 °C and 4 

°C, respectively. The chromatographic gradient was run at a flow rate of 0.200 mL/min as 

follows: 0–2 min: 80% B; 2-17 min: linear gradient from 80% B to 20% B; 17-17.1 min: linear 

gradient from 20% B to 80% B; 17.1-23 min: hold at 80% B. Samples were randomized and the 

injection volume was 5 µl. A pooled quality control (QC) sample was generated from an equal 

mixture of all individual samples and analysed interspersed at regular intervals.  

 

Metabolite measurement by LC-MS 

Metabolites were measured with Vanquish Horizon UHPLC coupled to an Orbitrap Exploris 

240 mass spectrometer (both Thermo Fisher Scientific) via a heated electrospray ionization 

source. The spray voltages were set to +3.5kV/-2.8 kV, RF lens value at 70, the heated capillary 

held at 320 °C, and the auxiliary gas heater held at 280 °C. The flow rate for sheath gas, aux 

gas and sweep gas were set to 40, 15 and 0, respectively. For MS1 scans, mass range was set 

to m/z=70-900, AGC target set to standard and maximum injection time (IT) set to auto. Data 

acquisition for experimental samples used full scan mode with polarity switching at an 

Orbitrap resolution of 120000. Data acquisition for untargeted metabolite identification was 

performed using the AcquireX Deep Scan workflow, an iterative data-dependent acquisition 

(DDA) strategy using multiple injections of the pooled sample. DDA full scan-ddMS2 method 

for AcquireX workflow used the following parameters: full scan resolution was set to 60000, 

fragmentation resolution to 30000, fragmentation intensity threshold to 5.0e3. Dynamic 

exclusion was enabled after 1 time and exclusion duration was 10s. Mass tolerance was set to 

5ppm. Isolation window was set to 1.2 m/z. Normalized HCD collision energies were set to 

stepped mode with values at 30, 50, 150. Fragmentation scan range was set to auto, AGC 

target at standard and max IT at auto. Mild trapping was enabled. Metabolite identification 

was performed in the Compound Discoverer software (v 3.2, Thermo Fisher Scientific). 

Metabolite identities were confirmed using the following parameters: (1) precursor ion m/z 

was matched within 5 ppm of theoretical mass predicted by the chemical formula; (2) 

fragment ions were matched within 5 pm to an in-house spectral library of authentic 

compound standards analysed with the same ddMS2 method with a best match score of over 

70; (3) the retention time of metabolites was within 5% of the retention time of a purified 

standard run with the same chromatographic method.  
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Data analysis 

Chromatogram review and peak area integration were performed using the Tracefinder 

software (v 5.0, Thermo Fisher Scientific) resulting in raw peak data. Next, we used the R 

package MetaProViz (v.2.0.1) for all subsequent data analysis. First, using the MetaProViz 

Preprocessing() function, the raw peak area for each detected metabolite was subjected to 

the “Modified Filtering Rule”442, half minimum missing value imputation, and normalized 

against the total ion count (TIC) of that sample to correct any variations introduced from 

sample handling through instrument analysis. In case of media supernatant samples 

MetaProViz Preprocessing() function parameter “CoRe” was set to “TRUE” and the pre-

processed mean value of each metabolite detected in the fresh culture medium (incubated in 

the absence of cells) were subtracted from the metabolites detected in the supernatant 

samples. Testing for outliers based on the Hotelling’s T2 test443, with 0.99 confidence interval. 

Afterwards, differential metabolomics analysis was performed (MetaProViz DMA() function) 

to calculate the Log2FC in case of intracellular samples or the Log2(Distance) in case of 

supernatant media samples (parameter CoRe=TRUE). The p-value and t.test was calculated 

using t.test and adjusted using fdr. The results were visualized using MetaProViz VizVolcano 

and VizHeatmap relying on the dependencies EnhancedVolcano (v. 1.20.0)444 and pheatmap 

(v. 1.0.12).  

 
4.11. RNA Sequencing 

For RNA sequencing, 500 000 primary bone marrow derived macrophages (pBMDMs) were 

plated in 6-well plates with 25ng/ml M-CSF after 7-day differentiation. Fresh, filtered 

supernatants with or without 4-OHT (5µM), Ferrostatin-1 (Fer1, 1µM) incubated with 

pBMDMs for 24 hours. The next day, cells were washed with PBS and RNA was isolated using 

the NucleoSpin RNA kit (740955.5, Macherey-Nagel) according to the manufacturer’s 

instructions. cDNA libraries amplified from the 3ʹ UTR were generated from total RNA using 

the Lexogen QuantSeq kit (Lexogen, Austria) according to the standard protocol and 

sequenced with a 50-bp single-end protocol on Illumina HiSeq4000 sequencer (Illumina, USA).  

Primary data analysis was conducted using the RNA-seq pipeline from the nf-core suite 

(v3.7)445; sequencing reads were aligned to the GRCh38 (v103) human reference genome 

using STAR (v2.7.10a)446. Gene quantification was conducted using Salmon (v1.5.2)447. The 
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pipeline was executed with default parameters. Downstream differential expression analysis 

was performed using DESeq2 (v1.36.0)448,with default parameters. To enhance the accuracy 

of fold-change estimation, we included mouse ID as a batch effect in the design matrix. For 

some comparisons (Fer1 vs. Ctrl and 4-OH vs. Ctrl), the original p-values inferred by DESeq2 

revealed significant deviation from the expected uniform null distribution, suggesting low 

sensitivity. To correct for this, we recomputed the raw p-values using fdrtool (v1.2.17)449 to 

increase the power of the differential expression procedure while maintaining efficient 

control for false discovery. Subsequently, the Benjamini-Hochberg procedure was applied to 

correct the p-values for multiple tests. 

 

GO enrichment analysis was conducted using gprofiler2 (v0.2.2)450. The selection criteria 

focused on differentially expressed genes, as defined above. Using ordered gene query and 

gProfiler's "g_SCS" method for p-value adjustment, which accounts for the hierarchical 

structure of GO terms, enriched GO terms were identified among the differentially expressed 

genes. We defined genes as differentially expressed if they exhibited an absolute 

log2FoldChange greater than 1 and an adjusted p-value lower than 0.05. For the heatmap 

generation, we focused exclusively on genes identified as differentially expressed (DEGs) in 

the 4-OH versus Ctrl comparison. These DEGs were ranked by the absolute log2 of fold change, 

and algorithmically predicted genes were excluded, leaving only those validated through 

experimental methods. Given that we have only three replicates per condition, to minimize 

the risk of false positives, we retained only genes that demonstrated non-zero counts per 

million (CPM) in all three replicates of at least one experimental condition. Subsequently, we 

selected the top 25 upregulated and the top 25 downregulated genes for the heatmap 

visualization. Additionally, we applied the variance stabilization transformation procedure 

from DESeq2 for normalization of the counts, setting the 'blind' parameter to FALSE, to 

account for design peculiarities as recommended by the DESeq2 authors. To mitigate the 

mouse batch effect, we utilized the function removeBatchEffect from R package limma451. 
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