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ABSTRACT 
 

Regulated cell death plays a vital role in tissue homeostasis and development. Recent studies have 

highlighted necroptosis, a programmed cell death mode combining features of necrosis and 

apoptosis, as having diverse biological impacts. The necroptosis pathway involves activating 

receptor-interacting protein kinases (RipK-1 and -3), which form a complex with mixed-lineage 

kinase domain-like protein (MLKL). This complex translocates to the plasma membrane, inducing 

its rupture. This study reveals that ARF6 targets the RipK1-dependent ripoptosome and necrosome 

cell death pathways without impacting apoptosis susceptibility. ARF6 regulates the maturation of 

the endo-lysosomal compartment, promoting cIAP1/2 degradation and facilitating RipK1 

phosphorylation towards cell death pathways. This finding unveils a new signaling event preceding 

RipK1 phosphorylation, which is necessary for activating RipK1-dependent cell death pathways. 

The research also demonstrates that necroptosis program initiation activates RipK1, leading to 

MAPK pathway upregulation and increased inflammatory cytokine expression, independent of 

cell death. This inflammatory response is counterbalanced by type I interferon expression during 

necrosome activation. The crosstalk between IFNAR1 signalling, the MAPK pathway, and post-

transcriptional regulation through ZFP36 plays a crucial role in balancing inflammatory responses 

and cell death. Furthermore, the study provides compelling evidence for IFNAR1 signalling’s 

critical role in necroptosis. Ifnar1-deficient macrophages exhibit significant resistance to 

necroptosis induced by various stimuli. IFNAR1 signaling is crucial for the proper functioning of 

the ISGF3 complex and the expression and activation of MLKL, a key necroptosis executioner. 

Surprisingly, restoring MLKL expression in Ifnar1-deficient cells did not fully reverse their 

necroptosis resistance, suggesting additional mechanisms at play. Further investigation revealed 

that IFNAR1 signaling is essential for the appropriate translocation of phosphorylated MLKL to 

the plasma membrane, a critical step in necroptosis execution. These findings significantly 

advance our understanding of the molecular mechanisms underlying necroptosis and highlight the 

complex interplay between different pathways that lead to programmed cell death pathways in 

macrophages. Deregulation of necroptosis is associated with pathological conditions such as 

cancer, neurodegenerative diseases, inflammatory diseases, and critical response against many 

viruses, including pox, herpes, and influenza. This research aims to identify potential therapeutic 

targets that can be exploited in chronic inflammatory conditions and viral infections.
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1. INTRODUCTION 

Cell death is the event in which a biological cell ceases to carry out its functions, either as a natural 

process for removing unwanted or damaged cells or as a result of injury or disease. It is also a 

fundamental physiological process in all organisms, playing a crucial role in embryonic 

development, organ maintenance, and the regulation of autoimmunity within the body. Cell death 

was considered an undesirable yet unavoidable consequence of dysfunctional cells for a long time, 

as damage inevitably triggered inflammation. Regulated cell death, orchestrated by specialized 

molecular machinery and called programmed cell death (PCD), plays a crucial role in health and 

disease. Over the past few decades, scientific research has unveiled a diverse array of cell death 

mechanisms that are genetically encoded within cells. These programmed cell death pathways 

serve a critical function: they act as cellular quality control systems, eliminating cells that are either 

no longer needed or have sustained severe damage. By removing these potentially harmful cells, 

these mechanisms play a crucial role in protecting the integrity of surrounding tissues and 

maintaining overall cellular health. 

In recent years, we have gained more comprehension of the mechanism of cell death and have 

clarified the different types of "programmed cell death", and identified some key genes in these 

processes (Shen et al., 2023).  While significant progress has been made in understanding various 

cell death mechanisms in recent years, several unexplored areas and unanswered questions remain 

in this field. Notably, the interconversion between different modes of cell death and their potential 

applications in disease contexts have not been extensively investigated. Impaired or 

malfunctioning PCD mechanisms have been linked to a spectrum of serious health conditions, 

including compromised immune function, disorders affecting the nervous system, persistent 

inflammatory states, developmental abnormalities of the neural system, and autoimmune 

disorders. The latter may be triggered by prolonged activation of T cells in the context of chronic 

inflammation, leading to excessive cell death and subsequent immune dysregulation (Lockshin & 

Zakeri, 2007). This highlights the critical role that regulated cell death plays in maintaining overall 

health and preventing disease. 

PCD has emerged as a rapidly evolving and intensively investigated area of biological research, 

attracting significant scientific attention and resources. Research has uncovered diverse forms of 
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PCD, with apoptosis and necroptosis emerging as the two primary mechanisms, each leading to 

distinct cellular outcomes. Apoptosis, the first identified form of PCD and the most widely 

researched form of cell death, is characterized by its highly regulated nature and lack of 

inflammatory response, as apoptotic cells are cleared without triggering immune activation. 

Decades later, researchers discovered necroptosis, a distinct type of regulated cell death that, unlike 

apoptosis, induces inflammation while maintaining controlled execution, blending features of both 

necrosis and apoptosis (Shlomovitz et al., 2018). While apoptosis and necroptosis can be triggered 

by similar stimuli, such as death receptors and intracellular sensors, they follow distinct regulatory 

mechanisms and lead to markedly different physiological outcomes. Necroptosis, a regulated form 

of cell death, plays a dual role in physiology and pathology. While it can trigger harmful 

inflammatory responses leading to tissue damage, chronic diseases, and tumor progression, 

necroptosis also serves as a crucial defense mechanism against pathogens and tumors through its 

pro-inflammatory effects. This duality highlights necroptosis as a "double-edged sword" in 

biological processes (Ye et al., 2023). While apoptosis has been extensively studied for decades, 

necroptosis research has gained significant momentum in recent years, revealing its distinct 

mechanisms and physiological roles, though it remains less comprehensively understood 

compared to apoptosis. In 2005, researchers identified necroptosis as a distinct form of 

programmed cell death, characterized by its non-apoptotic nature and activation by TNFα when 

caspase-8 is inhibited or absent (Degterev et al., 2005). Necroptosis exhibits the key morphological 

characteristics of necrosis, such as swollen organelles, absence of nuclear fragmentation, plasma 

membrane disruption, and release of cellular contents, despite being a regulated form of cell death 

(D. Chen et al., 2016). Necroptosis expands our understanding of programmed cell death beyond 

apoptosis. A deeper comprehension of necroptosis regulation is crucial for managing this 

inflammatory cell death pathway in diverse pathological conditions, including cancer, sepsis, 

rheumatoid arthritis, Alzheimer's disease, multiple sclerosis, and atherosclerosis, potentially 

leading to novel therapeutic approaches (G. Zhang et al., 2022). The precise molecular pathways 

governing necrosome formation, its role in triggering inflammation, and the subsequent execution 

of necroptotic cell death remain incompletely understood. Further research is needed to elucidate 

the intricate signaling cascades and regulatory mechanisms involved in this complex process of 

programmed necrosis.  
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1.1. The Immune System 

The immune system is a complex network of cells, tissues, and organs that work together to defend 

the body against harmful invaders. This sophisticated defense mechanism has evolved to recognize 

and neutralize a wide variety of pathogens, including bacteria, viruses, parasites, and fungi, as well 

as other potentially dangerous substances. Our knowledge of the immune system and its protective 

mechanisms against infections is rapidly expanding, with ongoing research continually unveiling 

new insights into its complex functions and interactions. 

The immune system employs a two-tiered defense strategy against pathogens: innate and adaptive 

immunity. Innate immunity acts as the first line of defense, providing rapid, non-specific responses 

to invading pathogens without developing immunological memory. In contrast, adaptive immunity 

offers a more targeted, antigen-specific defense that takes longer to activate but develops a memory 

for faster future responses (Marshall et al., 2018). These two systems are not isolated but work in 

tandem, complementing each other to provide comprehensive protection. Deficiencies in either 

system can lead to increased susceptibility to infections or improper immune reactions. This 

synergistic relationship between innate and adaptive immunity, along with physical and chemical 

barriers, forms the foundation of the body's defense mechanisms against pathogens.  

Innate immunity encompasses four defensive barriers: anatomical (skin and mucous membranes), 

physiological (temperature, pH, and chemical mediators), cellular (endocytosis and phagocytosis), 

and inflammatory responses, collectively forming a multi-layered protection against pathogens 

(Chaplin, 2003). When encountering a novel pathogen, the innate immune system provides the 

initial recognition and response, subsequently triggering the activation of the adaptive immune 

system for a more targeted defense. The innate immune system serves as the body's initial defense 

against infections, utilizing specialized pattern recognition receptors (PRRs) to detect both 

pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns 

(DAMPs) (D. Li & Wu, 2021). Upon recognition, these receptors trigger direct activation of 

immune cells, initiating a rapid and broad-spectrum immune response to combat invading 

pathogens. Six distinct groups of PRRs have been identified: Toll-like receptors (TLRs), RIG-I-

like receptors (RLRs), NOD-like receptors (NLRs), C-type lectin receptors (CLRs), cGAS-STING 

pathway components, and AIM2-like receptors (ALRs), each playing unique roles in innate 
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immune recognition of PAMPs and specific response against them (Wicherska-Pawłowska et al., 

2021). Activation of these receptors initiates a signaling cascade that results in enhanced 

production of type I interferons, proinflammatory cytokines (such as IL-1, IL-6, and TNF), and 

other inflammatory mediators, collectively amplifying the immune response (L. Chen et al., 2017). 

Beyond triggering IFN-I and proinflammatory cytokine production, the immune system can 

combat infections through the direct elimination of infected cells via programmed cell death 

mechanisms such as necroptosis, pyroptosis, or autophagy (Akira et al., 2006; Riera Romo et al., 

2016). The release of DAMPs triggers recognition by PRRs, activating intracellular signaling 

cascades that lead to the production of cytokines and chemokines, ultimately inducing a state of 

"sterile inflammation" in the absence of pathogens (Gong et al., 2020). The recognition of PAMPs 

or DAMPs by PRRs initiates downstream signaling in innate immune cells, promoting pathogen 

elimination and subsequently activating the adaptive immune response. PRRs are found both on 

the surface and within various immune cells (including macrophages, dendritic cells, NK cells, 

mast cells, neutrophils, and eosinophils) as well as non-immune cells (such as epithelial cells, 

endothelial cells, and fibroblasts), enabling widespread pathogen detection throughout the body 

(Akira et al., 2006). 

Unlike the rapid response of the innate immune system, the adaptive immune system takes longer 

to develop and mount a targeted defense against pathogens but offers more specific and long-

lasting protection. The adaptive immune system comprises a diverse array of cells, factors, and 

mechanisms that utilize specialized receptors to identify and react to specific antigens, whether 

they originate from external sources like pathogens and allergens, or internal sources such as 

tumors and self-tissues. T cells and B cells, collectively known as lymphocytes, form the 

cornerstone of the adaptive immune system, serving as its primary cellular components (Dupuis-

Girod et al., 2003). The adaptive immune system's T cell populations are divided into CD4+ helper 

T cells, which orchestrate immune responses through various mechanisms, and CD8+ cytotoxic T 

cells, which primarily eliminate target cells, while B cells produce antibodies and serve as antigen-

presenting cells to activate T cells (Cooper, 2015). Antibodies bind specifically to target antigens, 

interfering with pathogenic processes like cellular attachment, potentially preventing pathogen 

entry, and providing sterilizing immunity against intracellular pathogens (L. L. Lu et al., 2018). 

Lymphocytes communicate through two primary methods: the release of soluble proteins 



5 
 

(including cytokines and chemokines) and direct cell-to-cell interactions via surface ligands and 

receptors.  

1.1.1. Monocytes and Macrophages 

Monocytes, the largest leukocytes in the bloodstream, are crucial components of the immune 

system, bridging innate and adaptive immunity through their diverse functions and ability to 

differentiate into macrophages and dendritic cells. Monocytes and macrophages are mononuclear 

phagocytes. Macrophages are differentiated forms of monocytes that have left the bloodstream and 

entered various tissues throughout the body, where they play crucial roles in immune defense, 

tissue homeostasis, and inflammation. Given their significant roles in various physiological and 

pathological processes, there is considerable research interest in developing strategies to modulate 

macrophage function for therapeutic purposes.  

Macrophages, key players in immune function and tissue maintenance, have diverse origins and 

developmental pathways that have been extensively studied, revealing their complex lineage and 

versatile roles in health and disease. Many tissue-resident macrophages have an embryonic origin, 

arising from progenitors in the yolk sac and fetal liver during early development (Bajgar & 

Krejčová, 2023). In addition to embryonic-derived macrophages, a significant population of 

macrophages originates from hematopoietic stem cells in the bone marrow (Virolainen, 1968). 

These cells differentiate into monocytes, which can then be recruited to tissues and differentiate 

into macrophages in response to various stimuli, particularly during inflammation or tissue injury 

(Alabdulaali et al., 2023) (Figure 1). Macrophages can adopt various activation states along a 

spectrum, with M1 (pro-inflammatory) and M2 (anti-inflammatory) representing the extremes 

(Ricketts et al., 2021). However, this binary classification is an oversimplification, as macrophages 

exist on a continuum of activation states with diverse functional properties (Yan et al., 2024). 

Macrophages can rapidly switch between different functional phenotypes in response to changing 

microenvironmental signals (R. Yuan et al., 2023). This flexibility allows them to adapt to the 

evolving needs of tissue repair, inflammation resolution, or pathogen clearance. The plasticity of 

macrophages is closely linked to their metabolic adaptations. Different activation states are 

associated with distinct metabolic profiles, which in turn influence their functional capabilities 

(Kolliniati et al., 2021). Macrophages play a pivotal role in innate immunity by orchestrating 
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various homeostatic and evolutionary host defense mechanisms. These versatile cells also 

contribute to diverse biological processes, including the regulation of reactive oxygen species 

(ROS) levels, maintenance of iron homeostasis, facilitation of tissue repair following injury, and 

the modulation of multiple metabolic functions (L. Chen et al., 2017; T. Zhao et al., 2022). 

Macrophages perform three critical functions essential for immune responses: immunomodulation, 

phagocytosis, and antigen presentation. These capabilities enable them to orchestrate effective 

immune reactions across a spectrum of pathophysiological conditions, making them indispensable 

components of the immune system (Pidwill et al., 2020).  

Macrophages play a crucial role in the interplay between cell death and inflammation, with their 

functions and responses significantly impacting both processes. This correlation is evident in 

various physiological and pathological conditions. Macrophages are key players in the clearance 

of apoptotic cells, a process known as efferocytosis. This process is essential for maintaining tissue 

homeostasis and resolving inflammation (Schilperoort et al., 2023). When macrophages efficiently 

clear apoptotic cells, it typically leads to an anti-inflammatory response, promoting the resolution 

of inflammation and tissue repair. However, if apoptotic cells are not cleared efficiently, they can 

undergo secondary necrosis, releasing DAMPs that can trigger inflammation (Clarke et al., 2010). 

This highlights the importance of timely and effective macrophage-mediated clearance of 

apoptotic cells in preventing excessive inflammation. The polarization state of macrophages 

significantly influences their role in inflammation. Macrophages are associated with pro-

inflammatory responses and increased production of inflammatory cytokines such as TNFα, IL-6, 

and IL-1β (Atri et al., 2018). Macrophage cell death, particularly necroptosis, plays a crucial role 

in inflammation and various inflammation-related diseases. This complex interplay has significant 

implications for disease progression and potential therapeutic approaches. Necroptosis is a 

regulated form of necrotic cell death. Necroptosis is activated by inflammatory stimuli, particularly 

tumor necrosis factor-α (TNFα) (Han et al., 2022). The death of macrophages through necroptosis 

can release DAMPs, further promoting inflammation. The intricate relationship between 

macrophage cell death, particularly necroptosis, and inflammation plays a pivotal role in various 

diseases. Targeting these processes offers promising strategies for developing new treatments for 

inflammation-related disorders.
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Figure 1. Origin and Development of Macrophages 

Macrophages are immune cells that originate from two primary sources during development and 
throughout life: embryonic precursors and bone marrow-derived monocytes. Their omnipresence 
across tissues enables them to perform specialized functions tailored to their microenvironment, 
making them indispensable for both health and disease. They have a critical role in maintaining 
tissue homeostasis, immune defense, and development. 
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1.2. Endocytosis 

Endocytosis is a cellular process that occurs at the cell surface, involving the internalization of 

plasma membrane components, including proteins and lipids. This mechanism allows cells to 

sample their external environment and regulate various processes that originate at the cell surface. 

Endocytosis can be categorized into three primary forms: phagocytosis, which involves the 

engulfment of large particles; pinocytosis, the uptake of fluids and dissolved substances; and 

receptor-mediated endocytosis, a highly selective process for internalizing specific molecules. 

Early studies in cell biology revealed the intimate connection between endocytosis and receptor-

mediated signaling pathways.  

Macrophages, key players in the immune system, utilize receptor-mediated endocytosis as a crucial 

mechanism for cellular uptake and signaling. This process involves the specific binding of ligands 

to cell surface receptors, triggering the internalization of the receptor-ligand complex. In 

macrophages, receptor-mediated endocytosis serves multiple functions, including the uptake of 

pathogens, cellular debris, and various molecules such as LDL cholesterol (B. Liu et al., 2007). 

This pathway not only facilitates the clearance of potentially harmful substances but also plays a 

vital role in antigen presentation, cell signaling, and the regulation of immune responses (Montaner 

et al., 1999). Receptor internalization begins when ligands bind to the receptor, recruiting 

molecules like clathrin and adapters. This triggers plasma membrane invagination, forming 

vesicles that are then severed by dynamin. These vesicles, containing ligand-receptor complexes, 

travel through various subcellular compartments such as early endosomes, late endosomes, and 

lysosomes (Mani & Singh, 2023). The GTPase dynamin plays a crucial role in endocytosis by 

functioning as a molecular scissor (Gundu et al., 2022). Endocytosis can be classified into two 

main categories based on the involvement of dynamin. 

1.2.1. Dynamin-Dependent Endocytosis 

The 100-kDa GTPase dynamin is vital for various vesicle-related processes, including receptor-

mediated endocytosis, synaptic vesicle recycling, caveolae internalization, and potentially, Golgi-

associated vesicle trafficking (Hinshaw, 2000). Dynamins play a crucial role in the extensively 

researched processes of clathrin- and caveolin-mediated endocytosis (Casamento & Boucrot, 
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2020) (Figure 2). Dynamins is classified as Dynamin 1 (DNM1), Dynamin 2 (DNM2), and 

Dynamin 3 (DNM3) are distinguished and categorized according to their unique domain 

architectures (Singh et al., 2017). At membrane invagination sites, dynamins assemble into helical 

structures, activating their GTPase function. This process facilitates the internalization of 

encapsulated cargo during clathrin- and caveolae-mediated endocytosis, a crucial phase in cellular 

uptake (Henley et al., 1998; Heymann & Hinshaw, 2009). Dynamins also play a vital role in the 

endocytic uptake of various cellular components, including essential nutrients and key receptors 

such as the interleukin-2 receptor and epidermal growth factor receptor (Basquin et al., 2013). 

Beyond their role in endocytosis, dynamins and their associated proteins contribute to additional 

cellular processes, including the scission of phagosomes and the modulation of mitochondrial 

fusion and fission events (Gundu et al., 2022).
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Figure 2. Dynamin-Dependent Endocytosis
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1.2.2. Dynamin-Independent Endocytosis 

Recent research has illuminated novel pathways of endosome internalization and trafficking that 

operate independently of dynamin. These pathways involve actin-associated proteins, small 

GTPases (like ARF6 and Cdc42) (Peters et al., 1995; Thottacherry et al., 2019), flotillins (F. Zhao 

et al., 2011), secondary messengers (such as calcium) (C. Zhang et al., 2004), pinocytosis (a 

process of cell drinking where the cell internalizes extracellular fluid via endocytosis) (Brandt, 

1958), and entosis (a non-apoptotic cell death program with a cell-in-cell (CIC) cytological feature. 

Entosis is often referred to as a cannibalistic quality of cells, where those detached from adherent 

junctions are engulfed by other healthy cells. (Krishna & Overholtzer, 2016) are the essential 

components driving these cellular processes (Figure 3). The Clathrin-Independent 

Carrier/Glycosylphosphatidylinositol (GPI)-anchored protein (AP)-enriched endosomal 

Compartments (CLIC/GEEC-CG) endocytosis pathway represents a unique, clathrin- and 

dynamin-independent internalization route for GPI-APs-enriched early endosomal compartments. 

Cdc42 is one of the key regulators for CG endocytosis (Mayor et al., 2014). It plays a crucial role 

in maintaining plasma membrane integrity, facilitating morphogen signaling during Drosophila 

development, and enabling the uptake of various molecules, including T-cell receptors and 

bacterial toxins (Hemalatha et al., 2016; Rossatti et al., 2019). Flotillins are conserved membrane-

associated proteins that form distinct microdomains in the plasma membrane, facilitating various 

cellular functions. These proteins, flotillin-1, and flotillin-2, are involved in a unique form of 

endocytosis that is distinct from clathrin- and caveolin-mediated pathways (F. Zhao et al., 2011). 

This pathway is significant in processes such as T-cell signaling, cholesterol uptake, and neuronal 

function (Ge et al., 2011; Giri et al., 2007). Calcium plays a crucial role in regulating various forms 

of endocytosis by influencing synaptic transmission, membrane integrity, and diverse cell 

signaling events through its interactions with calcium sensors and its effects on membrane 

dynamics (C. Zhang et al., 2004). 
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Figure 3. Multiple Mechanism that promotes Dynamin-Independent Endocytosis
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1.2.3. ARF6 

ADP-ribosylation factors (ARFs) are a group of Ras family GTPases that are divided into three 

classes (Randazzo et al., 2000). Class I ARFs (ARF1, ARF2, ARF3): These proteins (97% 

sequence homology) are primarily involved in the secretory pathway and lipid metabolism (Kahn 

et al., 2006). Class II ARFs (ARF4, ARF5): Their functions are less understood, though recent 

research has revealed Arf4's role in endosomal recycling (Nakai et al., 2013). Class III ARF 

(ARF6): this well-studied member is known for its significant role in regulating membrane 

trafficking and endocytosis (D’Souza-Schorey & Chavrier, 2006). 

The effects of ARF6 on membrane trafficking were indeed first observed in 1995 (Peters et al., 

1995). ARF6 is distributed across the plasma membrane, cytosol, and endosomal membranes, 

featuring an N-terminal myristoylation site. Its association with membranes is regulated by its 

GTP-bound state (active); ARF6 attaches to membranes in the GTP-bound state and detaches upon 

GTP hydrolysis (inactive) (Radhakrishna et al., 1999). This observation laid the foundation for 

understanding the role of  ARF6 in regulating membrane trafficking between the plasma membrane 

and endosomes. ARF6, the sole member of class III ARFs, stands out in both sequence and function 

from its family members. It uniquely participates in both clathrin-mediated and clathrin-

independent endocytosis, as well as in endosomal trafficking and recycling processes that occur 

independently of the Golgi apparatus (Figure 4) (Gaschet & Hsu, 1999). It activates 

phosphatidylinositol-4-phosphate 5-kinase (PIP5K), leading to increased production of 

phosphatidylinositol-4,5-bisphosphate (PIP2), which is essential for Clathrin-Mediated 

Endocytosis (CME) (Okada et al., 2015). ARF6 activation has also been found to be influenced by 

the GTP hydrolysis activity of dynamin II (Okada et al., 2015). ARF6 recruits nucleoside 

diphosphate kinase Nm23-H1 as a GTP source for dynamin-mediated fission during endocytosis 

(Van Acker et al., 2019). It interacts with dynamin2 (Dyn2) through guanine nucleotide exchange 

factors (GEFs) EFA6B and EFA6D, forming a Dyn2-EFA6-ARF6 axis that regulates CME (Okada 

et al., 2015). ARF6 also mediates cargo internalization and transportation in ARF6-enriched 

vesicles in a Clathrin and dynamin-independent manner (Van Acker et al., 2019). ARF6-GTP 

hydrolysis to ARF6-GDP and removal of PIP2 are required for cargo progression through this 

pathway (Van Acker et al., 2019). It facilitates the recycling of various proteins, including integrins 

and Rac1, from recycling endosomes to the plasma membrane. It activates phospholipase D (PLD), 
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leading to increased phosphatidic acid (PA) production, which further enhances PIP2 synthesis. 

ARF6 plays a crucial role in pathogen phagocytosis, immune signaling through Toll-like receptors, 

and NADPH oxidase activation, while also being exploited by various pathogens to either inhibit 

phagocytosis or facilitate their intracellular entry (Van Acker et al., 2019).  

ARF6 plays a critical role in both the MyD88-dependent and Trif-dependent signaling pathways 

following TLR4 engagement. In the MyD88-dependent pathway, ARF6 stimulates PIP 5-kinase to 

produce PIP2, which serves as a binding site for Mal. This Mal-PIP2 interaction facilitates the 

recruitment of MyD88 to the activated TLR4 complex (Kagan & Medzhitov, 2006). For the Trif-

dependent pathway, ARF6 promotes the internalization of the activated receptor complex. It 

facilitates the uptake of LPS and the transport of TRAM and may also be involved in the 

internalization of the TLR4 complex itself (Husebye et al., 2010) (Figure 4 A).  

ARF6 modulates actin cytoskeleton remodeling, which is essential for endocytic vesicle formation 

and movement (Schweitzer et al., 2011). It regulates the recycling of internalized receptors back 

to the plasma membrane, influencing receptor resensitization and signaling (E. Macia et al., 2012). 

It impacts various cellular processes, including cell motility, cytokinesis, and cholesterol 

homeostasis, through its effects on endocytic trafficking (Schweitzer et al., 2011). In summary, 

ARF6 is a key regulator of receptor-mediated endocytosis. Its activity influences receptor 

internalization, trafficking, recycling, initiating and sustaining immune responses and has broad 

implications for cellular function and signaling. 

Despite its well-established importance in cellular trafficking and signaling, the role of ARF6 in 

cell death remains largely unexplored. Recent studies have begun to shed light on this aspect, 

suggesting that ARF6 may be involved in regulating apoptosis and other forms of programmed 

cell death. For instance, research has shown that ARF6 deficiency can render naive T cells more 

susceptible to apoptosis during TCR-induced activation (Sumiyoshi et al., 2021). Additionally, 

ARF6 has been linked to autophagy, a process that can influence cell survival and death (George 

et al., 2016; Moreau et al., 2012). 

In silico analysis of amino acid sequence of ARF6 reveals key structural features typical of proteins 

involved in intracellular cargo shuttling. Specifically, an N-terminal myristoylation site is 
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identified, which is crucial for membrane association. This is followed by a polybasic region, 

characterized by a cluster of positively charged amino acids (D’Souza-Schorey & Stahl, 1995). 

Together, these elements form a bipartite membrane-targeting signal (Figure 4 B). This structural 

arrangement enables ARF6 to reversibly interact with membranes, facilitating its role in vesicular 

trafficking and membrane dynamics. The myristoylation site allows for the covalent attachment of 

a lipid moiety, enhancing ARF6's affinity for membranes, while the polybasic region likely 

interacts with negatively charged phospholipids on membrane surfaces. The presence of these 

features aligns with ARF6's known functions in regulating endosomal recycling, membrane 

trafficking, and actin remodeling at the plasma membrane. These structural elements allow Arf6 

to cycle between membrane-bound and cytosolic states, a crucial aspect of its function in 

coordinating various cellular processes. The contribution of  ARF6 and other endocytic pathways 

in the activation of various cell death pathways has not been evaluated.
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Figure 4. ARF6-Mediated Endocytosis 

A The role of ARF6 in endocytosis, intracellular trafficking, and recycling upon clathrin-mediated 
endocytosis and clathrin-independent endocytosis. B The bipartite protein shuttling motif in ARF6 
is depicted by the myristoylation site at the N-terminus (consensus sequence of MGXXXS/T), 
followed by a polybasic motif.

A 
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1.3. Cell Death 

Cell death is a fundamental biological process that is essential for maintaining tissue homeostasis, 

regulating development, and shaping immune responses. Once thought to be a simple, binary 

event, our understanding of cell death has evolved dramatically in recent years, revealing a 

complex landscape of interconnected pathways and mechanisms. Cell death has traditionally been 

categorized into two main types: necrosis and programmed cell death (PCD). PCD is a regulated 

process that unfolds through a sequence of molecular events triggered by specific physiological or 

developmental cues. In contrast, Necrosis (Non-Programmed Cell Death) is considered as an 

uncontrolled form of cell death, which typically occurs during severe cellular injury or trauma 

(Kanduc et al., 2002) (Figure 5). But now, the field of cell death research has expanded beyond 

the classical dichotomy of apoptosis and necrosis to include several regulated forms of cell death.  

Recent scientific advances have reshaped our understanding of necrosis, challenging its 

conventional portrayal as a solely passive and accidental form of cell death. New research reveals 

that necrosis can also be a regulated process that is governed by specific cellular signaling 

pathways under certain circumstances. This controlled form of necrotic cell death is now 

recognized as programmed necrosis, with "necroptosis" emerging as its most prominent example. 

This paradigm shift suggests that necrosis is not always a chaotic response to severe cellular 

damage. Instead, it can be a precisely orchestrated cellular event, initiated and executed through 

intricate molecular mechanisms. The activation of these pathways depends on the nature and 

intensity of the stimuli affecting the cell. Consequently, necrosis now occupies a more nuanced 

position in cell biology, encompassing both uncontrolled and regulated forms of cell death, each 

triggered by distinct cellular conditions and external factors. 

1.3.1. Programmed Cell Death (PCD) 

Programmed cell death (PCD) plays a crucial role in the development and maintenance of 

multicellular organisms by orchestrating the elimination of unnecessary or potentially harmful 

cells (Ellis et al., 1991). PCD can be divided into several distinct types based on morphological 

features, biochemical mechanisms, and functional characteristics. Recent scientific advances have 

revealed a diverse landscape of PCD, with researchers now recognizing over 20 distinct forms (W. 
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Park et al., 2023). This expanding repertoire of PCD mechanisms highlights the complexity and 

sophistication of cellular regulation in response to various stimuli and physiological conditions. 

PCD is broadly classified into two main categories: those that rely on caspase enzymes for 

execution, and those that proceed independently of caspase activity (S. L. Fink & Cookson, 2005). 

This distinction highlights the diverse molecular mechanisms underlying different forms of PCD.  

Apoptosis is the most well-characterized form of PCD, featuring distinctive morphological 

changes such as cell shrinkage and nuclear fragmentation. It is primarily mediated by caspases, 

particularly caspase-3, -6, and -7 (Lomphithak & Fadeel, 2023). Pyroptosis is an inflammatory 

form of PCD that is associated with caspase-1 activation and the processing and release of mature 

IL-1β and IL-18. It is driven by inflammatory caspases (caspase-1, -4, -5, -11) and gasdermin 

proteins (Kowalski et al., 2023) (Figure 5). 

Necroptosis is a controlled form of cell death that exhibits necrotic characteristics and is 

orchestrated by receptor-interacting protein kinases. This pathway is typically activated when 

caspase-mediated cell death mechanisms are suppressed, serving as an alternative means of 

eliminating cells under specific conditions (Dhuriya & Sharma, 2018) (Figure 5). 

Other major caspase-independent forms of cell death are Parthanatos (mediated by PARP-1 

hyperactivation and AIF release)  (Fatokun et al., 2014), Ferroptosis (Iron-dependent cell death 

characterized by lipid peroxidation) (Cao & Dixon, 2016), and Autophagic cell death (Excessive 

autophagy leading to cell demise) (Yonekawa & Thorburn, 2013). 

Recent genetic and biochemical research has uncovered a surprising level of adaptability in the 

utilization of PCD pathways. These studies demonstrate significant versatility in the molecular 

mechanisms governing PCD, highlighting a complex and dynamic regulatory network that can 

adjust to various cellular contexts and stimuli.  

PCD pathways are orchestrated by distinct protein complexes that initiate and execute specific 

cellular demise mechanisms. The apoptosome, inflammasome, ripoptosome, and necrosome are 

key assemblies in this process. The apoptosome activates caspases in apoptosis, while the 

inflammasome triggers pyroptosis through caspase-1 activation and gasdermin D pore formation. 

The necrosome mediates necroptosis via RipK1/RipK3 signaling and MLKL activation. The 
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ripoptosome serves as a molecular switch between apoptosis and necroptosis, depending on 

caspase-8 activity. These complexes form intricate signaling hubs that determine cell fate in 

response to various stimuli, highlighting the sophisticated regulation of PCD pathways in cellular 

homeostasis and disease contexts.
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Figure 5. Modes of Cell Death 

Cell death can be broadly categorized into programmed and non-programmed forms. Non-
programmed cell death is primarily necrosis, resulting from acute cellular injury. Programmed cell 
death is further divided into caspase-dependent types (e.g., apoptosis, pyroptosis) and caspase-
independent types (e.g., necroptosis). This classification highlights the diverse regulated 
mechanisms by which cells can die in response to various stimuli or conditions.
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1.3.1.1. Apoptosis 

Apoptosis is a fundamental biological process of PCD that plays crucial roles in development, 

homeostasis, and disease. As a key mechanism for eliminating unwanted or damaged cells, 

apoptosis is tightly regulated and involves distinct molecular pathways. Apoptosis involves 

intricate and elaborate molecular processes characterized by a series of energy-requiring events 

that unfold in a precise, cascading manner. Current research has identified two primary apoptotic 

pathways: the extrinsic (death receptor) pathway and the intrinsic (mitochondrial) pathway 

(Figure 6). Recent evidence suggests that these pathways are not entirely independent but 

interconnected, with molecules from one pathway capable of influencing the other. This 

interconnection highlights the complexity of apoptotic regulation and the potential for crosstalk 

between different cell death mechanisms (Igney & Krammer, 2002).  

Intrinsic apoptosis is a form of regulated cell death that is triggered by various internal or external 

cellular stressors, such as DNA damage, endoplasmic reticulum stress, oxidative stress, loss of 

growth factors, or disruptions to the microtubule network. The pivotal event in this process is the 

permeabilization of the mitochondrial outer membrane (MOMP) (Galluzzi et al., 2016). MOMP is 

regulated by various pro-apoptotic and anti-apoptotic proteins belonging to the BCL2 family. 

When activated, the intrinsic apoptosis pathway leads to the release of pro-apoptotic factors from 

the mitochondria, including cytochrome C and the Second Mitochondria-derived Activator of 

Caspase (SMAC), also known as DIABLO. Other key players in this process include p53, which 

can upregulate pro-apoptotic proteins like Bax, and inhibitors of apoptosis (IAP) proteins, which 

can suppress caspases (Loiben et al., 2022). These factors contribute to the formation of the 

apoptosome, which activates caspase-9 and, subsequently caspase-3, leading to cellular 

degradation (Q. Li et al., 2007) (Figure 6). 

The extrinsic apoptotic pathway is typically initiated when specific ligands bind to their 

corresponding death receptors (DRs) on the cell surface (Aggarwal et al., 2012). The  key DRs 

involved in extrinsic apoptosis are: FAS (CD95/APO-1), TNF-R1 (TNFRSF1A), TRAIL-R1 

(DR4/TNFRSF10A), and TRAIL-R2 (DR5/TNFRSF10B) (Wajant, 2002). When ligands bind to 

death receptors, causing them to trimerize or form larger complexes, it triggers the assembly of 

multi-protein structures like the death-inducing signaling complex (DISC) and complex II. The 
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DISC then activates initiator caspases, primarily caspase-8 and caspase-10, which in turn cleave 

and activate effector caspases like caspase-3 (Wohlfromm et al., 2024). These effector caspases 

are responsible for the proteolytic cleavage of cellular proteins, ultimately resulting in the 

characteristic morphological and biochemical changes associated with apoptosis.  The extrinsic 

pathway can also crosstalk with the intrinsic (mitochondrial) pathway through the cleavage of the 

pro-apoptotic protein Bid by caspase-8, amplifying the apoptotic signal (Kim et al., 2007) (Figure 

6). 

This interconnected network of signaling events ensures efficient and controlled elimination of 

cells, making the extrinsic apoptosis pathway a critical component in various physiological 

processes and a potential target for therapeutic interventions in diseases such as cancer.
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Figure 6. Apoptosis 

Apoptosis, a form of programmed cell death, can be initiated through two main pathways: extrinsic 
and intrinsic. The extrinsic pathway begins when death receptors like tumour necrosis factor 
(TNF)-related apoptosis-inducing ligand (TRAIL) receptor (TRAIL-R) or FAS bind to their 
respective ligands, activating initiator caspases (8 and 10) via adaptor proteins such as FAS-
associated death domain protein (FADD). These initiator caspases then activate effector caspases 
(3 and 7), leading to apoptosis. The intrinsic pathway is triggered by cellular stress, which activates 
BCL-2 homology domain 3 (BH3)-only proteins. These proteins promote BAX and BAK activity, 
causing mitochondrial outer membrane permeabilization (MOMP). MOMP is counteracted by 
anti-apoptotic BCL-2 family proteins. Following MOMP, cytochrome c is released into the cytosol, 
where it interacts with apoptotic protease activating factor 1 (APAF1) to form the apoptosome, 
activating caspase-9. Caspase-9 then activates caspases 3 and 7. Additionally, the second 
mitochondria-derived activator of caspases (SMAC) is released from mitochondria, inhibiting the 
caspase inhibitor X-linked inhibitor of apoptosis protein (XIAP). The two pathways can intersect 
when caspase-8 cleaves the BH3-only protein BH3-interacting death domain agonist (BID), 
allowing it to promote MOMP.
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1.3.1.2. TNFR signaling- Balancing Life and Death in Macrophages 

Macrophages are crucial immune cells that serve dual roles: defending against pathogens and 

maintaining tissue homeostasis. They accomplish these tasks by utilizing PRRs to detect PAMPs/ 

and DAMPs. Most PRRs, when activated, stimulate the production of TNF, a versatile cytokine 

that plays a significant role in immune responses and cellular regulation. Tumor necrosis factor-

alpha (TNF) is a versatile cytokine with wide-ranging effects on various cell types, inducing 

diverse cellular responses, including the expression of pro-inflammatory genes, proliferation, 

differentiation, and programmed cell death mechanisms like apoptosis and necroptosis (Veldhuis 

et al., 1991). TNFα exists in two forms. Type I is a soluble variant released by proteolytic cleavage 

of the transmembrane region, which mainly circulates in the body and activates TNFR1. Type II 

is a transmembrane variant that is expressed on the cell surface and can bind to both TNFR1 and 

TNFR2 but mainly TNFR2. Both forms contain the characteristic TNF homology domain (THD) 

(Nascimento et al., 2007). THD plays a crucial role in both the transmembrane and soluble forms 

of TNF, enabling their trimerization and interaction with TNF receptor 1 (TNFR1) and TNF 

receptor 2 (TNFR2) (Farajzadeh et al., 2017). THD enables trimerization and receptor binding in 

both its membrane-bound and soluble forms. TNFR1, a death receptor, contains a cytoplasmic 

death domain (DD), while TNFR2 lacks a DD and primarily interacts with TNF receptor-

associated factors (TRAFs) (Tartaglia et al., 1993; Xie, 2013). These structural differences lead to 

distinct signaling pathways and cellular responses when activated by TNF. TNFR2 contains a C-

terminal motif that recruits TRAF2 (TNF receptor-associated factor) and associated proteins 

TRAF1 and cIAP1/2 (cellular inhibitor of apoptosis protein), promoting NFκB signaling and 

kinase activation without inducing cell death (Wajant et al., 2003). In contrast, TNFR1 utilizes 

death domain-containing proteins to trigger apoptosis or necroptosis while also activating NFκB 

and MAP kinase pathways (Brenner et al., 2015).  

1.3.1.2.1. Formation of the Core Signaling Complexes 

The interaction between TNFα and TNFR1 initiates a cascade of molecular events crucial for 

signal transduction. Upon binding, TNFα induces the formation of TNFR1 trimers, which serves 

as a pivotal step in the signaling process. This trimerization of the receptor molecules sets the stage 

for the subsequent assembly of a key signaling complex (Figure 7). The newly formed TNFR1 
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trimers provide a platform for the recruitment and organization of various signaling proteins on 

the intracellular portion of the receptor. This cytoplasmic domain of TNFR1 becomes a focal point 

for the aggregation of these proteins, forming a core signaling complex that is essential for 

transmitting the extracellular signal into the cell.
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Figure 7. The Main Signalling Events Downstream of TNFR Activation 

The signaling pathway begins with the assembly of complex I upon TNF binding to TNFR1. This 
complex serves as a crucial platform for subsequent events and consists of several key proteins: 
TNFR1, TNFR1-associated death domain (TRADD), receptor-interacting serine/threonine-protein 
kinase 1 (RipK1), TNFR-associated factor 2 (TRAF2), cellular inhibitor of apoptosis protein 1/2 
(cIAP1/2), and linear ubiquitin chain assembly complex (LUBAC). Within complex I, RipK1 
undergoes ubiquitination, which plays a pivotal role in determining the cell's fate. This 
ubiquitination can be of two types: Lys63-linked ubiquitylation by cIAP1/2 or M1-linear 
ubiquitylation by LUBAC. The ubiquitination process leads to the recruitment of additional 
factors, including transforming growth factor-β (TGFβ)-activated kinase (TAK1), TAK1-binding 
protein 1 (TAB1), TAB2, NF-κB essential modulator (NEMO), and the inhibitor of the NF-κB 
kinase-α (IKKα)–IKKβ complex. These recruited factors typically trigger canonical NF-κB and 
MAPK signaling, promoting cell survival. The pathway can diverge from this point, leading to 
different outcomes depending on various factors and cellular conditions. In the presence of 
cycloheximide (CHX), a translational inhibitor, TNF stimulation results in the formation of 
complex IIa. This cytosolic complex is characterized by the disappearance of RipK1 and the 
interaction between TRADD and FAS-associated death domain (FADD). This interaction activates 
caspase 8 and effector caspases such as caspase 3 and caspase 7, ultimately leading to RipK1-
independent apoptotic. Under conditions where cIAP1/2 are inhibited (e.g., by SMAC mimetics), 
knocked down, or when TAK1 or NEMO are inhibited or depleted, complex IIb forms. This 
complex consists of RipK1, RipK3, FADD, and caspase 8, and promotes RipK1-kinase-activity-
dependent apoptosis. It's worth noting that heteromeric pro-caspase 8–FLICE-like inhibitory 
protein long isoform (FLIPL) can inhibit necroptosis, likely by cleaving RipK1, RipK3, and 
Cylindromatosis (CYLD). In scenarios where RipK3 expression is sufficient and pro-caspase 8 
and FLIPL are inhibited or have reduced expression, complex IIc (also known as the necrosome) 
forms. This complex formation involves the association of RipK1 and RipK3, followed by a series 
of auto- and transphosphorylation events. Activated RipK3 then phosphorylates and recruits mixed 
lineage kinase domain-like protein (MLKL). This process culminates in the formation of a 
supramolecular protein complex at the plasma membrane, ultimately leading to necroptosis. 
Various inhibitors and modulators can influence these pathways. SMAC mimetics are being 
developed to impair survival signaling and sensitize cells to death triggers in cancer treatment. Z-
VAD-FMK or Emricasan acts as a pan-caspase inhibitor. Necrostatin-1s (Nec-1s) RipK1 kinase 
activity, and RipK3 inhibitor GSK′872 thus blocking necroptotic signaling.  
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1.3.1.2.1.1. Complex I– Cell Survival Signaling 

TNFR1 trimerization enables its death domain to recruit TRADD (TNFR1-associated death 

domain), which serves as a scaffold for the signaling complex (H. Hsu et al., 1995). TRADD then 

orchestrates downstream signaling by recruiting TRAF2/5 (TNF receptor-associated factor), and 

RipK1 (serine/threonine-protein kinase 1) (Siegmund et al., 2023). Subsequently, TRAF2 

facilitates the recruitment of E3 ligases cIAP1/2 (Shu et al., 1996). cIAPs modify RipK1 and other 

complex components by adding the K63, K11, and K48 poly-ubiquitin chains, creating binding 

sites for LUBAC (Linear Ubiquitin Chain Assembly Complex) and stabilizing Complex I. LUBAC 

further modifies RipK1 with M1 ubiquitin chains, enabling the recruitment of TAK1 

(Transforming Growth Factor-β- Activated Kinases-1) via TAB2- (TAK1-Binding Protein) and the 

IKK (Inhibitor of Kappa B Kinases) complex. The ubiquitin modifications serve as scaffolds for 

additional signaling components, culminating in the formation of Complex I (Figure 7). This 

complex activates NF-κB and MAPK pathways that promote cytokine production and cell survival  

(Vince et al., 2009). 

1.3.1.2.1.1.1. NFκB Signaling 

NF-κB, a key transcription factor, orchestrates various innate and adaptive immune responses and 

acts as a central mediator of inflammation (Mulero et al., 2019). This versatile regulator influences 

multiple aspects of immune function, including cytokine production, cell survival, and 

inflammatory processes (Vicioso et al., 2021). NF-κB proteins are typically retained in the 

cytoplasm through interaction with inhibitory proteins, primarily members of the IκB (Inhibitor of 

Nuclear factor Kappa B) family (S.-C. Sun, 2011). NF-κB activation occurs through two main 

pathways: the canonical and noncanonical (alternative) pathways (Vallabhapurapu & Karin, 2009). 

Despite their distinct signaling mechanisms, both pathways play crucial roles in regulating immune 

and inflammatory responses. 

The canonical NF-κB pathway is rapidly activated by diverse stimuli, including cytokine receptors, 

PRRs, TNFR superfamily members, TCR, and BCR ligands (T- and B-cell receptors) (H. Zhang 

& Sun, 2015). The IKK complex consists of two catalytic subunits (IKKα and IKKβ) and a 

regulatory subunit NEMO (NF-κB essential Modulator) or IKKγ. This complex can be activated 
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by a wide range of stimuli, including cytokines, growth factors, mitogens, microbial components, 

and stress agents (S.-C. Sun & Ley, 2008). The diverse array of activators allows the IKK complex 

to integrate various cellular signals and initiate appropriate NF-κB-mediated responses. Activation 

of IKK leads to the phosphorylation of IκBα at two N-terminal serine residues. This 

phosphorylation event triggers the ubiquitin-dependent degradation of IκBα in the proteasome. 

Consequently, canonical NF-κB members, primarily p50/RelA and p50/c-Rel dimers, rapidly and 

transiently translocate to the nucleus (Hayden & Ghosh, 2008). This process results in the 

activation of NF-κB-mediated transcription of genes (Figure 8).  

In contrast, the noncanonical NF-κB pathway is a slow and sustainable response to a distinct set 

of stimuli, primarily ligands of specific TNFR superfamily members, including LTβR, BAFFR, 

CD40, and RANK (S.-C. Sun, 2012). The noncanonical NF-κB pathway employs a distinct 

activation mechanism that does not require IκBα degradation. Instead, this pathway relies on the 

processing of the NF-κB2 precursor protein, p100, to generate the active p52 subunit (S.-C. Sun, 

2011). NIK (NF-κB-inducing Kinase) is the key signaling molecule in the noncanonical NF-κB 

pathway. It activates and cooperates with IKKα to phosphorylate p100, leading to its ubiquitination 

and processing. This process degrades p100's C-terminal IκB-like structure, generating mature 

p52. The resulting p52/RelB complex then translocates to the nucleus, activating noncanonical 

NF-κB signaling (H. Zhang & Sun, 2015) (Figure 8). 

Functionally, the canonical NF-κB pathway plays a central role in regulating diverse aspects of 

immune responses, while the noncanonical NF-κB pathway acts as a complementary signaling 

axis. This noncanonical pathway collaborates with the canonical pathway to regulate specific 

immune system functions.
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Figure 8. Canonical and Non-canonical NF-κB Signaling 

The canonical NF-κB pathway is activated by a wide array of signals, including those from both 
innate and adaptive immune receptors. This pathway involves a series of steps: Tak1 activates the 
IKK complex, which then phosphorylates IκBα, leading to its degradation. This process results in 
the swift and temporary nuclear translocation of the archetypal NF-κB heterodimer, RelA/p50. In 
contrast, the non-canonical NF-κB pathway is initiated by signals from a specific subset of TNFR 
members, triggering phosphorylation-induced processing of p100. This alternative pathway relies 
on NIK and IKKα but operates independently of the trimeric IKK complex. The outcome of this 
pathway is the sustained activation of the RelB/p52 complex.
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1.3.1.2.1.1.2. MAPK Signaling 

The mitogen-activated protein kinase (MAPK) pathway serves as a crucial signal transduction 

mechanism, converting external stimuli into internal cellular responses. This pathway acts as a 

molecular bridge, relaying information from the cell surface to the nucleus, thereby orchestrating 

various cellular processes in response to environmental cues (J. Macia et al., 2009). Three major 

MAPK families have been identified: ERK (Extracellular Signal-regulated Kinase), JNK/SAPK 

(Jun Kinase), and p38 MAPK (Cuschieri & Maier, 2005).  

The extracellular signal-regulated kinase (ERK) signaling pathway is a crucial intracellular 

signaling cascade that plays a vital role in regulating various cellular processes, including 

proliferation, differentiation, survival, and apoptosis (Nakamura et al., 2021). ERK1/2 plays a 

crucial role in cellular signaling by phosphorylating and activating a diverse set of transcription 

factors, which in turn regulate the expression of genes that are important in various cellular 

processes. These transcription factors include Elk-1, c-FOS, c-Jun, p53, NF-κB/IκBα, and Est1/2 

(Cook et al., 2017) (Figure 9). The activation of these transcription factors by ERK1/2 can lead to 

different outcomes depending on the cellular context and the specific combination of factors 

activated. For example, phosphorylation of c-FOS and c-Jun can promote cell cycle progression, 

while activation of p53 may induce cell cycle arrest or apoptosis (Ahmed et al., 2006).  

JNK is encoded by three genes (α, β, and γ) with 12 possible isoforms resulting from alternative 

splicing (Yarza et al., 2016). JNK phosphorylates several transcription factors, such as c-Jun, ATF-

2, and p53, leading to increased expression of genes with AP-1 sites in their promoters (Y. R. Chen 

et al., 1996). The JNK pathway is involved in various cellular processes, including transformation, 

differentiation, and apoptosis (Y.-R. Chen et al., 1996) (Figure 9).  

The family in mammals is activated by a diverse array of cellular stressors, including ultraviolet 

radiation, thermal shock, hyperosmotic conditions, endotoxins, protein synthesis inhibitors, 

inflammatory cytokines (such as interleukin-1 and TNFα), and specific mitogenic factors (Ichijo, 

1999). p38MAPK is a member of the MAPK family that exists in four distinct isoforms in 

mammalian cells: p38α, p38β, p38γ, and p38δ. These isoforms, while structurally similar, exhibit 

unique patterns of substrate phosphorylation and activation, leading to diverse cellular responses 
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(Cuadrado & Nebreda, 2010). Interferon (IFN) signaling requires p38 MAPK, which 

phosphorylates and activates cytosolic phospholipase A2, while IFN-α/-γ-induced p38MAPK 

activation leads to Stat1 phosphorylation on Ser727 (Goh et al., 1999). The p38MAPK pathway is 

activated by upstream kinases MKK3, MKK4, and MKK6. Following activation, p38 

phosphorylates MAPK-activated protein kinases 2 and 3 (MK2 and MK3), which are ubiquitously 

expressed and primarily found in the nucleus (Figure 9). Once activated, MK2 and MK3 regulate 

various cellular functions, including actin cytoskeleton remodeling, cell motility, inflammatory 

cytokine production, gene transcription, and cell cycle progression (Cargnello & Roux, 2011). 
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Figure 9. Schematic Diagram of the MAPK Signaling Pathways
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1.3.1.2.1.1.3. p38MAPK-MK2-TTP Axis 

The p38MAPK is activated through dual phosphorylation on threonine-180 and tyrosine-182 

residues, a process mediated by upstream MAP2Ks, specifically MKK3 and MKK6 (Raingeaud 

et al., 1995). Upon activation, p38MAPK orchestrates cellular responses by phosphorylating various 

targets. This results in the amplification of inflammatory processes through increased production 

and secretion of pro-inflammatory cytokines (Ronkina et al., 2010). The p38MAPK phosphorylates 

several targets, with MK2 being a key substrate that coordinates most of the processes. This p38 

MAPK-MK2 signaling pathway plays a critical role in mediating cellular responses to stress and 

inflammatory stimuli. MK2 activation occurs through phosphorylation at Thr-222, Ser-272, and 

Thr-334 by p38MAPK α and β isoforms (Freshney et al., 1994). MK2 phosphorylates various 

substrates but acts as a crucial regulator of RNA-binding proteins, thereby exerting indirect control 

over gene expression at the translational level (Gaestel, 2006; Menon & Gaestel, 2018). Cytokine 

mRNAs often contain adenylate-uridylate-rich elements (AREs) in their 3' untranslated regions. 

These AREs serve as binding sites for regulatory proteins, enabling posttranscriptional control of 

cytokine production by modulating mRNA stability and translation efficiency (Anderson, 2008). 

Zinc finger protein 36 (Zfp36), also described as Tristetraprolin (TTP), is an ARE-binding protein 

that negatively regulates the expression of various cytokines and chemokines by destabilizing 

mRNAs and inhibiting their translation through interactions with AREs (Ross et al., 2015). Under 

normal conditions, TTP is expressed at low levels in all tissues. However, inflammatory stimuli 

such as lipopolysaccharide (LPS) and various cytokines such as TNFα trigger both transcriptional 

and posttranscriptional upregulation of TTP expression in macrophages (Tiedje et al., 2012). 

Interferons (IFNs) contribute significantly to the resolution of inflammation by stimulating the 

expression of TTP. The induction of TTP by IFNs requires both the activation of the transcription 

factor STAT1 by IFN signaling and the concurrent activation of p38MAPK by stress signals, 

illustrating a dual-control mechanism for TTP expression. Once induced, TTP acts to destabilize 

mRNAs of several pro-inflammatory cytokines, including TNFα, IL-6, and others (Sauer et al., 

2006). This mechanism establishes a negative feedback loop that helps to dampen the 

inflammatory response and promote its resolution. During the early inflammatory response, TTP 

expression is rapidly upregulated and undergoes transient phosphorylation at multiple sites. 

Specifically, the p38MAPK-activated kinases MK2 directly phosphorylate TTP at two key sites, S52 

and S178 (Ronkina et al., 2019). This phosphorylation plays a crucial role in inhibiting the activity 
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of TTP and, consequently, its regulation of inflammatory cytokine production.  Stress activates 

p38MAPK, triggering a phosphorylation cascade: p38MAPK phosphorylates MK2, which then 

phosphorylates TTP, transmitting the stress signal.  TTP phosphorylation enables its binding to 14-

3-3 proteins. These 14-3-3 proteins function as molecular chaperones, maintaining specific 

conformations of various target proteins, including the phosphorylated TTP  (Chrestensen et al., 

2004).  TTP's association with 14-3-3 proteins disrupt its ability to recruit the exosome complex. 

This disruption prevents the normal degradation process, resulting in increased stability of mRNAs 

containing AU-rich elements (AREs)  (Stoecklin et al., 2004) (Figure 10).  The precise molecular 

details underlying this process remain to be fully uncovered.
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Figure 10. Overview of the p38-MK2-TTP Axis 

Under normal cellular conditions, the p38 MAPK pathway remains inactive, allowing TTP 
(Tristetraprolin) to freely bind to the ARE (AU-rich element) in the 3'UTR of ARE-containing 
mRNAs. This binding enables TTP to recruit mRNA decay enzymes, promoting the degradation 
of these transcripts. However, when cells encounter stress stimuli, the p38 MAPK pathway 
becomes activated, triggering a phosphorylation cascade. This cascade culminates in the 
phosphorylation of TTP, which subsequently leads to its sequestration by 14-3-3 proteins. The 14-
3-3 proteins are a family of regulatory molecules that function as molecular chaperones, capable 
of stabilizing specific conformations of various target proteins. In this context, the 14-3-3-mediated 
sequestration of TTP effectively prevents it from interacting with the ARE, thus altering the fate 
of ARE-containing mRNAs. 
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1.3.1.2.1.2. Complex II – Cell Death Signaling 

The formation of signaling complexes in cell death pathways is critically dependent on the 

ubiquitination status of RipK1. While the assembly of Complex I requires complete ubiquitination 

of RipK1, the formation of Complex II is facilitated by partial or incomplete ubiquitination of 

RipK1. This differential ubiquitination serves as a molecular switch, determining whether the cell 

death signaling proceeds through Complex I or Complex II pathways (H. Li et al., 2006). When 

RipK1 is incompletely ubiquitinated, it detaches from the initial signaling complex I and 

participates in different signaling pathways. 

1.3.1.2.1.2.1. Complex IIa- RipK1-Independent Apoptosis 

Cylindromatosis (CYLD), induced by NF-κB, initiates Complex IIa formation by de-

ubiquitinating RipK1, thus creating a negative feedback loop for NF-κB activation (Trompouki et 

al., 2003). CYLD's association with TRAF2 removes K63 and M1 poly-ubiquitin chains from 

RipK1, enabling its dissociation from the TNFR1 complex (Kovalenko et al., 2003). Recent 

findings indicate that CYLD's primary role is likely in regulating RipK1 activation within Complex 

II, rather than facilitating the transition from Complex I to Complex II (Moquin et al., 2013). Upon 

release into the cytosol, RipK1 participates in the assembly of Complex IIa by binding with 

TRADD, FADD (Fas-Associated Death Domain), and pro-caspase 8 (L. Wang et al., 2008). These 

proteins may collectively serve as a nucleation point to recruit additional RipK1 and RipK3 

molecules (J. Li et al., 2012). Noteworthy, TNFR1-induced p38MAPK activation leads to MK2-

mediated phosphorylation of RipK1 (on serine 320 in humans or 321 in mice) in both TNFR1-

associated and free cytosolic forms, inhibiting RipK1's ability to act as a nucleation point for 

cytosolic complexes containing kinase-active RipK1 (Jaco et al., 2017; J. Li et al., 2012). When 

protein synthesis is blocked by cycloheximide (CHX) and IKK inhibitors, the consequent 

suppression of the NF-κB pathway allows Caspase-8 to become active. The active Caspase-8 

inactivates RipK1 and RipK3 through proteolytic cleavage, initiating proapoptotic caspase 

activation (Vanlangenakker, Bertrand, et al., 2011) and which initiates the activation of pro-

caspases -3 and -7, leading to RipK1-independent apoptotic cell death (Elmore, 2007) (Figure 7).  
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1.3.1.2.1.2.2. Complex IIb- RipK1-Dependent Apoptosis 

The formation of Complex IIb can be triggered by insufficient ubiquitination of RipK1, which 

occurs when cIAP1/2 is depleted or degraded (e.g. by SMAC- Mitochondria- Derived Activator 

of Caspase Mimetics or genotoxic stress), resulting in reduced or absent K63 poly-ubiquitin chains 

on RipK1 (Tenev et al., 2011; L. Wang et al., 2008) or inhibition of TAK1 or NEMO (Dondelinger 

et al., 2013). The binding of SMAC to cIAPs triggers the auto-ubiquitination of cIAPs, resulting 

in the subsequent degradation of cIAPs (Du et al., 2000). The lack of K63-linked ubiquitination 

destabilizes RipK1 in the core signaling complex, causing it to dissociate from TNFR1, like the 

initial stages of Complex IIa formation. RipK1 reassembles in the cytosol, forming a complex 

called the Ripoptosome, which includes FADD, pro-caspase 8, and RipK3 (Tenev et al., 2011). 

cIAP1, cIAP2, XIAP, and FLIPL act as negative regulators of the Ripoptosome complex. C-FLIP 

is an anti-apoptotic protein (cellular- FADD-like-1β-Converting Enzyme) that exists in multiple 

forms: the long-form (c-FLIPL), the short form (c-FLIPS), and various splice variants known as 

c-FLIPR (Safa, 2013). Contrary to c-FLIPL, which inhibits Ripoptosome formation, c-FLIPS 

surprisingly facilitates its assembly. The Caspase-8: c-FLIPL heterodimer in Complex IIb cleaves 

RipK1 and RipK3, potentially preventing necrosome formation. In contrast, the enzymatically 

inactive Caspase-8: c-FLIPS heterodimer cannot cleave RipK1/3, thus favoring necroptosis 

induction. The specific c-FLIP isoforms present in the Ripoptosome play a crucial role in 

determining the cell death pathway, directing it toward either Rip1-dependent apoptosis or 

necroptosis (Feoktistova et al., 2011) (Figure 7).  

1.3.1.2.1.2.3. Complex IIc- Necrosome 

Following caspase 8 activation in Complex IIa and IIb, the activated caspase degrades RipK1 and 

RipK3 in the cytosolic compartment. However, when caspase-8 activity is suppressed, either 

endogenously by cFLIPS (Feoktistova et al., 2011)or exogenously by pan-caspase inhibitors like 

zVAD or Emricasan (EMR) (Brumatti et al., 2016; Ito et al., 2016), it leads to the phosphorylation 

of RipK3.(J. Li et al., 2012). Also, A20 inhibits RipK3-driven necroptosis when caspases are active 

by preventing RipK3 ubiquitination and leading to the disruption of the RipK1-RipK3 complex 

(Gurung et al., 2015). The necrosome, an amyloid-like structure, forms when RipK1 recruits 

RipK3 via their RIP homotypic interaction motif (RHIM). This RipK1-RipK3 complex then 
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facilitates the recruitment and phosphorylation of mixed-lineage kinase domain-like (MLKL) 

protein, a key step in the necroptosis pathway (L. Sun et al., 2012). Upon phosphorylation, MLKL 

proteins assemble into tetrameric structures and migrate to the plasma membrane causing cell lysis 

and inflammation (Cai et al., 2014) (Figure 7).  

1.3.1.3. Necroptosis 

In 2005, researchers identified necroptosis as a distinct form of cell death, triggered by TNFα when 

caspase-8 is inactive, representing a non-apoptotic pathway of programmed cell death (Degterev 

et al., 2005). Necroptosis exhibits key morphological characteristics of necrosis, such as swollen 

organelles, intact nuclei, ruptured plasma membranes, and the release of cellular contents (Seo et 

al., 2021). TNF-induced necroptosis stands out as the most extensively studied form of regulated 

necrosis, a non-apoptotic cell death pathway (Vanden Berghe et al., 2014). The discovery of 

necrostatins, particularly necrostatin-1, which inhibits RipK1 and blocks TNF-induced necrosis, 

sparked a surge in necroptosis research (Degterev et al., 2008).  

Necroptosis serves as a crucial backup mechanism when apoptosis is inhibited or compromised. It 

helps eliminate damaged or infected cells that cannot undergo apoptosis, maintain tissue 

homeostasis, and defend against pathogens (Loftus et al., 2022). Necroptosis is also predominantly 

associated with pathological conditions characterized by pronounced inflammation, including 

Crohn's disease, ischemia-reperfusion injury, amyotrophic lateral sclerosis, toxic epidermal 

necrolysis, and multiple sclerosis, among others (Conrad et al., 2016). Necroptosis is a tightly 

regulated form of programmed cell death that acts as a double-edged sword in human physiology 

and disease. On one hand, it serves as a crucial host defense mechanism, leveraging its robust pro-

inflammatory properties to eliminate pathogen-infected or malignant cells, thereby contributing to 

antimicrobial immunity and tumor suppression. However, this same inflammatory potency can 

become detrimental, as necroptosis is also capable of triggering uncontrolled inflammatory 

cascades that result in severe tissue injury, chronic disease progression, and, in some cases, even 

promote tumor growth and metastasis. The dual nature of necroptosis—protective in some contexts 

and destructive in others—underscores its complex role in health and disease, highlighting the 

importance of carefully targeting this pathway in therapeutic strategies (Kaczmarek et al., 2013).  
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Necroptosis was first identified in fibroblasts, specifically in L929 mouse fibrosarcoma cells. This 

discovery laid the groundwork for understanding the basic mechanisms of this form of 

programmed cell death (Degterev et al., 2005). As research progressed, the focus shifted towards 

immune cells, particularly macrophages, due to their critical role in inflammation and immune 

responses (He et al., 2009; Kaiser et al., 2013; D.-W. Zhang et al., 2009).  

Various external stressors can initiate necroptosis, such as tissue damage from ischemia-

reperfusion, excessive calcium influx, pharmacological agents, changes in osmotic pressure, and 

elevated temperatures (Vanlangenakker et al., 2012; X. Yu et al., 2013; F. Yuan et al., 2022; W. 

Zhang et al., 2022). These stressors initiate necroptosis through multiple signaling pathways that 

involve specific ligand-receptor interactions. The key pathways include TNFα binding to TNFR 

(L. Sun et al., 2012), Fas ligand interacting with FAS (Estlack et al., 2014), Death Receptor 3 

(DR3) (Bittner et al., 2016), interferon-gamma (IFN-γ) and IFNAR1 (Hos et al., 2017), double-

stranded RNA activating Toll-Like Receptor 3 (TLR3) (Upton et al., 2019), Toll-Like Receptor 4 

(TLR4) (Kaiser et al., 2013), and double-stranded DNA binding to Z-DNA binding protein 1 

(ZBP1, also known as DNA-dependent activator of IFN-regulatory factors - DAI) (Jiao et al., 

2020). These diverse ligand-receptor interactions initiate distinct signaling cascades that converge 

on necroptotic cell death, underscoring the complex and multifaceted nature of stimuli capable of 

triggering this regulated form of necrosis (Figure 11).  

Necroptosis is characterized by its ability to provoke and amplify inflammatory responses 

(Davidovich et al., 2014). Research using animal models has demonstrated that necroptosis plays 

a crucial role in the development and progression of various inflammatory disorders. In the absence 

of pathogens, cells undergoing death can initiate inflammatory responses by releasing DAMPs, a 

group of endogenous signaling molecules (Pasparakis & Vandenabeele, 2015). The scientific 

community widely agrees that necroptosis directly incites inflammation through the substantial 

release of DAMPs as the cell breaks down. 

The precise early molecular mechanisms that determine whether a cell undergoes apoptosis or 

necroptosis remain elusive. Although necroptosis is known to aggravate numerous inflammatory 

conditions, the specific pathways governing the resulting inflammatory responses are not yet fully 

understood. This study aims to elucidate the early molecular switches determining cell fate 
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between apoptosis and necroptosis and unravel the intricate pathways regulating inflammatory 

responses triggered by necroptosis in various diseases, including Alzheimer’s disease, 

amyotrophic lateral sclerosis (ALS), ischemic injuries (e.g., stroke, myocardial infarction), and 

multiple sclerosis (Atri et al., 2018; Gong et al., 2020, 2020; D. Li & Wu, 2021).
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Figure 11. Multiple Stimuli that Lead to Necroptosis
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1.3.1.3.1. Molecular Mechanism of Necroptosis  

It is well established that during the execution of necroptosis, three crucial components of the 

pathway - RIP1, RIP3, and MLKL - undergo phosphorylation. RipK1 has emerged as a major 

signaling hub downstream of several immune receptors, where it regulates the cell’s fate through 

kinase-dependent and -independent mechanisms (Silke et al., 2015). Within complex I, RipK1 

undergoes extensive phosphorylation at multiple sites (Delanghe et al., 2020). Various research 

groups have reported that MK2 phosphorylates RipK1 at S321 and S336 (S320 and S335 in 

humans) within its intermediate domain (Geng et al., 2017). Notably, the MK2 phosphorylation 

sites S321 and S336 on RipK1 are located close to its Caspase-8 cleavage site (D324), suggesting 

a potential interplay between MK2-mediated phosphorylation and Caspase-8-induced proteolytic 

inactivation of RipK1 (Menon et al., 2017). RipK1's kinase activity in cell death signaling remains 

enigmatic, with auto-phosphorylation as its only known function. This self-modification may 

trigger structural changes in RipK1, facilitating its association with FADD and RipK3 to promote 

cell death. RipK1 undergoes auto-phosphorylation at multiple sites, including S14/15, S20 (in 

humans), S161, S166, and T169 (in mice) (Heger et al., 2018; Oberbeck et al., 2019). The exact 

mechanisms triggering RipK1 autophosphorylation and its specific role in the necroptotic process 

remain to be fully elucidated. The RHIM (RIP homotypic interaction motif), a hydrophobic β-

sheet region, facilitates the interaction between RipK1 and RipK3. The RHIM is present in several 

other adaptor proteins crucial for innate immunity and cell death signaling, including TRIF (TIR 

domain-containing adaptor-inducing interferon-β) (Meylan et al., 2004) and DAI (DNA-dependent 

activator of IFN regulatory factors, also known as ZBP1 or DLM-1) (Kaiser et al., 2008). The N-

terminal regions of both RipK1 and RipK3 are characterized by the presence of Ser/Thr kinase 

domains (KDs). RipK1 phosphorylates RipK3 at specific sites, with Ser227 in human RipK3 

(corresponding to Thr231/Ser232 in mouse RipK3) being crucial for the recruitment and activation 

of mixed-lineage kinase domain-like (MLKL) (L. Sun et al., 2012). While RipK3 contains multiple 

phosphorylated serine/threonine residues, the functional significance of these additional 

phosphorylation sites in RipK3 activation remains less clear (W. Chen et al., 2013). RipK3 triggers 

necroptosis by activating MLKL. Activated RipK3 phosphorylates MLKL at specific residues: 

T357 and S358 in human MLKL and S345 in mouse MLKL (Rodriguez et al., 2016). 

Phosphorylation triggers MLKL tetramerization and exposes its four-helix bundle domain. MLKL 
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then translocates to the plasma membrane, where its conformation changes, enhancing its 

membrane-binding capacity. Research has yielded diverse explanations for how MLKL 

translocation leads to cell death. At the membrane, MLKL interacts with phosphatidylinositol 

phosphate (PIP) and cardiolipin (CL). Oligomerized MLKL can engage with TRPM7 channels, 

facilitating the influx of extracellular Ca2+, which ultimately results in plasma membrane 

disruption (Cai et al., 2014). The MLKL complex, once localized to the plasma membrane, can 

enhance sodium ion influx, either directly or by interacting with other membrane proteins. This 

increased sodium influx elevates intracellular osmotic pressure, ultimately causing cell swelling 

and rupture of the plasma membrane (X. Chen et al., 2014). The rupture of the plasma membrane 

results in the release of damage-associated molecular patterns (DAMPs), triggering inflammation 

and leading to the release of pro-inflammatory cytokines, further amplifying the inflammatory 

response (X. Wu et al., 2024).  

1.3.1.3.2. Ubiquitination and Deubiquitination 

Protein stability and function are modulated by the dynamic processes of ubiquitination and 

deubiquitination, which play crucial roles in diverse cellular activities such as DNA repair, cell 

death, gene transcription, and cell cycle regulation (Dagar et al., 2023). PCD is controlled by 

intracellular proteins subject to various post-translational modifications, particularly mono- and 

polyubiquitination. Ubiquitination dynamically influences protein abundance, location, and 

function. This reversible process, counteracted by deubiquitinases, balances deubiquitination to 

determine cellular outcomes during stress.  

Ubiquitination is a post-translational modification where the 76-amino acid protein ubiquitin is 

covalently attached to target proteins through a cascade involving E1 (ubiquitin-activating), E2 

(ubiquitin-conjugating), and E3 (ubiquitin ligase) enzymes (Hershko & Ciechanover, 1998). 

Ubiquitin chains can be added on different lysine residues (K6, K11, K27, K29, K33, K48, or K63) 

(Kwon & Ciechanover, 2017). K48-linked ubiquitination primarily targets proteins for 

proteasomal degradation, while K63-linked ubiquitination regulates non-proteolytic functions 

such as kinase activation, signaling, and DNA repair (Swatek & Komander, 2016). 

Deubiquitination is the reversal of ubiquitination, mediated by deubiquitinases (DUBs). DUBs 

regulate protein fate by removing ubiquitin chains, inhibiting ubiquitination processes, and editing 
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ubiquitin chains, thus maintaining cellular ubiquitin homeostasis and modulating protein 

degradation and signaling. The human genome encodes approximately 100 deubiquitinases 

(DUBs) categorized into seven families: USPs, UCHs, OTUs, MJDs, JAMM/MPN+, MINDYs, 

and ZUFSP, each with distinct structural and functional characteristics (Abdul Rehman et al., 

2016).  

Upon activation, TNFR1 engages RipK1 and TRADD, followed by TRADD's recruitment of 

TRAF2/5, which subsequently attracts cIAP1/2 to the complex (Bertrand et al., 2008). RipK1 is 

post-translationally modified by various E3 ligases, deubiquitinases, and kinases, which function 

as cell fate determinants, regulating the inflammatory and death-signaling pathways (Annibaldi et 

al., 2018). cIAP1/2, functioning as RING finger E3 ligases, attach K63- and K48-linked ubiquitin 

chains to various components of Complex I, including RipK1 to stabilize it in complex I. This 

process is followed by the recruitment of LUBAC, another E3 ligase, which then adds M1-linked 

ubiquitin chains to RipK1 (Gerlach et al., 2011; Keusekotten et al., 2013). The K63-linked and 

M1-linked ubiquitin chains on RipK1 serve as docking sites for the TAK1 and IKK complexes, 

leading to the activation of MAPK and NF-κB signaling pathways, respectively. cIAP1 also 

attaches K11-linked ubiquitin chains to RipK1, which further promotes the recruitment of the IKK 

complex (Dynek et al., 2010). Recent research has demonstrated that the deubiquitinase OTULIN 

removes M1-linked ubiquitin chains from RipK1 during necroptosis (Douglas & Saleh, 2019). 

When RipK1 is deubiquitinated by CYLD or fails to be ubiquitinated upon recruitment to Complex 

I (such as during IAP depletion), the signaling pathway shifts towards the formation of Complex 

IIa or IIb, respectively (Bertrand et al., 2008; Kovalenko et al., 2003). Mass spectrometric analysis 

of HT29 cells revealed that RipK1's K115 residue is specifically ubiquitinated during TNFα-

induced necroptosis (de Almagro et al., 2017). This site appears to be the primary location for M1- 

and K63-linked ubiquitin chains during necroptosis (de Almagro et al., 2015). While the K115 

mutation reduces necroptosis, it remains unclear how both chain types coexist at this site and 

whether they have pro- or anti-necroptotic effects. The precise roles of these ubiquitin 

modifications in regulating necroptosis require further investigation. The cellular context 

determines whether Complex IIa or IIb will trigger apoptosis or necroptosis. Research indicates 

that RipK3 ubiquitination plays a role in promoting necroptosis. A20 inhibits RipK3 function by 

attaching K48-linked ubiquitin chains to its K5 residue, thereby preventing RipK1-RipK3 complex 
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formation and protecting cells from necroptosis (Onizawa et al., 2015). Other E3 ligases also 

suppress necroptosis by altering RipK3's ubiquitination status. For instance, Pellino-1 catalyzes 

K48-linked ubiquitination of active RipK3 (Choi et al., 2018).  

Understanding the early events of ubiquitination and deubiquitination in necroptosis plays a crucial 

role in elucidating the regulation of this cell death pathway. These post-translational modifications 

serve as important checkpoints that determine whether cells undergo necroptosis or survive. By 

elucidating these early events, we can gain a more comprehensive understanding of necroptosis 

regulation, potentially leading to new therapeutic strategies for diseases involving aberrant 

necroptotic signaling.  

1.3.1.3.3. TLR-Mediated Necroptotic Pathways 

Pathogen sensors detect microbial patterns, activating host defenses through immune factors. 

These sensors, while protective, can also promote inflammation and autoimmunity. Recent 

research highlights their role in determining infected cell fate through various regulated death 

pathways, serving as a primary mechanism for eliminating infected cells (Lamkanfi & Dixit, 

2010). Toll-like receptors (TLRs) were the first pattern recognition receptors (PRRs) to be 

discovered (Akira et al., 2006). These receptors recognize various pathogen-associated molecular 

patterns, including peptidoglycan (sensed by TLR2), double-stranded RNA (TLR3), 

lipopolysaccharide (TLR4), flagellin (TLR5), and unmethylated CpG DNA motifs (TLR9). TLR3 

and TLR4 distinctively use the TRIF adapter for signaling, while TLR4 and all other TLRs also 

utilize MyD88. Like TNF family death receptors, TLRs not only promote the expression of 

cytokines including interferons, but they also play a crucial role in determining cell fate, including 

the induction of apoptosis and programmed necrosis (He et al., 2011; Kaiser & Offermann, 2005).  

Research has consistently demonstrated that the engagement  of TLR3/4 can trigger necroptosis in 

primary macrophages when caspase activity is inhibited (Legarda et al., 2016; Linkermann & 

Green, 2014; McComb et al., 2014; Robinson et al., 2012).  

TLR4-mediated necroptosis has emerged as a prominent focus in current research due to its unique 

and complex signaling mechanisms. As the only Toll-like receptor utilizing both MyD88 (myeloid 

differentiation primary response protein 88) and TRIF (Toll/IL-1R domain-containing adaptor-
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inducing IFN-β) adaptor proteins, TLR4 activates multiple signaling cascades, making it an 

intriguing subject for studying intricate cellular responses.  

The activation of TLR4 by LPS involves a multi-step process that converts bacterial LPS 

aggregates into monomers at the cell surface. Serum LBP initiates this by binding to LPS micelles, 

typically followed by CD14-mediated extraction of LPS monomers. CD14 then delivers these 

monomers to the TLR4/MD-2 complex, concentrating them near the receptor and enabling 

activation (Gioannini et al., 2005; Iovine et al., 2002; B. Yu & Wright, 1996). TLR4/MD-2 

activation occurs when two agonistic LPS molecules bind, causing dimerization of TLR4 

ectodomains into an "M-shape". This configuration brings the intracellular TIR domains of TLR4 

into proximity, enabling interactions with TIR domains and activating two downstream pathways 

(Meng et al., 2011; B. S. Park et al., 2009). First, the MyD88-dependent pathway is initiated when 

Mal (MyD88 adaptor-like, also called TIRAP) is recruited to the plasma membrane. There, Mal 

serves as a bridge between MyD88 and the activated receptor, facilitated by its Toll-IL-1 receptor 

(TIR) interaction domain (Yamamoto et al., 2002). Apart from the TIR domain, TIRAP also carries 

a domain enriched in basic and aromatic residues that interact with phosphatidylinositols (PIs) and 

phosphatidylserine (PS) (Bonham et al., 2014). The TLR4-bound TIRAP recruits MyD88, which 

further recruits E3 ubiquitin ligase TRAF6, which triggers a signaling cascade involving TAK1 

kinase and leading to the signaling cascade that activates key transcription factors, notably NF-κB 

and AP-1 (via MAPK) (Y.-C. Lu et al., 2008) (Figure 12). These activated transcription factors 

then trigger the production of various pro-inflammatory cytokines such as TNFα (Takeda & Akira, 

2004). Second, the MyD88-independent pathway is activated when TLR4 is internalized into 

endosomes. Simultaneously, TIRAP and MyD88 dissociate from the membrane, allowing TLR4 

to bind in the endosome to a second set of TIR-containing adaptor proteins, TRAM and TRIF 

(Marongiu et al., 2019). In this situation, TRAM (Trif-related adaptor molecule) acts as a bridging 

adaptor that facilitates the interaction of TRIF with TLR4 (Oshiumi et al., 2003). This 

internalization facilitates the binding of TRAM to TLR4. TRAM then recruits Trif (TIR-domain-

containing adaptor-inducing interferon-β), which leads to interferon-regulatory factors -3 and -7 

(IRF3 and IRF7) activation by TBK1 and then dissociates from TRIF, dimerizes, and translocates 

to the nucleus (S. Liu et al., 2015). Ultimately, this cascade results in the production of type I 

interferons (Fitzgerald et al., 2003; Oshiumi et al., 2003) (Figure 12).  
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TLR3/4 signaling, mediated by TRIF through its C-terminal RHIM domain interaction with RipK1 

or RipK3 (Meylan et al., 2004), can lead to three distinct cellular outcomes. First, it can activate 

NF-κB (Vivarelli et al., 2004), a process partially reliant on RipK1. Second, it can initiate apoptosis 

via Caspase-8 (Feoktistova et al., 2011)which is influenced by RipK1 engagement. Third, when 

Caspase-8 activity is inhibited, TLR3 signaling can induce necroptosis (He et al., 2011)dependent 

on both RipK1 and RipK3. TLR4-mediated necroptosis is a critical process in immune responses 

and inflammatory conditions due to its role in triggering TNF and IFN secretion. This pathway 

amplifies inflammatory responses through a positive feedback loop, where necroptosis releases 

DAMPs that further stimulate cytokine production. TNF can trigger further necroptosis in 

neighboring cells, while IFN can prime cells for enhanced responsiveness to subsequent stimuli. 

The intricate relationship between TLR4-mediated necroptosis and TNF/IFN secretion presents 

both challenges in managing inflammatory disorders and opportunities for developing targeted 

therapies. 
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Figure 12. Toll-Like Receptor (TLR) -3 and -4 Signalling Pathways
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1.3.1.3.4. Necroptosis Regulation through Interferons 

Interferons (IFNs) are a family of cytokines that play a crucial role in the body's defense against 

viral infections and the surveillance of malignant cells. These widely expressed molecules are 

categorized into three main classes: type I, type II, and the newly discovered type III interferons. 

As the first line of defense against viruses, IFNs exhibit potent antiviral properties and can inhibit 

cell growth (Pestka et al., 1987). Type I interferons comprise a diverse group, including IFN-α, 

IFN-β, and IFN-ω, all of which interact with a shared cell-surface receptor. In contrast, IFN-γ 

stands alone as the sole type II interferon, activating signaling pathways by binding to its distinct 

receptor on the cell surface (Pestka et al., 2004). 

Type I interferons (IFN-I) are key regulators of inflammatory processes and have been implicated 

in the pathogenesis of numerous inflammatory disorders. While the influence of IFN-I on immune 

and inflammatory responses through various signaling pathways is well-documented, a 

comprehensive review of their critical regulatory roles in specific pathways and related 

inflammatory diseases is currently lacking. Worldwide, a substantial portion of the population is 

affected by diverse inflammatory conditions, including infectious diseases, systemic lupus 

erythematosus (SLE), rheumatoid arthritis (RA), systemic sclerosis (SSc), juvenile 

dermatomyositis (JDM), periodontitis, autoimmune disorders, and chronic infections (K. Chen et 

al., 2017; Fernandez-Ruiz & Niewold, 2022). The role of IFN-I in inflammatory processes is 

intricate and paradoxical, acting as a double-edged sword. It can either suppress pro-inflammatory 

responses or, conversely, induce excessive inflammatory responses (Ivashkiv & Donlin, 2014). 

IFN-I’s are pleiotropic cytokines with three primary functions: inducing an anti-viral state in 

infected cells to control pathogens, regulating innate immunity by enhancing antigen presentation 

and natural killer cell function, and activating adaptive immunity to develop high-affinity immune 

responses and memory (Gallucci et al., 2021; Mayer-Barber & Yan, 2017; Pasrija & Naime, 2021).  

The IFN-I receptor consists of a heterodimer formed by IFNAR1 and IFNAR2. When IFN-I (either 

IFN-α or IFN-β) binds to this ubiquitous receptor, it triggers multiple signaling cascades, including 

the activation of JAK/STAT, NF-κB, and PI3K pathways (Hervas-Stubbs et al., 2011). The binding 

of type I interferons to their receptor, IFNAR, initiates a signaling cascade by activating two 

associated protein tyrosine kinases: Janus kinase 1 (JAK1) and tyrosine kinase 2 (TYK2). In the 
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canonical IFNα/β signaling pathway, these activated kinases phosphorylate cytosolic STAT1 and 

STAT2 molecules. This phosphorylation triggers the dimerization of STAT1 and STAT2, which 

then translocate to the nucleus and interact with IRF9 to form the ISGF3 complex. ISGF3 

subsequently binds to specific DNA sequences called IFN-stimulated response elements (ISREs) 

that are located in the promoter regions of interferon-stimulated genes (ISGs), thereby activating 

their transcription (Figure 13). This process results in the expression of numerous genes that 

mediate the cellular response to interferon stimulation (Ivashkiv & Donlin, 2014). 

Recent studies have identified LPS-induced expression interferon as a key factor in triggering 

necroptosis. Macrophages obtained from mice lacking the IFNAR1 gene exhibit significant 

resistance to necroptosis (McComb et al., 2014). The study revealed that IFN-β triggers 

necroptosis in macrophages via the ISGF3 (IFN-stimulated gene factor 3) signaling pathway. 

ISGF3 is a transcriptional complex consisting of three components: STAT1, STAT2, and IRF9. 

Type I interferon plays a crucial role in TNF-induced auto necroptosis of macrophages by 

upregulating the expression of essential necroptosis signaling components, particularly TNFR2 

and MLKL (Legarda et al., 2016). Recent research has further emphasized the significance of IFN 

signaling in necroptosis. MLKL expression is notably enhanced by interferon exposure (Knuth et 

al., 2018). In macrophages, constitutive interferon signaling is crucial for initiating necroptosis 

through the intrinsic activity of the cGAS/STING pathway, which senses cytosolic DNA. This 

process has been shown to promote the maintenance of MLKL expression at a critical level 

necessary for necroptosis to occur (Sarhan et al., 2019).  
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Figure 13. Type 1 IFN Signaling Pathway
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2. THESIS SUMMARY 

2.1. RATIONALE 

Phosphorylation of receptor-interacting protein kinase-1 (RipK1) is indeed a critical initiating 

event in necroptosis, but several molecular events likely precede this step and are not yet fully 

elucidated. In addition, previous research from our lab has shown that the absence of type I 

interferon significantly reduces necroptosis susceptibility in macrophages (McComb et al., 2014; 

Robinson et al., 2012), though the exact mechanism remains unclear. Elucidating the early stages 

of necroptosis, including receptor endocytosis and role of interferon signaling, is essential for 

comprehending the full mechanism of this programmed cell death pathway. While necroptosis is 

linked to various inflammatory diseases, the precise molecular mechanisms connecting 

necroptosis signaling to inflammation remain elusive. A critical question is whether the 

inflammatory response is triggered solely after cell rupture or can occur independently of cellular 

disintegration. The molecular pathways driving necroptosis and inflammation in macrophages are 

still incompletely understood. 

Unraveling these pathways is crucial for developing targeted therapies and will be the focus of this 

research. By investigating the intricate relationships between receptor internalization, necroptosis 

signaling, type 1 interferon signaling, and inflammatory responses, we aim to provide novel 

insights into the regulation of cell death and inflammation. 

2.2.  HYPOTHESIS 

ARF6 plays a crucial role in facilitating the transition from Complex I to the necrosome formation 

and subsequent necroptosis, while IFNAR1 signaling regulates cytokine expression and amplifies 

necroptotic responses at later stages of necrosome signaling, leading to enhanced cell death in 

macrophages. 

 

2.3. OBJECTIVES 

The thesis is structured around three interconnected objectives: 
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2.3.1. Aim 1: Deciphering the early events of necroptosis in macrophages. 

2.3.2. Aim 2: Delineating the role of necroptosis signaling on the inflammatory response. 

2.3.3. Aim 3: Deciphering the mechanism of necroptosis induction by IFNAR1 signaling.
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3. MATERIALS AND METHODS 

3.1. Ethics Approval and Consent to Participate 

Experiments were conducted in accordance with the Canadian Council on Animal Care (CCAC) 

guidelines and were approved by the University of Ottawa Animal Care Committee. The 

experimental protocol used was BMIe3590, a n d  BMIb 4456 (Replacing BMI-3486).  

3.2. Mice 

All mice used in the study were maintained in specific pathogen-free conditions at the University 

of Ottawa Animal facility, adhering to CCAC guidelines and approved protocols. Experiments 

utilized age and sex-matched mice, predominantly on a C57BL/6 genetic background unless 

otherwise specified. C57BL6/J (Jax #000664), Ifnar1−/− (Jax #020288), Ticam1−/− (Jax 

#005037), MyD88−/− (Jax #009088), Stat1−/− (Jax #012606), Stat2−/− (Jax #023309) were 

obtained from Jackson Labs (Bar Harbor, USA). Mk2−/− mice were obtained from Dr. Matthias 

Gaestel (Kotlyarov et al., 1999) (Hannover Medical School). Zfp36−/− mice were obtained from 

Dr. Perry Blackshear (Taylor et al., 1996) (National Institute of Environmental Sciences, NIH, 

USA). RipK3−/− was a kind gift from Dr. Vishva Dixit (Genentech, San Francisco, CA, 

USA). Irf9−/− mice were obtained from Dr. Karen Mossman (McMaster 

University). MyD88−/−Ticam1−/− and Ifnar1−/−Mk2−/− -double knockouts were obtained by 

crossing the single knockout mice. Mice of both sexes were randomly assigned to experimental 

groups to ensure unbiased group distribution. This approach eliminated sex-based selection 

preferences while maintaining randomization across all study conditions. 

3.3. Generation of Bone Marrow-Derived Macrophages: 

Primary murine BMMs were generated by culturing bone marrow cells with M-CSF as described 

in our previous publication (Sadh et al., 2020). In brief, the mice were sacrificed, and bone marrow 

was harvested from the femur, tibia, and hip bones. The bone marrow cells were cultured in RPMI 

1640 media (Gibco #31800089) supplemented with 8% fetal bovine serum (Gibco) (R8), 

50 μg/mL gentamicin (Gibco #15750060), and 5 ng/mL macrophage colony-stimulating factor 

(BioLegend #576404) in a 5% CO2 incubator. After 7 days, macrophages were harvested for use. 
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3.4. ARF6 Inhibitory Peptide and RNA interference: 

ARF6 inhibitory peptide was obtained from Gene Script synthesis services, with a sequence length 

of 31 amino acids- GKVLSKIFGNKEMRIRQIKIWFQNRRMKWKK with an N-terminal 

myristoyl group as described previously (Van Acker et al., 2014). The Accell SMARTPool Mouse 

ARF6 siRNA (#E-043217-00-0005) was purchased from DharmaconTM. BMDMs were 

transfected with siRNA using Lipofectamine® RNAiMAX Transfection Reagent (Invitrogen 

#13778030) as per the manufacturer’s instructions. After 72-96h, the transfected cells were used 

for the experiments. 

3.5. Cell Line:  

RAW264.7 cells were cultured in RPMI 1640 media (Gibco #31800089) supplemented with 8% 

fetal bovine serum (Gibco) (R8), 50 μg/mL gentamicin (Gibco #15750060) in a 5% CO2 incubator. 

For dissociating the cells TrypLETM was used (Gibco #12604013). 

3.6. Generation of RAW264.7 Arf6 Knockout Cells: 

RAW264.7 Arf6 knockout cells were generated using ARF6sgRNA CRISPR/Cas9 All-in-one 

Non-Viral Vector Set (Mouse) obtained from Applied Biological Materials Inc. (ABM 

#12260134). Cells were transfected with 1µg of each of the three plasmids using AmaxaTM SF 

Cell Line 4D-NucleofectorTM X Kit (Lonza #V4XC-2024), in the 4D-NucleofectorTM X Unit as 

per manufacturer’s instructions. Transfected GFP-positive cells were sorted using the Sony SH800 

Cell Sorter with a 100 µM sorting chip.  Single GFP-positive cell was seeded in individual wells 

of a 96-well plate to establish knockout populations. Multiple clones were obtained using this 

method. The expression level of the ARF6 protein was analyzed by western blotting in each clone. 

Clones with no detectable ARF6 protein expression were selected. After performing initial 

experiments on all knockout clones, one clone was randomly selected for further studies. 
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3.7. Reagents:  

Ultrapure LPS (E. coli 0111: B4) was obtained from Millipore Sigma (L4524). Poly I:C was 

obtained from Sigma-Aldrich (#P1530). Mouse IFN-β was obtained from PBL Assay Science 

(#12410). Recombinant mouse IFN-β1 (#581302) was obtained from BioLegend. Recombinant 

mouse TNFα was obtained from R&D Systems (#410-MT-010/CF). Actinomycin-D was obtained 

from MP Biomedicals (#02194525-CF). SMAC- IAPs inhibitor- Birinapant (TL32711) (#A4219) 

and Pan-caspase inhibitor Z-VAD-FMK (#A1902) were obtained from ApexBio. Pan-caspase 

inhibitor Emricasan (EMR) (#S7775), p38MAPK inhibitor- Ralimetinib (LY2228820) dimesylate, 

(#S1494) and the MK2 inhibitor III (#S6930), STAT3 inhibitor- BP-1-102 (#S7769), RipK3 

inhibitor GSK872 (#S8465), and IKK2 inhibitor- LY2409881 (#S7697) were obtained from 

Selleckchem. RipK1 inhibitor II, 7-Cl-O-Nec-1 (#5042970001), NF-κB activation inhibitor II 

(#481408), DNA synthesis inhibitor- Gliotoxin (#G9893), and Topoisomerase II inhibitor- 

Etoposide (#341205) were obtained from Millipore Sigma. 

3.8. Cell Culture and Viability: 

Cells were stimulated in 96-well and 24-well tissue culture plates with various reagents as 

indicated. In some experiments, cells were co-treated with different inhibitors and agonists before 

stimulation and incubated for specified time points before assessing cell viability or collecting 

protein lysates. 

Cell death was assessed by quantifying neutral red uptake, as described previously (Ariana et al., 

2020; McComb et al., 2014; Rijal et al., 2018). In brief, cells were incubated with neutral red dye 

(1:20) (Millipore Sigma #N2889) until viable cells became visibly red. The cells were then washed 

once with PBS to remove any free dye and lysed with a solubilization solution to release the 

accumulated dye within live cells. The absorbance of the solubilized dye was quantified by 

colorimetric analysis at 570 nm using a FilterMax F5 microplate reader (Molecular Devices). 

Cell viability was measured using a 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide 

(MTT) assay (Mosmann, 1983). The MTT reagent was diluted with R8 media at a final 

concentration of 0.5 mg/mL and incubated at 37 °C. After 2 h, DMSO was added to solubilize MTT 
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crystals, and absorbance was measured at a wavelength of 570 nm with a reference wavelength of 

650 nm on a Molecular Devices FilterMax plate reader. 

For cell death analyses by imaging, cells were stained with Hoechst (2.5 μg/mL; Invitrogen 

#33342) and propidium iodide (1:10 dilution; BD Pharmingen #550825) and incubated at 37 °C 

for 20-30 min. Cells were then washed twice with PBS before evaluation by immunofluorescence 

microscopy using a Zeiss AxioObserver.D1 microscope. To count live versus dead cells, we 

employed a Python-based automated image analysis pipeline that leverages OpenCV for image 

processing, and NumPy for computation. Samples were converted to grayscale and binarized via 

Otsu’s method to highlight and distinguish features of interest from the background. External 

contours were calculated using OpenCV’s contour detecting algorithm, which sets to retrieve only 

the external contours and approximate the contour shapes to reduce the number of points. For each 

detected contour, the minimal enclosing circle was measured, providing the center and radius of 

the circular features in the sample. Each point is then calculated and circled on the original sample 

for manual verification. 

3.9. Western Blotting: 

Cells were stimulated as described and cell extracts were reconstituted in SDS lysis buffer 

containing 1% β-mercaptoethanol and heated immediately at 95 °C for 5 min. Lysates were 

separated by SDS-PAGE and transferred to the PVDF membrane. Immunoblot analysis was 

performed using the following antibodies: ARF6 (3A-1) (Santa Cruz #sc-7971), p-RipK1S166 (Cell 

Signaling #31122), p-RipK1S321 (Cell Signaling #83613), RipK1 (BD Biosciences #610459), p-

RipK3T231/S232 (Cell Signaling #91702), RipK3 (ProSci #2283), p-MLKLS345 (Cell Signaling 

#37333), MLKL (Millipore Sigma #MABC604), cIAP 1& 2 (MBL Life Science #CY-P1041), 

CYLD (Cell Signaling #8462), Cleaved Caspase-8 (Cell Signaling #9429), Cleaved Caspase-3 

(Cell Signaling #9664),   TRAF2 (#4712), A20 (Cell Signaling #5630),  FADD (Enzo #ADI-

AAM-212-E), TRIF (TICAM1) (GeneTex #GTX13810), p-STAT1Y701 (Cell Signaling #9167), p-

STAT1S727 (Cell Signaling #9177), STAT1 (Cell Signaling #9172), p-STAT2Y689 (Millipore 

Sigma #ABE541), STAT2 (Cell Signaling #72604), p-STAT3Y705 (Cell Signaling #9131), p-

STAT3S727 (Cell Signaling #94994), STAT3 (Cell Signaling #12640), IRF9 (Millipore Sigma 

#MABS1920), p-IRF-3S396 (Cell Signaling #4947), IRF-3 (Cell Signaling #4302)    p-
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MK2T334 (Cell Signaling #3007), MK2 (Cell Signaling #3042), p-SAPK/JNKT183/Y185 (Cell 

Signaling #9251, SAPK/JNK (Cell Signaling #9252), p-p44/42 MAPK (Erk1/2)T202/Y204 (Cell 

Signaling #4370), p44/42 MAPK (Erk1/2) (Cell Signaling #4695), p-p38 MAPKT180/Y182 (Cell 

Signaling #9211), p38 MAPK (Cell Signaling #8690), p-TAK1S412 (Cell Signaling #9339), p-

IKKα/βS176/180 (Cell Signaling #2697), IKKβ (Cell Signaling #8943), p-NF-κBS536 (Cell Signaling 

#3033), NF-κB (Cell Signaling #8242), PI3 Kinase p110α (Cell Signaling #4249), p-P70 S6 

KinaseT389 (Cell Signaling #9234), P70 S6 Kinase (Cell Signaling #2708), p-eIF4ES209 (Cell 

Signaling #9741), p-4E-BP1T37/46 (Cell Signaling #2855), 4E-BP1 (Cell Signaling #9644), p-

AKTT308 (Cell Signaling #9275), AKT (Cell Signaling #9272), Tristetraprolin (TTP) (Cell 

Signaling #71632), β- Actin (Cell Signaling #3700), and GAPDH (Cell Signaling #97166). The 

densitometric quantification of western blot signals was performed using ImageJ software. 

3.10. Immunoprecipitations: 

Cell lysates were immunoprecipitated with DynabeadsTM Co-Immunoprecipitation kit (Invitrogen, 

#14321D) with the following antibodies: RipK1 (BD Biosciences #610459), and RipK3 (ProSci 

Inc #2283) as per manufacturer’s instructions. Bound proteins were eluted and subsequently 

analyzed using the standard western blot protocol. The densitometric quantification of western blot 

signals was performed using ImageJ software. 

3.11. Cell fractionation: 

Cell lysates were collected using a Subcellular Protein Fractionation kit (ThermoFisher Scientific, 

#78840). Membrane and cytoplasm samples were separated and extracted as per the 

manufacturer’s instructions. Protein normalization was performed using the BCA Protein Assay 

Kit (ThermoFisher Scientific, #A53225) as per the manufacturer's instructions. Extracted proteins 

were subsequently analyzed using the standard western blot protocol. The densitometric 

quantification of western blot signals was performed using ImageJ software. 

3.12. Cytokine measurement: 

Supernatants were collected from 96-well plates and the expression of cytokines was assessed 

using the mouse TNFα (BD OptEIA #555268), mouse IL-6 (BD OptEIA #555240), mouse IL-10 
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(BD OptEIA #555252), mouse IL-12p70 (BD OptEIA #555256), and mouse IFN-β (R&D System 

#DY8234-05) according to the manufacturer’s instructions. The absorbance was detected at 450–

570 nm on a FilterMax F5 multimode microplate reader (Molecular Devices). 

The expression of IFN-I was also measured using a reporter cell line. ISRE-L929 cells were seeded 

at 5×104 cells per well in a 96-well tissue culture plate and incubated at 37°C with 50μl of culture 

supernatants for 4 h. Using the luciferase assay system kit (Promega #E1500), a Molecular Devices 

Emax plate reader measured the luminescence, and data were analyzed by SoftMax Pro. 

3.13. Flow Cytometric Analysis: 

Cells were seeded in 6-well plates and stimulated with different reagents as described. After 

specific time intervals cells were detached using a cell lifter in PBS and then washed with FACS 

buffer (PBS containing 1% FBS). For cell surface receptors analysis, the cells were preincubated 

with an anti-mouse CD16/CD32 Ab (Fc blocking; BD BioSciences #553143) for 20 min and then 

stained with the following Abs: APC anti-mouse TLR4 (BioLegend #145405), PE anti-mouse 

IFNAR1 (Invitrogen #12-5945-82), and PE anti-mouse TNFR1 (BioLegend #113003) for 30min. 

Then, the cells were washed with FACS buffer and acquired on the flow cytometer (BD 

LSRFortessa). For phagocytosis, pHrodo Deep Red E. coli BioParticles (ThermoFisher Scientific 

#P35361) were prepared according to the manufacturer’s instructions. Particles were opsonized 

using normal mouse serum (diluted 1:4 in PBS) for 25 minutes at 37°C and shaking at 250 rpm. 

Bioparticles were added to cells and samples were acquired at different time intervals on BD-

LSRFortessa immediately after the infection. For lysosomal activity, cells were treated with 1X 

LysoView dye (Biotium #70067) for different time intervals.  Then, the cells were washed with 

FACS buffer and acquired on the flow cytometer (BD LSRFortessa). All the data was analyzed 

using FlowJoTM software. 

3.14. Microscopy: 

Cells were seeded in 8-well slides (Ibidi #80826) and stimulated with different reagents as 

described for immunofluorescence staining. For lysosome detection, 1X LysoView dye (Biotium 

#70067) and for the detection of endosomes, 1X ECGreen-Endocytosis Detection (Dojindo 

#E296) were used. The nucleus was stained with Hoechst (300nM; Invitrogen #33342) for 5 min. 
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To determine the internalization of LPS after stimulation, cells were incubated for different time 

intervals with 100ng/ml of fluorophore-labeled LPS from Escherichia coli Serotype 055:B5, Alexa 

Fluor 594 conjugate (ThermoFisher Scientific #L23353). A Membrite® 405/430 (Biotium 

#30092) Fix cell surface staining kit was used to stain the membranes of cells as per the 

manufacturer’s instructions. Images were acquired using a 63X, 1.4NA, Oil, Plan-Apochromat 

objective of Zeiss Observer O7 epifluorescence microscope, and images were analyzed using 

ImageJ software. 

3.15. Quantitative RT-PCR 

Total RNA was extracted using the RNeasy Mini Kit (Qiagen) as per the manufacturer’s 

instructions. cDNA synthesis was performed using the iScript cDNA Synthesis Kit (Bio-Rad 

Laboratories Inc) according to the manufacturer’s instructions, and samples were stored at −20 °C 

until use. Quantitative real-time PCR was performed using the Bio-Rad CFX384 Touch Real-Time 

PCR System (Bio-Rad Laboratories Inc) in conjunction with SYBR Green PCR Master Mix 

(ThermoFisher Scientific Inc). 

The primers used were as follows: 

Table 1. Primers used for qRT-PCR 

Gene Forward primer sequence (5’-3’) Reverse primer sequence (5’-3’) 

Cxcl1 TGAGCTGCGCTGTCAGTG AGAAGCCAGCGTTCACCAGA 

Ifnβ1 ATGGTGGTCCGAGCAGAGAT CCACCACTCATTCTGAGGCA 

Zfp36 TTTCCCCTTCTGCCTTCTCT TGGTGCTGGGGGTAGTAGAC 

IL-12p35 ATGTGTCAATCACGCTACCTCC TCAGGCGGAGCTCAGATAGCC 

IL-12p40 GTCCTCAGAAGCTAACCATCTCC CCAGAGCCTATGACTCCATGTC 

Mlkl CTGGCAGAGAACGAATCTTGG TGCTCCCAGCAATAAGTTGA 

Xaf1 TGTGCCTTTCTTTCTCCCCC CAGAGGCCAAACATGGAGGG 

TNFα GAGAAGTTCCCAAATGGCCTCCC GTATGAGATAGCAAATCGGCTGACGC 

Actin GATCAAGATCATTGCTCCTCCTG AGGGTGTAAAACGCAGCTCA 
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3.16. Gene Expression Profiling and Analysis 

Bone marrow-derived macrophages were treated with IFNβ (10 ng/mL) or LPS (10 ng/mL) with 

or without zVAD (50μM). Cells were harvested 6 h post-treatment and RNA was collected using 

the RNeasy Mini Kit (Qiagen). Reverse transcription of total RNA (200 ng) was conducted using 

the Agilent Low-input Quick Amp single color labeling kit. Labeled cRNA was hybridized to 

Agilent-028005 SurePrint G3 Mouse GE 8x60K Microarray (GPL10787). Exported probe data 

was filtered using a script in R (4.3.3). Probes with expression greater than background in at least 

50% of arrays were retained. The background-subtracted data was quantile-normalized and probes 

representing low-expressed genes were removed from the analysis. Differential expression testing 

was performed in R (4.3.3) by considering genotype and treatment in the differential expression 

analysis design. The p-value was evaluated using the Benjamini–Hochberg procedure.” 

Gene set enrichment analysis (GSEA) was conducted with all differentially expressed genes, using 

the R cluster Profiler package with the parameters minGSSize = 10, maxGSSize = 6000, 

pvalueCutoff = 1.0, pAdjustMethod = ‘BH’, and Eps = 0. The p-value was adjusted using the 

Benjamini–Hochberg procedure. Gene sets with adj.Pval < 0.05 were considered significant if the 

NES was > 1.5, or < −1.5. The gene sets that are most significantly enriched in WT cells upon 

necroptosis induction (‘TNFα signaling pathway’ and ‘Inflammatory Response LPS’) were 

selected for further analysis. Gene set enrichment plots were used to determine the leading-edge 

genes enriched in each pathway. Heatmaps of the leading-edge genes were generated using 

median-centered log2FC differential expression values. 

3.17. Analysis of ChIP-Seq Data 

ChIP-seq data was retrieved from the NCBI SRA (GSE115435) (Platanitis et al., 2019)and 

decompressed into a fastq file format using fasterq-dump. Adapter contamination and low-quality 

sections of the raw reads were removed using fastp. The trimmed reads were aligned on the Mus 

musculus mm10 genome using the STAR aligner. Duplicate read pairs were marked using Picard 

and replicates were merged into a single bam file using samtools. SSP was utilized to determine 

chromatin fragment length and bamCoverage was used to calculate read density. The resulting 

bigWig files were loaded on the integrative genomics viewer for analysis. 
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3.18. Transduction of RAW264.7 Ifnar1-/- Cells with MLKL: 

RAW Ifnar1-/- cells produced by Ilia (a previous summer student in our lab). MLKL gene sequence 

fragmented with P2A-T2A, G418, and CMV forward promoter for Vector Backbone pLV-

mCherry (Addgene #36084) to form a plasmid. Virus precipitation was performed using a Virus 

Precipitation Kit (Benchmark Bioscience #P-100/P-250) as per the manufacturer's instructions. 

Then the viruses were assembled in the packaging cells- 293A (or 293T) with the MLKL plasmid 

and produced. After that Virus particles were left with polybrene for overnight incubation to 

increase the efficacy of gene transfer. RAW Ifnar1-/- cells were then infected with MLKL plasmid 

viruses and cell selection was performed using the G418 antibiotic treatment. Cells were treated 

with the antibiotic until no cell died and after that healthy cells were recovered and allowed to 

grow. For further confirmation cells were sorted using the Sony SH800 Cell Sorter with a 100 µM 

sorting chip.  

3.19. Statistical Analyses:  

All graphs show the average results taken from at least three independent experiments. Error bars 

show the standard error of the mean, and statistical significance between groups was determined 

using the student’s t-test or ANOVA using the GraphPad Prism software. The Brown–Forsythe 

test is used to test for equality of variances. Statistical evaluation of GSEA and differential gene 

expression (DGE) was performed in R. Specifically, the calculated P-values following DGE 

analysis and GSEA were adjusted using the Benjamini–Hochberg (B-H) procedure. 

3.20. Data Availability:  

All the original high throughput microarray data has been deposited at GEO (GSE134549).
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4. RESULTS 

4.1. Aim 1: Early events of necroptosis in macrophages. 

4.1.1. Inactivation of ARF6 leads to resistance against necroptosis 

Necroptosis can be triggered when TLRs such as TLR4 and TLR3, or cytokine receptors like TNF 

and IFNAR1, are engaged under conditions where caspase activity is suppressed (Degterev et al., 

2008). This suppression of caspase activity can occur naturally through FLIP or artificially using 

pan-caspase inhibitors like zVAD-fmk (Y.-S. Chen et al., 2022; Guo et al., 2016). In these 

circumstances, instead of undergoing apoptosis, cells initiate the necroptotic pathway, leading to a 

form of programmed necrotic cell death. We aimed to uncover the signaling events that occur prior 

to RipK1 phosphorylation, which is considered the first detectable step in necroptosis activation. 

Previous studies have demonstrated that necroptosis triggered by TLR stimulation partly relies on 

TRIF signaling. Moreover, when both TRIF and MyD88 signaling pathways are absent, cells 

become completely resistant to necroptosis induction (Ariana et al., 2020). This information 

suggests that these adaptor proteins play crucial roles in the early stages of the necroptotic 

signaling cascade, potentially acting upstream of RipK1 phosphorylation. We proposed that the 

ARF6 GTPase might participate in the signaling events prior to RipK1 phosphorylation that 

promotes necroptosis signaling. This idea stems from the necessity of receptor endocytic events in 

promoting TLR signaling and the role of ARF6 in shuttling between the plasma membrane and 

endo-lysosomal compartments. As a member of the Ras superfamily of small GTPases, ARF6 

could potentially trigger the necroptotic signaling cascade by facilitating TLR endocytosis. 

Bone marrow-derived macrophages (BMDMs) underwent cell death when exposed to LPS and the 

caspase inhibitor zVAD (Figure 14 A). This cell death was prevented by Nec-1, which inhibits 

RipK1 kinase activity. Notably, an ARF6-inhibitory peptide also significantly reduced cell death 

(Figure 14 A), correlating with decreased phosphorylation of RipK3 and MLKL (Figure 14 B), 

suggesting that ARF6 may play a role in promoting necroptosis signaling. ARF6 knockdown using 

siRNA (Figure 14 C) significantly protected the cells from necroptosis induced by either LPS 

(Figure 14 D) or poly I:C (Figure 14 E) treatment. These findings collectively indicate that ARF6 

is involved in the necroptotic signaling pathway triggered by TLR stimulation in the absence of 

caspase activity.
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A, B WT BMDMs were treated with 5µM of the ARF6 inhibitory peptide for 3h. After that, cells 
were treated with LPS (100ng/mL), zVAD-fmk (25µM), and Nec-1 (10µM), and the impact on 
cell viability was evaluated at 24h by Neutral Red uptake (A). The activation of signaling proteins 
was evaluated by western blot analysis of the cell extracts collected at various time intervals (B). 
C-E WT BMDMs were treated with 1µM of scrambled siRNA or ARF6 siRNA for 72h. After that, 
the expression level of ARF6 was evaluated by western blotting (C), and cells were treated with 
LPS (100ng/mL), pI:C (1µg/mL), zVAD-fmk (25µM), and Nec-1 (10µM). The impact on cell 
viability was evaluated at 24h by Neutral Red uptake (D, E). Graphs depict mean ± SEM. Each 
experiment was repeated at least three times. (***P< 0.001, ****P< 0.0001).

A B 

C D E 

 

Figure 14. Inhibition and gene silencing of ARF6 leads to resistance against necroptosis 
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To precisely investigate the role of ARF6 in necroptosis signaling, we used the CRISPR-Cas9 

approach to generate Arf6 knockout macrophages using the RAW264.7 macrophage cell line. The 

success of the knockout was evaluated through Western blotting of cell extracts, which allowed 

the assessment of ARF6 expression in various clones (Figure 15 A). Treatment of BMDMs with 

LPS and the pan-caspase inhibitor Q-VD-OPh or the caspase-8 inhibitor (zIETD-fmk) does not 

induce necroptosis (Ariana et al., 2020). Although zVAD-fmk is a pan-caspase inhibitor, it blocks 

the caspase-8–cFLIPs heterodimer more efficiently than the zIETD-fmk or Q-VD-OPh, hence 

favoring necroptosis (Hughes et al., 2016; Oberst et al., 2011). Recently, it has been reported that 

the caspase inhibitor Emricasan (EMR) promotes necroptosis at reduced concentrations due to its 

increased specificity towards caspase-8, which results in better inhibition of the cFLIP-caspase-8 

heterodimers (Brumatti et al., 2016). Consequently, EMR was chosen over zVAD-fmk for 

subsequent experiments. 

All clones with successful deletion of Arf6 (Figure 15 A) demonstrated significant resistance to 

LPS-induced necroptosis (Figure 15 B). The clone A2 was chosen for further experimentation 

since it showed the greatest resistance to necroptosis activation.
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A The expression of ARF6 was evaluated in various CRISPR-Cas9 clones of Arf6-/- RAW264.7 
cells by performing western blot analysis. B WT and Arf6-/- RAW264.7 clones were treated with 
LPS (100ng/mL), EMR (10µM), and GSK872 (10 µM), and the impact on cell viability was 
evaluated at 24h by Neutral Red uptake. Graphs depict mean ± SEM. Each experiment was 
repeated at least three times. (**P< 0.01).
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Figure 15. Generation and selection of Arf6 knockout clones 
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Arf6-/- cells showed markedly reduced necroptosis when treated with LPS or pI:C in the presence 

of EMR (Figure 16 A). The RipK3 inhibitor GSK872 rescued cell death, confirming necroptosis 

as the mode of cell death. Necroptosis in WT cells was undetectable at 6h post-LPS+EMR 

stimulation (Figure 16 B) but progressed at later time points (Figure 16 C). At 18h post-

LPS+EMR treatment (Figure 16 D, E), most WT cells incorporated PI, indicating compromised 

membrane integrity, while Arf6-/- cells strongly resisted cell death. 

LPS+EMR-induced necroptosis in WT cells (Figure 16 F) was associated with activating 

phosphorylation (S166) of RipK1 and phosphorylation of downstream targets RipK3 and MLKL. 

In contrast, activation of RipK1, RipK3, and MLKL was undetectable in Arf6-/- cells. However, 

the inhibitory phosphorylation (S321) of RipK1, mediated by MK2 downstream of p38MAPK, 

remained unaffected in Arf6-/- cells (Figure 16 F). 

The lack of RipK1 S166 phosphorylation in Arf6-/- cells suggests that ARF6 plays a crucial role in 

promoting initial necroptosis signaling events prior to RipK1 phosphorylation.
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A WT and Arf6-/- RAW264.7 cells were treated with LPS (100ng/mL), pI:C (1µg/mL), EMR 
(10µM), and GSK872 (10µM) and the impact on cell viability was evaluated at 24h by Neutral 
Red uptake. B WT and Arf6-/- RAW264.7 cells (A2 clone) were treated with LPS (100ng/mL) and 
EMR (10µM) and the impact on cell viability was evaluated at 6h by staining the cells with PI and 
Hoechst. C-E WT and Arf6-/- RAW264.7 cells were treated with LPS (100ng/mL) and EMR 
(10µM). The impact on cell viability was evaluated at different time points by Neutral Red uptake 
(C) and by staining the cells with PI and Hoechst at 18h (D, E). F Western blot analysis was 
performed on cell extracts collected at different time points. Graphs depict mean ± SEM. Each 
experiment was repeated at least three times. (**P< 0.01, ***P< 0.001, ****P< 0.0001).

Figure 16. Knocking out the Arf6 gene leads to resistance against necroptosis and inactivation 
of key necroptotic proteins 
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4.1.2. ARF6 promotes the activation of IRF3 without impacting the endocytosis of 

TLR4  

Since ARF6 regulates membrane traffic and communication between various intracellular 

compartments in some circumstances (Van Acker et al., 2019), we evaluated whether ARF6 

promoted the endocytosis of TLR4 during necroptosis stimulation. During the stimulation of cells 

with LPS+EMR, the cell surface expression of TLR4 was progressively reduced in WT cells, 

confirming the endocytosis of TLR4 (Figure 17 A). Similar results were obtained when cells were 

stimulated with LPS alone (Figure 17 B). However, the cell surface expression of TLR4 was also 

reduced in Arf6-/- cells to the same degree as WT cells (Figure 17 A). These observations suggest 

that ARF6 may not be essential for the endocytosis of TLR4 during stimulation with LPS or LPS 

+ EMR. To further investigate the role of ARF6 in TLR4 signaling, we examined the activation of 

downstream pathways. There was a minor reduction in the activation of NF-κB in Arf6-/- cells in 

comparison to WT cells (Figure 17 C). This slight difference in NF-κB activation indicates that 

ARF6 might play a subtle role in modulating this pathway. Activation of TAK1, which participates 

in the NF-κB and MAPK pathways, was not influenced by ARF6 (Figure 17 C), suggesting that 

ARF6 does not directly regulate TAK1-dependent signaling cascades. On the other hand, the 

activation of IRF3 was highly reduced in Arf6-/- cells following treatment with LPS+EMR (Figure 

17 D). Since TRIF signaling leads to the activation of IRF3 following TLR4 engagement, these 

results indicate that ARF6 promotes TRIF signaling during necrosome activation downstream of 

TLR4 endocytosis. These findings reveal a complex relationship between ARF6 and TLR4 

signaling, highlighting the importance of ARF6 in modulating specific downstream pathways 

during necroptosis stimulation. 
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A, B WT and Arf6−/− cells were treated with LPS (100ng/mL) + EMR (10µM) and LPS (100ng/mL) for 

different time intervals as shown. After that, cells were stained with an anti-TLR4 antibody. C, D 

Histograms of stained cells are shown. Cell extracts were collected at various time intervals, and the 

activation of signaling proteins was evaluated by western blot analysis. Each experiment was repeated 

at least three times.

A B 

C D 

Figure 17. ARF6 promotes the activation of IRF3 without impacting the endocytosis of TLR4 
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During the stimulation of cells with LPS alone, ARF6 played a significant role in promoting the 

secretion of interleukin-10 (IL-10). However, its impact on the expression of other cytokines was 

relatively minor (Figure 18 A). This observation suggests that ARF6 has a specific impact on IL-

10 production in response to LPS stimulation.  

Interestingly, when the cells were treated with a combination of LPS and EMR (LPS+EMR) to 

induce necroptosis activation, the influence of ARF6 on cytokine secretion became more 

pronounced compared to stimulation with LPS alone. In this scenario, the absence of ARF6 had a 

broader and more significant effect on the cytokine profile. Specifically, in Arf6-deficient cells, 

there was a notable reduction in the secretion of all the cytokines tested (Figure 18 B, C). This 

finding indicates that ARF6 promotes cytokine production during necroptosis activation induced 

by LPS+EMR stimulation. 

Since the MAPK pathway plays a key role in promoting cytokine production during TLR 

signaling, we evaluated whether ARF6 impacts the activation of various key members of the 

MAPK pathway during necroptosis stimulation. The persistence, but not the initial activation of 

p38MAPK and its downstream kinase MK2, was compromised in Arf6-/- cells (Figure 18 D). The 

persistence of JNK and ERK1/2 was also compromised in Arf6-/- cells (Figure 18 D). The 

activation of STAT3 was compromised during necroptosis stimulation of Arf6-/- cells relative to 

WT cells (Figure 18D). Activation of STAT3 was highly dependent on p38MAPK activity as 

treatment of cells with a p38MAPK inhibitor resulted in the potent reduction of STAT3 activation in 

WT cells during necroptosis stimulation (Figure 18 E). Inhibition of STAT3 resulted in a reduction 

in the level of IL-6 but not TNFα in WT cells (Figure 18 F).  

Overall, these results showed that ARF6 promotes IRF3 activation and sustained MAPK pathway 

activation during necroptosis, influencing cytokine production and STAT3 activation, without 

impacting the endocytosis of TLR4. These results indicate that ARF6 promotes signaling in the 

macrophages downstream of TLR4 endocytosis. 

.
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A-C WT and Arf6-/- cells were treated with LPS (100ng/mL) and LPS (100ng/mL) + EMR (10µM) 
for different time intervals, as shown. The expression of different cytokines was measured in WT 
and Arf6-/- cells at various time intervals by ELISA after stimulation with LPS (100ng/mL) (A), 
LPS (100ng/mL) + EMR (10µM) (B), and at 7h following treatment with LPS (100ng/mL) or with 
LPS (100ng/mL) + EMR (10µM) (C). Cell extracts were collected at various time intervals, and 
the activation of signaling proteins was evaluated by western blot analysis (D). E, F WT, and Arf6-

/- cells were treated with LPS (100ng/mL), EMR (10µM), and STAT3 inhibitor (10µM). The impact 
on the expression of pY705STAT3 was evaluated by western blot analysis at different time intervals 
(E), and the impact on cytokine expression was evaluated at 8h by ELISA. (F).  Graphs depict 
mean ± SEM. Each experiment was repeated at least three times. (*P< 0.05, **P< 0.01, ***P< 
0.001, ****P< 0.0001).

Figure 18. ARF6 promotes cytokine production during TLR4-dependent necroptosis 
stimulation 
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4.1.3. ARF6 promotes type I interferon signaling during necroptosis stimulation 

We considered the possibility that the endocytosis of the type I interferon receptor (IFNAR1) may 

be impacted in Arf6-/- cells due to reduced secretion of IFN-β during necroptosis activation by 

LPS+EMR (Figure 18 B). The cell surface expression of IFNAR1 was rapidly reduced in WT 

cells following necroptosis stimulation by LPS+EMR, confirming the rapid internalization of 

IFNAR1 (Figure 19 A). In contrast, the internalization of cell surface IFNAR1 was reduced in 

Arf6-/- cells (Figure 19 A), implying that ARF6 promotes the internalization of IFNAR1 but not 

TLR4 during necroptosis stimulation by LPS+EMR. The activation of STAT1 and STAT2 was 

slightly reduced in Arf6-/- cells (Figure 19 B), which correlated with the reduced secretion of IFN-

β (Figure 18 B) and decreased IFNAR1 internalization (Figure 19 A). 

Overall, these results indicate that ARF6 signaling primarily promotes the activation of IRF3 

during stimulation by LPS+EMR, with a minor impact on the activation of the NF-κB pathway. 

Reduced cytokine expression by Arf6-/- cells could explain the reduced persistence of the MAPK 

pathway.  

We tested whether the reduced secretion of IFN-β by Arf6-/- cells due to poor IRF3 activation was 

responsible for the increased resistance of these cells to necroptosis. We stimulated the cells with 

IFN-β+EMR instead of LPS+EMR and tested the impact on necroptosis. We observed that Arf6-/- 

cells were resistant to necroptosis induced by IFNβ+EMR treatment (Figure 19 C-E). 

Commensurate with poor necroptosis, the activation of RipK1, RipK3, and MLKL was 

compromised in Arf6-/- cells following IFN-β+EMR treatment (Figure 19 F). As was observed 

with the LPS-induced necroptosis signaling (Figure 16 F), the inhibitory phosphorylation (S321) 

of RipK1 was partially reduced in Arf6-/- cells in comparison to the necroptosis-activating 

phosphorylation (S166) of RipK1, which was abrogated (Figure 19 F). These results suggest that 

the resistance of Arf6-/- cells to necroptosis cannot be solely related to the reduced expression of 

cytokines during TLR signaling.
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A WT and Arf6-/- cells were treated with LPS (100ng/mL) and EMR (10µM) for different time 
intervals, as shown. After that, cells were stained with an anti-IFNAR1 antibody. Histograms of 
stained cells are shown. B Cell extracts were collected at various time intervals, and the activation 
of signaling proteins was evaluated by western blot analysis. C-F WT and Arf6-/- cells were treated 
with IFNβ (10ng/mL) and EMR (10µM). The impact on cell viability was evaluated at 18h by 
staining the cells with PI and Hoechst (C, D) and at 24h by Neutral Red uptake (E). Cell extracts 
were collected at various time intervals, and the activation of signaling proteins was evaluated by 
western blot analysis (F). Graphs depict mean ± SEM. Each experiment was repeated at least three 
times. (****P< 0.0001).

Figure 19. ARF6 promotes type I interferon signaling during necroptosis stimulation 
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Arf6-/- cells exhibited significantly reduced secretion of pro-inflammatory cytokines TNFα and IL-

6 when stimulated with IFN-β+EMR (Figure 20 A, B) or IFN-β alone (Figure 20 C). This 

observation suggests a crucial role for ARF6 in promoting the expression of inflammatory 

cytokines in response to cytokine stimulation. Upon stimulation with IFN-β+EMR, WT cells 

displayed the expected phosphorylation of STAT1 and STAT2. Arf6-/- cells showed a light-

reduction in the activation of these crucial signaling molecules (Figure 20 D). Interestingly, the 

impact of ARF6 deficiency on cytokine expression was more pronounced compared to the 

relatively smaller effect observed on STAT1/2 activation, indicating the potential involvement of 

additional regulatory mechanisms. Furthermore, the activation of STAT3, another transcription 

factor that promotes inflammatory response, was also diminished in Arf6-/- cells (Figure 20 D). To 

elucidate the specific contribution of STAT3 to the inflammatory response, inhibition studies were 

conducted. STAT3 inhibition partially reduced TNFα secretion in response to IFN-β+EMR 

treatment (Figure 20 E), highlighting its importance in the cytokine production cascade. We 

further investigated the role of ARF6 in receptor dynamics. Notably, Arf6-/- cells demonstrated 

reduced internalization of the IFNAR1 receptor following necroptosis stimulation by IFN-β+EMR 

(Figure 20 F). This reduced receptor internalization of IFNAR1 provides a mechanistic 

explanation for the observed reduction in STAT1 and STAT2 activation in Arf6-/- cells (Figure 20 

D), as receptor internalization is often crucial for efficient signal transduction. In stark contrast to 

the relatively modest impact on STAT1/2 activation, the MAPK pathway activation was severely 

compromised in Arf6-/- cells during necroptosis stimulation by IFN-β+EMR (Figure 20 G). This 

finding suggests that ARF6 plays a more critical role in MAPK signaling compared to the STAT 

pathway in the context of necroptosis. 

Taken together, these results highlight the multifaceted role of ArRF in necroptosis signaling. 

ARF6 emerges as a key player in promoting IFNAR1 internalization, enhancing both STAT and 

MAPK pathway activation, and crucially regulating necroptosis signaling induced by both 

LPS+EMR and IFN-β+EMR stimuli. The absence of ARF6 leads to a cascade of cellular events, 

including reduced cytokine secretion and increased resistance to necroptosis.
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A-B The expression level of TNFα and IL-6 in cell supernatants was measured in WT and Arf6-/- 

cells with IFNβ (10ng/mL) and EMR (10µM) at various time intervals (A) and 7h post-treatment 
(B) by ELISA. C The expression level of TNFα and IL-6 in cell supernatants was measured in WT 
and Arf6-/- cells at various time intervals with IFNβ (10ng/mL) by ELISA. D, G WT, and Arf6-/- 

cells were treated with IFNβ (10ng/mL) and EMR (10µM). Cell extracts were collected at various 
time intervals, and the activation of signaling proteins was evaluated by western blot analysis. E 
WT and Arf6-/- cells were treated with IFNβ (10ng/mL), EMR (10µM), and STAT3 inhibitor 
(10µM), and the impact on the expression of TNFα and IL-6 was analyzed at 8h by ELISA. F WT 
and Arf6-/- cells were treated with IFNβ (10ng/mL) and EMR (10µM). At various time intervals, 
cells were stained with an anti-IFNAR1 antibody. Histograms of surface IFNAR1 expression at 
different time intervals are shown. Graphs depict mean ± SEM. Each experiment was repeated at 
least three times. (*P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001).

Figure 20. ARF6 promotes IFNβ-induced cytokine production 
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4.1.4. The lysosomal compartment is impaired in Arf6-deficient cells 

Our investigation into the reduced activation of IRF3, a downstream effector of TRIF signaling, in 

Arf6-/- cells led us to explore potential alterations in the endo-lysosomal compartment. We 

employed two distinct experimental approaches to address the role of ARF6 in the endo-lysosomal 

compartment. 

Firstly, we utilized neutral red staining to evaluate lysosomal accumulation in unstimulated cells. 

Neutral red is a dye that selectively accumulates in lysosomes, providing a visual indicator of 

lysosomal content and function. Our observations revealed a marked reduction in neutral red 

accumulation within Arf6-/- cells compared to WT cells (Figure 21A). This finding suggests a 

potential impairment in lysosomal function or quantity in the absence of ARF6. 

Secondly, we conducted a time-course experiment to measure the accumulation of pHrodo-labeled 

Escherichia coli (E. coli) bioparticles in both WT and Arf6-/- cells. pHrodo exhibits increased 

fluorescence intensity as the pH decreases during phagosomal maturation. We assessed the 

fluorescence intensity at various time intervals following the introduction of the labeled 

bioparticles (Figure 21B and C). The results indicated a significant reduction in pHrodo 

fluorescence intensity within Arf6-/- cells compared to their WT counterparts. This observation 

indicates that the Arf6-deficient cells may have impaired lysosomal acidification or altered kinetics 

of phagosome-lysosome fusion. The diminished fluorescence could be attributed to either a delay 

in the trafficking of the bioparticles to the lysosomes or a reduction in the acidity of the lysosomal 

compartments in Arf6-/- cells.
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The uptake of Neutral Red by lysosomes was evaluated by measuring the optical density following 
the incorporation of the dye. B, C WT, and Arf6-/- cells were incubated with the pHrodo Deep Red 
E. coli at different intervals. The graphs represent the histogram of stained cells (B) and the pHrodo 
MFI values (C). Graphs depict mean ± SEM. Each experiment was repeated at least three times. 
(*P< 0.05, **P< 0.01).
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Figure 21. ARF6 deficiency impairs Endo-Phago-Lysosomal function 
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We conducted a comprehensive analysis of lysosomal function and cellular trafficking in Arf6-/- 

cells using various fluorescent markers and stimulation conditions. To visualize lysosomes and 

late endosomes, we stained cells with LysoView, a pH-sensitive dye that accumulates in acidic 

lysosomal compartments. Our results revealed a significant reduction in LysoView staining in Arf6-

/- cells compared to wild-type controls, both at 30 minutes and 6 hours post-staining, in the absence 

of any external stimulation (Figure 22 A, C, E, F). This finding suggests an inherent impairment 

in lysosomal function or acidification in Arf6-deficient cells at basal conditions. 

To further investigate the role of ARF6 in lysosomal dynamics during cellular stress, we stimulated 

the cells with a combination of LPS + EMR. This necroptosis-inducing treatment resulted in an 

overall increase in lysosomal staining across both genotypes. However, the Arf6-/- cells consistently 

exhibited reduced LysoView fluorescence intensity compared to their wild-type counterparts, even 

under stimulated conditions (Figure 22 B, D, E, F). This observation indicates that the lysosomal 

impairment in Arf6-/- cells persists during necroptosis induction, suggesting a fundamental role for 

ARF6 in maintaining lysosomal integrity and function. 

To dissect the specific cellular processes affected by ARF6 deficiency, we performed additional 

experiments focusing on endocytic trafficking. We utilized fluorophore-labeled LPS to track its 

internalization and found that Arf6-/- cells showed no impairment in LPS uptake compared to wild-

type cells (Figure 22 G). This result indicates that the initial steps of endocytosis remain intact in 

the absence of ARF6. Furthermore, we employed EC-Green staining to visualize early endosomes 

and observed no discernible differences between Arf6-/- and WT cells (Figure 22 H).  

To gain insights into the trafficking of internalized LPS, we examined its colocalization with 

LysoView-positive compartments. In WT cells, we observed substantial colocalization between 

internalized LPS and LysoView, indicating efficient delivery of LPS to lysosomes. However, this 

colocalization was markedly reduced in Arf6-/- cells (Figure 22 I). We attribute this reduction 

primarily to the impairment in lysosomal staining rather than a defect in LPS trafficking, as the 

internalization of LPS itself was not affected. This observation underscores the specific impact of 

ARF6 deficiency on lysosomal function rather than on the upstream endocytic processes. 
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Lastly, we investigated the dynamics of lysosomal activity during necroptosis stimulation. While 

both WT and Arf6-/- cells showed an increase in overall lysosomal staining upon LPS+EMR 

treatment, the Arf6-deficient cells consistently displayed reduced levels of LysoView fluorescence 

(Figure 22 J). This persistent impairment in lysosomal staining during necroptosis further 

emphasizes the critical role of ARF6 in maintaining lysosomal homeostasis under various cellular 

conditions. 

In conclusion, our detailed analysis reveals that Arf6 deficiency specifically impairs lysosomal 

function and acidification in both unstimulated and necroptosis-stimulated cells. Importantly, this 

impairment does not extend to early endosomes or LPS internalization, highlighting the selective 

role of Arf6 in late endosomal/lysosomal processes. The reduced colocalization of LPS with 

lysosomes in Arf6-/- cells is likely a consequence of impaired lysosomal function rather than a 

defect in LPS trafficking.
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A-F WT and Arf6-/- cells were treated with and without LPS (100ng/mL) + EMR (10µM) for 
different intervals and labelled with LysoView 405 (Live Lysosome Stain) (Green) and Hoechst 
(Nucleus Stain) (Blue) at the same time (A-D). Histograms depict the LysoView uptake by cells 
over time (E).  The MFI values of LysoView uptake are depicted in panel (F). G WT and Arf6-/- 

cells were treated with Alexa Fluor 594 (Red) conjugated LPS 100ng/mL. Cell membranes were 
stained with Membrite 405/430 (Blue). H, I WT, and Arf6-/- cells were treated with LPS 
(100ng/mL) and EMR (10µM) for 30 minutes and labelled with Hoechst (Nuclear Stain) (Blue). 
In addition, cells were labelled with EC-Green 405 (Live Endosomal stain) (Green) (H) and 
LysoView- 405 (Live Lysosomal Stain) (Green) (I).  J WT and Arf6-/- cells were treated with and 
without LPS (100ng/mL) + EMR (10µM) for different intervals and labelled with LysoView 405 
(Live Lysosome Stain) at the same time. The graph represents the histogram of LysoView uptake 
by cells over time.  Each experiment was repeated at least three times. Graphs depict mean ± SEM.  
The scale bar is 20µm. (*P< 0.05, **P< 0.01).

Figure 22. ARF6 promotes lysosomal homeostasis 

J 
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4.1.5. ARF6 promotes Ripoptosome activation without impacting apoptosis 

We probed the mechanism through which ARF6 promotes necroptosis by first evaluating whether 

ARF6 impacts other pathways of cell death. Induction of apoptosis by treatment of cells with 

Etoposide (Figure 23 A), or Gliotoxin (Figure 23 B), and other known inhibitors of the NF-kB 

pathway (Figure C, D) did not reveal any impact of ARF6. We then treated cells with the SMAC 

mimetic Birinapant, which induces ripoptosome-dependent cell death through the degradation of 

IAPs. WT cells treated with SMAC resulted in potent cell death (ripoptosis) which was rescued by 

the RipK1 inhibitor Nec-1, but not by the RipK3 inhibitor GSK872 (Figure 23 E). Arf6-/- cells 

displayed significant resistance against this form of cell death (Figure 23 E), suggesting that a 

common pathway may be modulated by ARF6 in ripoptosome and necrosome activation. 

Activation of RipK1 is a common signaling mechanism that participates in both these forms of 

cell death. Since ripoptosome activation is dependent on TNF-R1 signaling, we evaluated the 

internalization of TNF-R1 following SMAC treatment of cells. There was a progressive decrease 

in cell surface TNF-R1 in both WT and Arf6-/- cells (Figure 23 F), suggesting that the endocytosis 

of TNF-R1 is not impacted by ARF6. While the degradation of cIAP1/2 by SMAC treatment was 

sustained in WT cells, the levels of cIAP1/2 were transiently reduced in Arf6-/- cells (Figure 23 

G). The activation of caspase-8 and caspase-3 was compromised in Arf6-/- cells treated with SMAC 

(Figure 23 G), confirming that ARF6-signaling promotes ripoptosome signaling.  

Overall, these results suggest that ARF6 plays a specific role in programmed cell death pathways 

that are dependent on RipK1. While having no significant impact on apoptosis, ARF6 promotes 

ripoptosome-mediated cell death by sustaining cIAP1/2 degradation, leading to enhanced caspase 

activation. Importantly, this function is independent of TNF-R1 internalization. These findings 

highlight the selective modulation of cell death pathways, specifically in ripoptosome-mediated 

processes by ARF6.
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A-D WT and Arf6-/- cells were treated with different concentrations of Topoisomerase II inhibitor- 
Etoposide (A), DNA synthesis inhibitor- Gliotoxin (B), Iκκ2 inhibitor (C), and NF-κB activation 
inhibitor II (D) and the impact on cell viability was evaluated at 24h by Neutral Red uptake. E WT 
and Arf6-/- cells were treated with the SMAC-mimetic Birinapant (10µM), Nec-1 (10 µM), and 
GSK872 (10 µM), and the impact on cell viability was evaluated at 12h and 24h by Neutral Red 
uptake. F, G WT, and Arf6-/- cells were treated with SMAC- Birinapant (10µM) for different time 
intervals as indicated. After that, cells were stained with an anti-TNFR1 Ab. The graph represents 
the histogram of surface TNFR1 expression over time (F). Cell extracts were collected at various 
time intervals and the activation of signaling proteins was evaluated by western blot analysis (G). 
Graphs depict mean ± SEM. Each experiment was repeated at least three times. (**P< 0.01, ***P< 
0.001).

Figure 23. ARF6 promotes ripoptosome activation without impacting apoptosis 

G 
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4.1.6. ARF6 promotes the degradation of cIAPs during necroptosis signaling 

To further investigate the potential involvement of ARF6 in the ripoptosome and necrosome 

signaling pathways, we explored the possibility of a direct interaction between ARF6 and RipK1, 

given that both pathways were affected by ARF6 and required RipK1 activation. We conducted a 

comprehensive series of immunoprecipitation experiments to examine this potential interaction 

under various conditions. 

Initially, we performed RipK1 immunoprecipitations in unstimulated control cells (Figure 24 A) 

to establish a baseline for protein-protein interactions in the absence of external stimuli. 

Subsequently, we extended our investigation to include multiple time points following the 

stimulation of cells with LPS+EMR (Figure 24 B-D). This time-course analysis allowed us to 

capture any transient or dynamic interactions that might occur during the activation and 

progression of necrosome signaling. We were unable to detect any interaction between RipK1 and 

ARF6 at any of the time points analyzed. This consistent lack of interaction suggests that ARF6 

does not directly associate with RipK1 in these pathways. 

In WT cells, we were able to detect the interaction of RipK1 with RipK3 as expected, confirming 

the validity of our experimental approach and the formation of the necrosome complex under 

stimulated conditions. Interestingly, this interaction was significantly diminished in Arf6-/- cells 

(Figure 24 D), indicating that while ARF6 may not directly interact with RipK1, its presence is 

crucial for facilitating or stabilizing the RipK1-RipK3 interaction. This observation provides 

valuable insight into the potential regulatory role of ARF6 in necrosome formation. Furthermore, 

we examined the interaction between RipK3 and MLKL, a key effector protein in the necroptosis 

pathway. Consistent with our findings on the RipK1-RipK3 interaction, we observed robust 

RipK3-MLKL association in WT cells, which was notably reduced in Arf6-/- cells (Figure 24 E). 

This result further supports the hypothesis that ARF6 plays a significant role in promoting or 

maintaining the integrity of the necrosome complex, even in the absence of direct binding to its 

core components. 

To complete our investigation of potential protein-protein interactions, we also probed for any 

direct interaction between RipK3 and ARF6. However, we failed to detect any such interaction 
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(Figure 24 E), further reinforcing the notion that if ARF6 influences the necrosome pathway, it 

likely does so through indirect mechanisms rather than direct binding to core necrosome 

components. This finding suggests that ARF6 may exert its effects on the ripoptosome and 

necrosome pathways through an alternative mechanism.
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A-D WT and Arf6-/- cells were treated with LPS (100ng/mL) + EMR (10µM), and RipK1 was 
immunoprecipitated at different time intervals as indicated. The expression of various proteins in 
the immunoprecipitates and the cell lysates was examined by western blotting. E WT and Arf6-/- 

cells were treated with LPS (100ng/mL) + EMR (10µM). RipK3 was immunoprecipitated at 15h 
post-stimulation. The expression of various proteins in the immune precipitates and the cell lysates 
was examined by western blotting. Each experiment was repeated at least three times.

Figure 24. RipK1 and RipK3 do not interact with ARF6 
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Since ARF6 plays a crucial role in facilitating protein trafficking between the plasma membrane 

and other cellular compartments, we conducted a comprehensive analysis of the relative 

localization of ARF6 and other key proteins during necroptosis stimulation. To achieve this, we 

isolated membrane and cytosolic fractions at various time intervals. Our findings revealed 

intriguing dynamics in protein distribution and activation patterns. 

Prior to necroptosis stimulation, ARF6 was predominantly localized in the membrane fraction. 

However, a significant shift in its distribution was observed at 9 hours post-stimulation, with a 

substantial proportion of ARF6 becoming detectable in the cytosolic fraction (Figure 25 A, B). 

This translocation of ARF6 coincided with other notable changes in the localization and activation 

states of other proteins. Activated RipK1 (pS166) exhibited a primarily cytoplasmic distribution, 

with its highest levels correlating with the increased cytoplasmic presence of ARF6 at 9-hour post-

stimulation (Figure 25 A). Interestingly, when compared to WT cells, Arf6-/- cells displayed 

markedly reduced levels of activated RipK1 in the cytoplasm. This observation suggests a potential 

regulatory role for ARF6 in RipK1 activation or localization during necroptosis. 

The activation pattern of RipK3 also showed distinct differences between WT and Arf6-/- cells. In 

Arf6-/- cells, the levels of activated RipK3 in the cytoplasm were notably reduced compared to WT 

cells (Figure 25 A). Surprisingly, we detected high levels of activated RipK3 in the membrane 

fraction of WT cells at 9 hours post-stimulation with LPS+EMR. Phosphorylated MLKL, a crucial 

effector of necroptosis, showed a preferential distribution in the membrane fraction of WT cells, 

with higher levels compared to the cytosolic fraction. Strikingly, both the membrane and cytosolic 

fractions of Arf6-/- cells exhibited significantly reduced levels of phosphorylated MLKL (Figure 

25 A).  

The levels of cIAP1/2, known regulators of RipK1-dependent cell death pathways, displayed 

contrasting trends in WT and Arf6-/- cells. In WT cells, cIAP1/2 levels decreased progressively in 

both the membrane and cytoplasmic fractions as necroptosis progressed. Conversely, Arf6-/- cells 

showed an increase in cIAP1/2 levels over time (Figure 25 A). Notably, the decrease in cIAP1/2 

levels in WT cells correlated with the increase in cytoplasmic ARF6 levels (Figure 25 A, B), 

suggesting a potential regulatory relationship between ARF6 and cIAP1/2 during necroptosis.
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A WT and Arf6-/- cells were treated with LPS (100ng/mL) and EMR (10µM) for different time 
intervals as indicated. Membrane and cytoplasmic cell extracts were separated.  The expression of 
various signaling proteins in the membrane and cytoplasmic extracts was evaluated by western 
blot analysis. B Densitometric analysis of ARF6 and cIAPs relative to GAPDH in the cytoplasm 
was performed. Each experiment was repeated at least three times. 

A 

B 

Figure 25. ARF6 promotes the partitioning of cIAPs during necroptosis signaling 
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After observing a significant impact of ARF6 on the expression of cIAP1/2 and knowing that the 

degradation of cIAPs is essential for ripoptosis and necroptosis to proceed, we probed the role of 

cIAPs in the context of ARF6 further. Stimulation of cells with a SMAC mimetic Birinapant 

resulted in a transient degradation of cIAP1/2 in Arf6-/- cells in comparison to WT cells where the 

levels remained low (Figure 26 A, B). SMAC-mimetic treatment by itself did not induce the 

phosphorylation of RipK1 as expected (Figure 26 A, B). Differences in the levels of cIAP1/2 

between WT versus Arf6-/- cells resulted in differential susceptibility of cells to ripoptosome-

dependent cell death (Figure 26 C). Similar results were obtained when cells were stimulated with 

LPS+EMR to induce necroptosis (Figure 26 D-F). Treatment of cells with LPS+EMR resulted in 

progressive degradation of cIAP1/2 in WT but not in Arf6-/- cells (Figure 26 D, E). The decline in 

cIAP1/2 levels in WT cells correlated with the progressive increase in the S166 phosphorylation 

of RipK1 (Figure 26 D, E), which correlated with cell death (Figure 26 F). In contrast, Arf6-/- 

cells showed no degradation of cIAP1/2, which correlated with no phosphorylation of RipK1 and 

poor induction of necroptosis (Figure 26 F). 

We observed that the treatment of cells with the SMAC mimetic caused a rapid degradation of 

cIAP1/2, in comparison to the treatment with LPS+EMR, which resulted in a protracted 

degradation of cIAP1/2 in WT cells (Figure 26 A, B, D, E). LPS by itself does not cause 

degradation of cIAP1/2. We therefore considered the possibility that the treatment of cells with 

SMAC+EMR, which also induces necroptosis, might break the “degradation resistance” of 

cIAP1/2 in Arf6-/- cells, and impact the resistance of these cells to necroptosis. Treatment of Arf6-

/- cells with SMAC+EMR induced the S166 phosphorylation of RipK1, which was only slightly 

reduced in comparison to that observed in WT cells (Figure 26 G, H). This is in stark contrast to 

the situation with LPS+EMR, where the phosphorylation of RipK1 was undetectable in Arf6-/- cells 

(Figure 26 G, H). More importantly, treatment of cells with SMAC+EMR resulted in similar 

degradation of cIAP1/2 in both WT and Arf6-/- cells (Figure 26 G, H), and the resistance of Arf6-

/- cells to necroptosis was blunted (Figure 26 I).
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 WT and Arf6-/- cells were treated with the SMAC-mimetic Birinapant (10µM) (A-C), LPS 
(100ng/mL) + EMR (10µM) (D-F), or Birinapant (10µM) + EMR (10µM) (G-I). Cell extracts 
were collected at various time intervals, and the activation of signaling proteins was evaluated by 
western blot analysis (A, D, G). Densitometric analysis of pS166RipK1 and cIAPs1/2 relative to 
Actin and GAPDH were performed (B, E, H). Cell viability was evaluated by Neutral Red uptake 
(C, F, I). Graphs depict mean ± SEM. Each experiment was repeated at least three times. (****P< 
0.0001).
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Figure 26. ARF6 promotes the degradation of cIAPs during necroptosis signaling 
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These findings collectively unveil a previously undiscovered role of ARF6 in regulating 

programmed cell death pathways. Specifically, our results demonstrate that ARF6 plays a crucial 

function in facilitating the compartmentalization and subsequent degradation of cIAP1/2, which 

are key inhibitors of apoptosis proteins. This process is essential for the proper activation and 

progression of both the ripoptosome and necrosome signaling cascades. By modulating the 

subcellular localization and breakdown of these inhibitory proteins, ARF6 effectively acts as a 

molecular switch, fine-tuning the decision between survival and death.
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4.2.Aim 2: Delineating the role of necroptosis signaling on the inflammatory response. 

4.2.1. Necroptosis stimulation induces an inflammatory storm 

Necroptosis has been demonstrated to trigger the release of intracellular damage-associated 

molecular patterns (DAMPs), including S100 proteins, mitochondrial DNA, and high mobility 

group box 1 (HMGB1). The release of these molecules into the extracellular environment is 

considered to be the reason behind the exacerbation of the inflammatory response that is frequently 

observed following necrotic cell death. To investigate this phenomenon, we conducted a 

comprehensive transcriptomic analysis of bone marrow-derived macrophages (BMDMs) during 

necrosome stimulation at a 6-hour time point, when cell death is not yet detectable (Figure 27 A). 

This approach allowed us to examine the early transcriptional changes associated with necroptosis 

induction prior to the onset of cell death. 

We performed differential gene expression analysis on BMDMs at 6 hours following treatment 

with IFNβ alone and in combination with the pan-caspase inhibitor zVAD. The results are depicted 

using a 2D plot, with the X-axis representing the log2 fold-change (log2FC) of gene expression in 

cells treated with IFNβ relative to untreated wild-type (WT) BMDMs, and the Y-axis showing the 

log2FC of gene expression in cells treated with IFNβ+zVAD relative to untreated WT BMDMs 

(Figure 27 B). This analysis revealed a significant upregulation of various pro-inflammatory 

genes, including tumor Tnfα, Il1, Ifnβ, and Cxcl1 in cells stimulated with IFNβ+zVAD. These 

findings suggest that the combination of IFNβ and zVAD triggers a robust pro-inflammatory 

response in BMDMs, even before the onset of cell death. 

To gain further insights into the biological processes affected by necroptosis stimulation, we 

conducted gene set enrichment analysis (GSEA). This analysis revealed the upregulation of 

various pathways related to the inflammatory response (Figure 27 C-H).  A detailed examination 

of the enriched leading edge gene sets uncovered an upregulation of the TNFα signaling pathway 

during necroptosis stimulation. This upregulation resulted in increased expression of various 

genes, including Tnfα itself, as well as the chemokines Cxcl1 and Cxcl2, which are known to play 

crucial roles in the recruitment of inflammatory cells. 
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To further validate the specificity of the observed inflammatory response to necroptosis, we treated 

cells with Nec-1, a selective inhibitor of RipK1 that blocks its kinase activity and inhibits RipK1-

RipK3 interaction. Nec-1 treatment significantly reduced the upregulation of the inflammatory 

response during necroptosis stimulation by IFNβ+zVAD (Figure 27 C, D). 

To contextualize our findings within the broader spectrum of inflammatory stimuli, we compared 

the GSEA results from cells treated with lipopolysaccharide (LPS) and zVAD (LPS+zVAD) 

relative to LPS alone. This comparison revealed a similar upregulation of inflammatory pathways 

during necroptosis stimulation (Figure 27 I). 
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A-H WT BMDMs were treated with IFNβ (100 U/mL), zVAD-fmk (50µM), and Nec-1 (10µM). 
Cell death was evaluated at 6 h by MTT (A). At 6h, differential gene expression, and GSEA were 
performed on microarray data comparing WT BMDMs treated with IFNβ, IFNβ+zVAD, and 
IFNβ+zVAD+Nec1 (B-H). I Differential gene expression and GSEA were performed in BMDMs 
stimulated with LPS (1 ng/mL), and zVAD-fmk (50µM). Graphs depict mean ± SEM.

Figure 27. Necroptosis stimulation induces an inflammatory storm 
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As discussed previously in Aim 1, caspase inhibitor EMR promotes necroptosis at reduced 

concentrations due to its increased specificity towards caspase-8; therefore, we treated cells with 

LPS and EMR and measured the impact on cytokine expression and cell death. Treatment of cells 

with LPS+zVAD or LPS+EMR resulted in similar secretion of TNFα in cell supernatants (at 6h) 

and cell death (24h) (Figure 28 A). In correlation with increased transcription, the levels of 

secreted TNFα and IFNβ were increased in cells during necroptosis stimulation LPS+EMR 

(Figure 28 B, C). Necroptosis stimulation did not result in an upregulation of all cytokines since 

there was no impact on the expression of the anti-inflammatory cytokine IL-10 (Figure 28 D). On 

the contrary, the expression of IL-12p70 (Figure 28 E) and IL-6 (Figure 28 F) was significantly 

suppressed during necroptosis stimulation. These results indicate that while there is a global 

augmentation of the inflammatory response during necroptosis stimulation (Figure 27 G), the 

expression of some cytokines is selectively downregulated.  

Nec-1 inhibited necroptosis induced by LPS, IFNβ, or TNFα. In contrast, IFNβ, treatment of cells 

with IFNγ did not induce necroptosis, implying the involvement of ISGF3 in necroptosis signaling 

(Figure 28 G). Interestingly, treatment of cells with Nec-1 during necroptosis stimulation resulted 

in a significant reduction in the levels of secreted TNFα (Figure 28 H), indicating that the 

activation of RipK1 is responsible for the augmentation of inflammatory responses. Western 

blotting of cell extracts at various time intervals post-necroptosis stimulation revealed that Nec-1 

inhibited the phosphorylation of RipK1 and its downstream targets RipK3 and MLKL as expected 

(Figure 28 I). Since the S321 phosphorylation of RipK1 has been reported to be mediated by the 

MAPK-activated protein kinase 2 (MAPKAPK2, or MK2) (Jaco et al., 2017; Menon et al., 2017), 

and that MK2 promotes the stability of TNFα mRNA (Kotlyarov et al., 1999; Neininger et al., 

2002), we tested the impact of Nec-1 on the activation (phosphorylation) of MK2. Our results 

indicate that Nec-1 also inhibited the activation of MK2 (Figure 28 I).  In addition to the activation 

by p38MAPK (Winzen et al., 1999), MK2 has also been shown to be activated by ERK1/2 (Miguel 

et al., 2005; Stokoe et al., 1992). Our results indicate that the activation of ERK1/2 was also 

noticeably inhibited by Nec-1 during necrosome activation (Figure 28 I). 

Overall, these results indicate that the RipK1-dependent p38MAPK pathway promotes inflammation 

during necrosome activation.
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A)  Expression levels of TNFα were measured by ELISA in the supernatants collected at 6h post-
stimulation of WT BMDMs with LPS (1ng/mL) + zVAD (50µM) or LPS (1ng/mL) + EMR 
(10µM). Cell death was measured by MTT assay at 24h post-stimulation. B Expression levels of 
TNFα were measured in the supernatants collected at 7h after treating the WT BMDMs with EMR 
(10µM) and different LPS concentrations. C-F Expression levels of IFNβ (C), IL-10 (D), IL-12p70 
(E), and IL-6 (F) were measured in the supernatants collected at 7h after treating the WT BMDMs 
with LPS (1ng/mL) and EMR (10µM) at 7 h. G WT BMDMs were treated with LPS (1ng/mL), 
IFNβ (100U/mL), TNFα (50 ng/mL),  IFN-γ (50 ng/mL), and EMR (10µM), and Nec1-s (10µM). 
Cell viability was evaluated by the MTT assay at 24 h post-stimulation. H, I WT BMDMs were 
stimulated with LPS (1ng/mL), EMR (10µM), and Nec1-s (10 µM). Secretion of TNFα was 
measured in supernatants collected at 7h (H), and the activation of various proteins was evaluated 
by performing western blotting of cell extracts collected at various time intervals (I). Graphs depict 
mean ± SEM. Each experiment was repeated at least three times. (**P< 0.01, ***P< 0.001, ****P< 
0.0001).

I 

Figure 28. RipK1-dependent p38MAPK pathway promotes inflammation during necrosome 
activation 
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4.2.2. ISGF3 restricts TNFα expression during necroptosis stimulation 

Type I interferon has been shown to be a key driver of the cytokine storm during viral infections 

(F. McNab et al., 2015), and we have previously reported that Ifnar1−/− macrophages are 

significantly resistant to necroptosis (McComb et al., 2014). We, therefore, evaluated the impact 

of the TLR-adaptor proteins, MyD88 and TRIF, and the transcription factors downstream of 

IFNAR1 that might impact TNFα expression during necroptosis stimulation. Trif-deficient 

(Ticam1−/−) BMDMs were highly resistant to necroptosis in response to TLR4 engagement, and 

this was bolstered further in macrophage deficient in both MyD88 and Ticam1 (Figure 29 A-D). 

In WT BMDMs, TNFα expression was detectable at 6h, which was strongly reduced at 24h 

(Figure 29 A). Since TNFα mRNA is highly susceptible to degradation at later time intervals 

(Kotlyarov et al., 1999; Tiedje et al., 2016), it is possible that the reduction of TNFα levels at 24h 

may be related to RNA decay. In MyD88−/− macrophages, TNFα expression was undetectable, 

indicating that MyD88 is indispensable for the transcription of TNFα during necroptosis 

stimulation (Figure 29 B). On the other hand, Ticam1−/− BMDMs displayed an augmentation in 

the expression of TNFα at 24h post-stimulation in comparison to WT or MyD88−/− macrophages, 

implying that TRIF-signaling may promote the degradation of TNFα (Figure 29 C). The 

upregulation of TNFα in Ticam1−/− BMDMs was abrogated by concomitant deletion of MyD88 

(Figure 29 D). In contrast to TNFα, the expression of type I interferon was promoted by TRIF 

signaling (Figure 29 A-D). These results indicate that the two key adaptor proteins, MyD88 and 

TRIF, that promote TLR4 signaling have opposite impacts on TNFα expression. MyD88 promotes 

the early expression of TNFα, whereas TRIF possibly compromises the maintenance of TNFα.  

In response to LPS stimulation, Ifnar1−/− BMDMs displayed only a minor increase in TNFα 

expression in comparison to WT cells (Figure 29 E). On the other hand, necroptotic stimulation 

(LPS+EMR) of Ifnar1−/− BMDMs resulted in a substantial increase in TNFα expression in 

comparison to WT cells (Figure 29 E). Ifnar1−/− or Ticam1−/− macrophages displayed a similar 

augmentation in TNFα expression in contrast to WT cells, which was abrogated by treatment of 

cells with Nec-1 (Figure 29 F). Deficiency of the necrosome interacting protein RipK3 had no 

impact on TNFα expression (Figure 29 F). IFNAR1 signaling results in the phosphorylation-

driven assembly of STAT1, STAT2, and IRF9, collectively called ISGF3, which promotes the 

transcription of genes that harbor an ISRE element in the promoter (K. Fink & Grandvaux, 2013; 
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Kessler et al., 1990). Our results indicate that Stat1−/−, Stat2−/−, or Irf9−/−macrophages express 

increased levels of TNFα during necroptosis stimulation in comparison to WT macrophages 

(Figure 29 G). Interestingly, IFN-γ, which induces cell signaling by promoting the binding of 

STAT1 to the promoters of genes that harbor a GAS element (K. Fink & Grandvaux, 2013), did 

not impact the expression of TNFα (Figure 29 G). These results indicate that the IFNAR1-induced 

ISGF3 signaling is responsible for the reduction of TNFα levels during necroptosis stimulation. 
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A-D WT, MyD88−/−, Ticam1−/− and Myd88−/−Ticam1−/− BMDMs were treated with LPS (1ng/mL) 
and EMR (10µM). At various time intervals, cell death was measured by MTT, and expression of 
TNFα and IFN-1 was measured in the supernatants by ELISA and bioassay respectively. (E) TNFα 
levels were measured in the supernatants of WT and Ifnar1−/− BMDMs at 7h following treatment 
with different concentrations of LPS and EMR (10µM). F, G TNFα levels were measured in the 
supernatants of BMDMs of various genotypes at 7h following treatment with LPS (1ng/mL), EMR 
(10µM), and Nec-1 (10µM). Graphs depict mean ± SEM. Each experiment was repeated at least 
three times. (**P< 0.01, ***P< 0.001, ****P< 0.0001). 

A B C D 

E 

G 

Figure 29. ISGF3 restricts TNFα expression during necroptosis stimulation 

F 
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In contrast to the inhibitory effect of ISGF3 on TNFα expression, ISGF3 demonstrated a promoting 

influence on the expression of IL-10 (Figure 30 A and B). This differential regulation highlights 

the complex role of ISGF3 in modulating cytokine production during necroptosis signaling. 

Both Ifnar1−/− and Ticam1−/−macrophages displayed a similar reduction in necroptosis following 

LPS+EMR stimulation when compared to WT cells. However, RipK3−/− macrophages 

demonstrated complete resistance to necroptosis under the same conditions (Figure 30 C). 

Notably, Ifnar1−/− macrophages, but not Ticam1−/− macrophages, exhibited a significant reduction 

in necroptosis when stimulated with TNFα+EMR or IFNβ+EMR (Figure 30 C). This finding 

suggests that IFNAR1 plays a crucial role in sensitizing cells to necroptosis induced by these 

specific stimuli. Macrophages deficient in the ISGF3 members (Stat1, Stat2, or Irf9) displayed 

enhanced resistance to necroptosis induced by both LPS+EMR and TNFα+EMR stimulation 

(Figure 30 D). This observation indicates that the intact ISGF3 complex is necessary for full 

necroptotic sensitivity in macrophages under these conditions. 

Collectively, these results indicate that ISGF3 signaling plays a multifaceted role in macrophage 

biology. It promotes necroptosis and enhances the expression of the anti-inflammatory cytokine 

IL-10, while simultaneously restricting the expression of the pro-inflammatory cytokine TNFα in 

macrophages. These findings highlight the intricate balance maintained by ISGF3 in regulating 

both cell death and inflammatory responses in the innate immune system.
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A-B BMDMs of various genotypes were treated with LPS (1ng/mL) and EMR (10µM). Expression 
of IL-10 was measured in cell supernatants collected at 7 h post activation. C BMDMs of various 
genotypes were treated with LPS (1ng/mL), TNFα (50ng/ml), IFNβ (100U/mL), EMR (10µM), 
and Nec-1 (10µM).  Cell death was measured by MTT assay at 24 h. D BMDMs of various 
genotypes were treated with LPS (1ng/mL), TNFα (50ng/ml), EMR (10µM), and Nec-1 (10µM).  
Cell death was measured by MTT assay at 24 h. Graphs depict mean ± SEM. Each experiment was 
repeated at least three times. (**P< 0.01, ***P< 0.001, ****P< 0.0001). 

Figure 30. ISGF3 promotes necroptosis and IL-10 expression 
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4.2.3. Modulation of the inflammatory response by IFNAR1- signaling during 

necroptosis stimulation 

Analysis of the transcriptomic data unveiled a complex transcriptional landscape during 

necrosome activation of Ifnar1−/− macrophages, revealing the upregulation of various 

inflammatory genes (Figure 31 A). As anticipated, gene set enrichment analysis demonstrated a 

significant downregulation of both type I and type II interferon responses in Ifnar1−/− macrophages 

when compared to their WT counterparts (Figure 31 B). Intriguingly, WT cells exhibited a notable 

enrichment in the upregulation of the mRNA editing pathway relative to Ifnar1−/− cells, suggesting 

a potential role for interferon signaling in modulating RNA processing. In stark contrast, several 

other pathways showed enrichment in Ifnar1−/− macrophages compared to WT cells, including 

those related to reactive oxygen species (ROS) detoxification, RNA modification, cholesterol 

biosynthesis, and protein translation. These findings hint at potential compensatory mechanisms 

or altered cellular priorities in the absence of interferon signaling. 

Further analysis revealed that a significant number of genes involved in inflammatory and MAPK 

pathways were differentially regulated by type I interferon signaling, underscoring the broad 

impact of this signaling cascade on cellular function (Figure 31 C-E). To delve deeper into the 

functional consequences of these transcriptional changes, we conducted a kinetic evaluation of 

cytokine expression in WT versus Ifnar1−/− BMDMs under necroptosis stimulation. The results 

painted a nuanced picture of cytokine dynamics. At the 1-hour post-stimulation mark, TNFα 

secretion was diminished when cells were treated with LPS+EMR compared to LPS alone. 

However, this pattern reversed at later time intervals, revealing the temporal complexity of the 

cellular response (Figure 31 F). Notably, while necroptosis stimulation with LPS+EMR led to 

increased TNFα expression in WT BMDMs at later time points, this effect was even more 

pronounced in Ifnar1−/− BMDMs, suggesting a potential regulatory role for interferon signaling in 

tempering the TNFα response. 

The expression profile of IFNβ also showed interesting dynamics, with increased levels observed 

during necroptosis stimulation. However, WT cells consistently produced higher levels of IFNβ 

compared to Ifnar1−/− BMDMs, likely due to the absence of the feed-forward IFNAR1-signaling 

loop in the knockout cells. This observation highlights the importance of intact interferon signaling 
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for robust IFNβ production. Interestingly, the expression pattern of IL-6 diverged from that of 

TNFα and IFNβ, showing a slight reduction in both WT and Ifnar1−/− BMDMs under necroptosis 

stimulation (Figure 31 F). This differential regulation of cytokines underscores the complexity of 

the inflammatory response and suggests that interferon signaling may have distinct modulatory 

effects on different cytokines during necroptosis. 
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A-E WT and Ifnar1−/− BMDMs were treated with LPS (1ng/mL) in the presence of zVAD-fmk 
(50µM) for 6 h and differential gene expression and GSEA were performed on microarray data 
comparing WT BMDMs treated with LPS+zVAD with Ifnar1−/− BMDMs treated with 
LPS+zVAD.  (E) Expression levels of TNFα, IFNβ, IL-6, and IL-10 were measured in the 
supernatants collected after treating WT and Ifnar1−/− BMDMs for 7 h with LPS (1ng/mL) and 
EMR (10µM). Graphs depict mean ± SEM. Experiment E was repeated at least three times. 
(****P< 0.0001).   

F 

Figure 31. Modulation of the inflammatory response by IFNAR1 signaling during 
necroptosis stimulation 
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Treatment of cells with Nec-1 at the time of LPS+EMR addition resulted in a reduction of TNFα 

levels in both WT and Ifnar1−/−macrophages (Figure 32 A). Interestingly, Ifnar1−/−BMDMs were 

resistant to Nec-1 when added at 1.5h post-LPS+EMR treatment in comparison to WT cells, which 

remained responsive to the inhibitory effect of Nec-1 (Figure 32 A).  These results reveal 

significant differences in the role of RipK1 in promoting the kinetics of cytokine expression by 

WT versus Ifnar1−/−macrophages. 

Western blotting of cell extracts demonstrated that the activation of RipK3 and MLKL was highly 

reduced in Ifnar1−/− BMDMs, while the activation of RipK1 proceeded normally during 

necroptosis stimulation in Ifnar1−/− BMDMs (Figure 32 B). In cells treated with LPS without 

EMR, there was no activation of RipK1, RipK3, or MLKL (Figure 32 C). Thus, the increased 

expression of TNFα by Ifnar1−/− BMDMs does not appear to be mediated by the phosphorylation 

of RipK3 or MLKL. Various receptor-ligand interactions result in the amplification of metabolism 

which can promote cytokine expression (O’Neill et al., 2016; D. Wu et al., 2016). This is initiated 

by the activation of the PI3K-AKT pathway, which promotes cell survival and proliferation 

through the activation of various downstream targets such as mTORC1. The ribosomal protein S6 

kinase (S6K) and 4E-BP1 are the two direct targets of mTORC1, which are phosphorylated by 

mTORC1 (Battaglioni et al., 2022). 4E-BP1 inhibits protein translation by binding to the 

translation initiation factor eIF4E, and phosphorylation of 4E-BP1 by mTORC1 leads to the 

dissociation of 4E-BP1 from eIF4A and reinitiation of protein translation (Gingras et al., 2001). 

We performed western blot analysis of cells stimulated with LPS (Figure 32 D) or LPS+EMR 

(Figure 32 E) and did not detect any modulation of AKT, S6K, 4E-BP1, or eIF4E by IFNAR1-

signaling. These results imply that the upregulation of TNFα expression in Ifnar1−/− cells is not 

related to the modulation of translation or metabolism. One would also expect that an upregulation 

of metabolism might lead to an increased expression of numerous cytokines, which was not 

observed. 
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A Expression of TNFα in the supernatants was collected at different time intervals following 
treatment of WT and Ifnar1−/− BMDMs with LPS (1ng/mL) and EMR (10µM). Nec1-s (10 µM) 
was added at the time or at 90 minutes post-treatment with LPS+EMR. Western blot analysis was 
performed in cell extracts collected from WT and Ifnar1−/− BMDMs at different time intervals 
following treatment with LPS (1ng/mL) and EMR (10µM) (B, E) and (C, D) LPS (1ng/mL). Each 
experiment was repeated at least three times. Graphs depict mean ± SEM. (****P< 0.0001). 

Figure 32. RipK1 has a differential impact on TNFα expression by WT versus Ifnar1−/− cells 
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4.2.4. Induction of Zfp36 (TTP) by IFNAR1 signaling regulates TNFα expression and 

necroptosis 

The upregulation of inflammatory response during necroptosis signaling and its downregulation 

by type I interferon signaling and the downregulation of inflammatory gene transcripts led us to 

investigate the potential mechanisms underlying this phenomenon. GSEA of microarray results 

revealed an enrichment of mRNA destabilizing pathway (3’UTR binding) in WT cells compared 

to Ifnar1−/− cells (Figure 31 B). Among the genes identified, Zfp36 emerged as a particularly 

intriguing candidate due to its well-established role in mRNA destabilization. Zfp36 encodes for 

Tristetraprolin (TTP), a protein that specifically targets mRNA transcripts containing AU-rich 

elements (AREs) in their 3' untranslated regions (3'UTRs). TTP facilitates the removal of poly(A) 

tails from these transcripts, ultimately leading to their degradation and the cessation of protein 

expression (Tiedje et al., 2016). 

Our interest in TTP was further piqued by the observation that TNFα expression was significantly 

amplified in Ifnar1−/− macrophages during the later stages of necroptosis stimulation (Figure 31 

F). This finding led us to hypothesize that type I interferon signaling might promote the 

degradation of transcripts containing AREs. Notably, the mRNAs of various pro-inflammatory 

cytokines and chemokines, including Tnfα, Il1b, Il6, Ifnβ, Il10, and Cxcl1, harbor AREs in their 

3'UTRs, making them potential targets for this regulatory mechanism. 

To further investigate this hypothesis, we conducted a comprehensive bioinformatics analysis of a 

previously published ChIP-Seq dataset (GSE115435) from macrophages treated with IFNβ, 

available in the NCBI Sequence Read Archive (Platanitis et al., 2019). Our analysis revealed that 

IFNβ treatment induces the binding of ISGF3 members, namely STAT1, STAT2, and IRF9, to the 

ISRE site upstream of the Zfp36 promoter (Figure 33 A). This finding suggests that between type 

I interferon signaling promote the expression of and Zfp36. 

To validate these bioinformatic predictions, we performed a series of in vitro experiments. Our 

results demonstrated a substantial reduction in Zfp36 mRNA expression in Ifnar1−/− cells during 

necroptosis stimulation (Figure 33 B, C). This observation was consistent across multiple time 

points and experimental replicates, highlighting the robustness of this regulatory relationship. 
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Furthermore, we examined the protein levels of TTP, the gene product of Zfp36, by western blot 

analysis. We observed that TTP expression was reduced during necroptosis stimulation in WT 

macrophages, and this reduction was even more pronounced in Ifnar1−/− macrophages (Figure 33 

D). These findings collectively support a model in which type I interferon signaling plays a crucial 

role in maintaining Zfp36 expression and, consequently, in regulating the stability of ARE-

containing inflammatory transcripts during necroptosis.
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A Genome Browser track was plotted from the ChiP-seq data retrieved from 
doi.org/10.1038/s41467-019-10970-y. The binding of STAT1 (red), STAT2 (blue), and IRF9 
(green) is shown in untreated and IFNβ treated BMDMs at ISRE sites upstream of the Zfp36 
promoter. The integrative genomics viewer track represents a ChIP-seq experiment as described 
in doi.org/10.1038/s41467-019-10970-y. B, C Expression of Zfp36 mRNA was measured in WT 
and Ifnar1−/− BMDMs by microarray with LPS (1ng/mL) + zVAD-fmk (50µM), and IFNβ (100 
U/mL) + zVAD-fmk (50µM) (B) or with LPS (1ng/mL) + EMR (10µM) by qRT-PCR (C) at 6 h 
post-treatment. Each experiment was repeated at least three times. D Expression of TTP was 
analyzed by western blotting of cell extracts collected from WT and Ifnar1−/− BMDMs at various 
time intervals following treatment with LPS (1ng/mL) and/or EMR (10µM). Each experiment was 
repeated at least three times. Graphs depict mean ± SEM. (*P <0.05, ***P<0.001, ****P<0.0001).  

Figure 33. ISGF3 promotes Zfp36 transcription 

https://doi.org/10.1038/s41467-019-10970-y
https://doi.org/10.1038/s41467-019-10970-y
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Zfp36−/− BMDMs exhibited significantly elevated levels of TNFα expression following 

stimulation with LPS (Figure 34 A) or LPS+EMR (Figure 34 B), indicating that Zfp36 is a major 

negative regulator of TNFα expression. The expression of IFNβ was dramatically upregulated, 

particularly during stimulation with LPS+EMR, and this upregulation was even more pronounced 

in Zfp36−/− macrophages compared to their WT counterparts (Figure 34 B). This suggests a 

potential role for Zfp36 in regulating IFNβ production under specific stimulatory conditions. 

Interestingly, stimulation with IFNβ alone failed to induce TNFα expression in either WT or 

Zfp36−/− macrophages (Figure 34 C). However, TNFα expression was notably induced by IFNβ 

specifically during necroptosis stimulation (i.e., treatment with IFNβ+EMR) in Zfp36−/− 

macrophages, but not in WT cells (Figure 34 D, E). This observation underscores the potential 

involvement of Zfp36 in modulating the necroptotic pathway and its associated inflammatory 

responses. The critical role of necroptosis in this process was further confirmed by the treatment 

of cells with Nec-1, a specific inhibitor of necroptosis, which effectively abrogated the induction 

of TNFα expression in Zfp36−/− cells (Figure 34 E). Additionally, the expression levels of other 

important cytokines, namely IL-6 and IL-10, were also significantly upregulated in Zfp36−/− 

macrophages stimulated with IFNβ, regardless of co-treatment with EMR (Figure 34 E). This 

suggests a broader impact of Zfp36 deficiency on the overall cytokine profile of macrophages 

under various stimulatory conditions. A particularly intriguing finding was that Zfp36−/− BMDMs 

underwent increased necroptosis specifically when stimulated with the combination of IFNβ and 

EMR (Figure 34 F, G, H), further emphasizing the complex interplay between Zfp36, cytokine 

signaling, and cell death pathways in macrophages.
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A-D Expression of TNFα, IFNβ, and IL-6 was measured in the supernatants collected at different 
time intervals after the treatment of WT and Zfp36−/− BMDMs with LPS (1ng/mL) (A), LPS 
(1ng/mL) + EMR (10µM) (B), IFNβ (10ng/mL) (C), or IFNβ (10ng/mL) + EMR (10µM) (D). E 
WT and Zfp36−/− BMDMs were treated with IFNβ (10ng/mL), EMR (10µM), and Nec1-s (10 µM). 
Expression of cytokines was measured in cell supernatants collected at 7h post-stimulation of cells. 
F-H Cell death was evaluated by staining of cells with Hoechst and PI at 18 h (F, G) and 24 by 
MTT (H) post-treatment with LPS (1ng/mL) +/- EMR (10µM), IFNβ(10ng/mL) +/- EMR (10µM), 
and TNFα (50ng/mL) +/- EMR (10µM), and Nec-1s (10µM). Each experiment was repeated at 
least three times. Graphs depict mean ± SEM. (**P <0.01, ***P<0.001, ****P<0.0001).  

Figure 34. Induction of Zfp36 (TTP) by IFNAR1-signaling regulates TNFα expression and 
necroptosis 
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Western blotting analysis of cell extracts failed to reveal any significant modulation in the 

activation of NFκB or MAPK pathways by type I interferon signaling following LPS treatment 

(Figure 35 A). This observation suggests that these pathways may not be directly influenced by 

type I interferon in the context of LPS stimulation. However, a notable increase in the activation 

of the MAPK pathway was observed during necroptosis stimulation of Ifnar1−/− macrophages 

(Figure 35 B, E). This differential response indicates that the absence of type I interferon receptors 

may alter the cellular signaling dynamics during necroptotic events. 

Furthermore, the induction of Tristetraprolin expression was found to be compromised in Ifnar1−/− 

macrophages (Figure 35 C). Previous studies have demonstrated that MAPK-activated protein 

kinase 2 (MK2) phosphorylates TTP, leading to increased stability but reduced mRNA binding 

capacity (Manke et al., 2005). In line with this, our experiments revealed a reduction in TTP 

expression at 6 hours following necrosome activation in Mk2−/− macrophages (Figure 35 D). This 

observation underscores the intricate relationship between MK2 and TTP in regulating cellular 

responses during necroptosis. 

Collectively, these findings highlight the crucial role of TTP in modulating the expression of TNFα 

and regulating cell death by necroptosis, particularly during necroptosis stimulation mediated by 

type I interferon. The interplay between type I interferon signaling, MAPK pathway activation, 

and TTP expression appears to be a key determinant in the cellular response to necroptotic stimuli. 

These results not only shed light on the complex signaling networks involved in necroptosis but 

also emphasize the importance of type I interferon in fine-tuning the cellular death response.
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A-C WT and Ifnar1−/− BMDMs were stimulated with LPS (1ng/mL) (A) and LPS (1ng/mL) + 
EMR (10µM) (B, C). Cell extracts were collected at various time intervals and the activation of 
signaling proteins was evaluated by western blot analysis. D WT and Mk2−/− BMDMs were 
stimulated with LPS (1ng/mL) + EMR (10µM). Cell extracts were collected at various time 
intervals and the expression of TTP was evaluated by western blot analysis. E Western blot analysis 
was performed in cell extracts collected from WT and Ifnar1−/− BMDMs at different time intervals 
after treatment with TNFα (50ng/mL) and EMR (10µM).  Each experiment was repeated at least 
three times. 

E 

Figure 35. Modulation of MK2 and TTP by IFNAR1-signaling during necroptosis 
stimulation and upregulation of MAPK activation in Ifnar1−/− BMDMs 
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4.2.5. Abrogation of MK2 restricts TNFα expression and augments necroptosis in 

Ifnar1−/− macrophages 

Since MK2 plays a critical role in promoting the maintenance of TNFα expression through 

inactivating TTP (Kotlyarov et al., 1999; Neininger et al., 2002), and since we observed that the 

activation of MK2 and the expression of TTP is modulated during the necroptosis stimulation of 

Ifnar1−/− macrophages, we therefore, inhibited the p38MAPK pathway and evaluated its impact 

on TNFα expression and necroptosis to understand the intricate relationship between the 

p38MAPK-MK2-TTP signaling cascade and the regulation of cell death processes. 

Treatment of cells with the MK2 inhibitor III led to a significant reduction in TNFα expression in 

both WT and Ifnar1−/− macrophages (Figure 36 A). Surprisingly, despite this reduction in TNFα 

levels, we observed an enhancement of necroptosis in both cell types (Figure 36 B). To further 

validate our findings, we employed an alternative approach using the p38MAPK inhibitor 

LY2228820. Consistent with our previous results, this inhibitor decreased TNFα expression 

(Figure 36 C) while simultaneously enhancing necroptosis (Figure 36 D). The concordance 

between the effects of MK2 and p38MAPK inhibition underscores the importance of this signaling 

pathway in regulating both TNFα production and cell death processes. To confirm that the 

observed cell death was indeed necroptosis, we performed a crucial rescue experiment using the 

RipK3 inhibitor GSK872 (Figure 36 E). This result not only validates the necroptotic nature of 

the observed cell death but also highlights the specificity of the p38MAPK-MK2 pathway's effect 

on this particular form of programmed cell death. 

These findings reveal a complex interplay between the p38MAPK-MK2 signaling pathway, TNFα 

expression, and necroptosis, suggesting that this pathway may play a dual role in regulating cell 

death processes. The seemingly paradoxical enhancement of necroptosis despite reduced TNFα 

levels indicates that the p38MAPK-MK2 pathway might influence necroptosis through 

mechanisms independent of its effects on TNFα expression.
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A, B WT and Ifnar1−/− BMDMs were stimulated with LPS (1ng/mL), EMR (10µM), and MK2 
inhibitor (III, 5 µM), Nec1-s (10 µM), and the impact on TNFα secretion (A) and cell viability (B) 
was evaluated at 7 h and 24 h respectively. C, D WT and Ifnar1−/− BMDMs were stimulated with 
LPS (1ng/mL), EMR (10µM), p38MAPK inhibitor (LY2228820, 4 µM), and Nec-1 (10µM). 
Expression of TNFα was measured in the supernatants at 7 h by ELISA (A), and cell death was 
measured at 24 h by MTT assay (B). E Cell viability was also measured in cells treated with the 
RipK3 inhibitor GSK872 (5 µM). Each experiment was repeated at least three times. Graphs depict 
mean ± SEM. (**P <0.01, ***P<0.001). 

A B C 

D E 

Figure 36. Inhibition of the p38MAPK pathway reduces TNFα expression and increases cell 
death of Ifnar1−/− BMDMs 
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To investigate this pathway further, we generated mice that were deficient in both IFNAR1 and 

Mapkapk2 (Mk2- the endogenous inhibitor of TTP). The simultaneous deficiency of Mk2 

effectively eliminated the observed increase in TNFα expression during necrosome signaling in 

Ifnar1−/ macrophages (Figure 37 A). This finding suggests a critical role for MK2 in regulating 

TNFα production within the context of IFNAR1 signaling. In Mk2−/−macrophages, we observed 

an upregulation of the activating phosphorylation (S166) of RipK1, a key player in the necroptosis 

pathway. Interestingly, this upregulation was diminished in Ifnar1−/−Mk2−/−macrophages (Figure 

37 B), indicating that the increased S166 phosphorylation of RipK1 in Mk2−/−macrophages is 

partially dependent on IFNAR1 signaling. We also examined the inhibitory (S321) 

phosphorylation of RipK1, which showed a slight increase in Ifnar1−/− macrophages. Notably, this 

inhibitory phosphorylation was completely abolished in both Mk2−/−and 

Ifnar1−/−Mk2−/−macrophages (Figure 37 B), highlighting the complex interplay between IFNAR1 

and MK2 in regulating RipK1 phosphorylation. Furthermore, we investigated the downstream 

phosphorylation of RipK3 and MLKL, which are crucial for the execution of necroptosis. Our 

results revealed an upregulation of phosphorylation of RipK3 and MLKL in Mk2−/− macrophages, 

with a slight reduction observed in Ifnar1−/−Mk2−/−macrophages (Figure 37 B). These findings 

collectively suggest an intricate regulatory network involving IFNAR1 and MK2 in the control of 

necroptosis signaling components. 

Our experiments demonstrated that MK2 exerts an inhibitory effect on necroptosis during 

activation by LPS or IFNβ (Figure 37 C-F). This inhibitory impact was consistently observed 

across different time points and stimuli. Interestingly, the inhibitory effect of MK2 during 

necroptosis stimulation by TNFα displayed a time-dependent pattern. It was detectable at 9 hours 

post-stimulation (Figure 37 C, E) but not at 18 hours post-stimulation (Figure 37 D, F). This 

temporal difference in MK2's inhibitory effect suggests a dynamic regulation of necroptosis that 

evolves over time and varies depending on the specific stimulus. Furthermore, we found that the 

deficiency of Mk2 in Ifnar1−/− macrophages resulted in increased necroptosis induced by both LPS 

and TNFα (Figure 37 C-F). This observation underscores the importance of MK2 in modulating 

necroptosis, particularly in the context of IFNAR1 deficiency, and hints at a potential 

compensatory mechanism between these two pathways. 
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Taken together, these results indicate that the modulation of MK2 and Tristetraprolin by IFNAR1 

signaling plays a crucial role in regulating the inflammatory cytokine milieu during necrosome 

activation. This intricate regulatory network involves complex phosphorylation patterns of key 

necroptosis mediators and exhibits stimulus-specific and time-dependent effects.
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A-F WT, Ifnar1−/−, Mk2−/−, and Ifnar1−/−Mk2−/− BMDMs were stimulated with LPS (1 ng/mL) + 
EMR (10µM). Cytokine expression was evaluated at various time intervals by ELISA (A). 
Activation of signaling proteins was evaluated by western blot analysis of cell extracts collected 
at various time intervals (B). Cell death was evaluated by staining cells with Hoechst and PI 
following stimulation of WT, Ifnar1−/−, Mk2−/−, and Ifnar1−/−Mk2−/− BMDMs with LPS (1ng/mL) 
+ EMR (10µM), IFNβ (10ng/mL) + EMR (10µM), and TNFα (50ng/mL) + EMR (10µM) at 9h 
(C, E) or 18h (D, F). Each experiment was repeated at least three times. Graphs depict mean ± 
SEM. (**P<0.01, ***P<0.001, ****P<0.0001). 

F 

Figure 37. Abrogation of MK2 restricts TNFα expression and augments necroptosis in 
Ifnar1−/− macrophages 
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4.2.6. IFNAR1 signaling promotes the degradation of TNFα mRNA 

We conducted qRT-PCR analysis to measure the transcript levels of selected genes that exhibited 

upregulation (Cxcl1, Ifnb1, Tnfα) or downregulation (IL-12) during necroptosis stimulation. The 

results revealed intriguing patterns of gene expression in WT and Ifnar1−/− macrophages. The 

mRNA level of IL-12p35 and IL12-12p40 showed a notable reduction during necroptosis 

stimulation, with Ifnar1−/− macrophages displaying an even more pronounced decrease compared 

to their WT counterparts (Figure 38 A, B). This observation suggests a potential role for IFNAR1 

signaling in maintaining IL-12 expression during necroptotic conditions. 

In contrast to IL-12, the transcript level of Cxcl1 exhibited significant upregulation during 

necrosome activation. Interestingly, Ifnar1−/− macrophages demonstrated a more robust 

upregulation of Cxcl1 compared to WT cells (Figure 38 C). This enhanced expression in the 

absence of IFNAR1 signaling implies a possible negative regulatory role of the interferon pathway 

on Cxcl1 transcription during necroptosis. The expression of the Ifnβ1 transcript also showed 

enhancement during necroptosis stimulation. However, in this case, WT cells displayed greater 

upregulation relative to Ifnar1−/− cells (Figure 38 D). This differential response could be attributed 

to the absence of feedforward signaling by IFNβ in Ifnar1−/− macrophages, highlighting the 

importance of intact interferon signaling for optimal Ifnβ1 expression during necroptosis. Tnfα 

mRNA levels were also enhanced during necrosome activation, with Ifnar1−/− macrophages 

exhibiting an even greater increase compared to WT cells (Figure 38 E). To further investigate the 

role of IFNβ in regulating Tnfα expression, we treated cells with IFNβ and observed a reduction 

in both transcription (Figure 38 F) and translation (Figure 38 G) of Tnfα in WT macrophages. 

Notably, this effect was absent in Ifnar1−/− macrophages, underscoring the specific involvement 

of IFNAR1 signaling in modulating Tnfα expression. 

Increase in the TNFα levels in Ifnar1−/− cells could be due to increased transcription or reduced 

degradation of mRNA transcripts. To discriminate between these scenarios, we treated cells with 

Actinomycin D at 1.5 hours post necrosome activation to inhibit gene transcription. Subsequently, 

we evaluated the impact on Tnfα transcript levels at various time intervals. This approach revealed 

that Tnfα transcripts underwent reduced degradation in Ifnar1−/− macrophages (Figure 38 H), 
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suggesting a role for IFNAR1 signaling in promoting the maintenance of Tnfα mRNA possibly 

through the expression of Zfp36.  
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A-D Expression of Il-12, Cxcl11, and Ifnb1 mRNA were measured by qRT-PCR analysis at 3 h 
following treatment of WT and Ifnar1−/− BMDMs with LPS (1ng/mL) and EMR (10µM). E, F 
Expression of Tnfα mRNA was measured by qRT-PCR analysis at various time intervals post-
treatment of WT and Ifnar1−/− BMDMs with LPS (1ng/mL), EMR (10µM), and IFNβ (10ng/mL). 
G, H Expression of TNFα was measured by ELISA in the supernatants collected at different time 
intervals following treatment of WT and Ifnar1−/− BMDMs with LPS (1ng/mL), EMR (10µM), 
and IFNβ (10ng/mL), or Actinomycin D (2 µM). Each experiment was at least repeated three times. 
Graphs depict mean ± SEM. (*P <0.05, **P<0.01, ***P<0.001, ****P<0.0001).  

Figure 38. IFNAR1-signaling promotes the degradation of TNFα mRNA 
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Collectively, these results indicate that necroptosis stimulation promotes RipK1-dependent 

activation of the p38MAPK pathway, which in turn drives an inflammatory response independently 

of cell death. The excessive upregulation of inflammation during necroptosis stimulation is 

partially suppressed by IFNAR1-signaling through ISGF3, which promotes the transcription of the 

RNA-destabilizing protein TTP. These findings shed light on the complex interplay between 

necroptosis, interferon signaling, and inflammatory gene regulation in macrophages, offering new 

insights into the molecular mechanisms underlying the inflammatory response during programmed 

necrotic cell death.



148 
 

4.3. Aim 3: Deciphering the mechanism of necroptosis induction by IFNAR1 signaling. 

4.3.1. IFNAR1 signaling promotes necroptosis in macrophages 

Recent research has illuminated the intricate relationship between type I interferon signaling and 

necroptosis, revealing a critical dependency of necroptosis on IFN-1 receptor signaling for its full 

manifestation. To investigate this connection, we conducted a comprehensive study using WT and 

Ifnar1−/− BMDMs. These cells were subjected to PI and Hoechst staining to assess cell viability 

and death at two distinct time points: 6- and 24-hour post-stimulation with LPS alone or in 

combination with EMR. At the earlier time point of 6 hours post-stimulation, minimal cell death 

was observed only in WT cells, suggesting that the necroptotic process had not yet fully engaged 

(Figure 39 A). However, the 24-hour time point revealed a dramatic difference between the WT 

and Ifnar1−/− macrophages. The Ifnar1−/− macrophages displayed a remarkable resistance to 

necroptosis, highlighting the crucial role of type I interferon receptor signaling in this cell death 

pathway (Figure 39 B). To further elucidate the role of type I interferon receptor signaling in 

necroptosis, we treated WT and Ifnar1−/− BMDMs with various necroptosis-inducing conditions. 

This was achieved by activating different receptors known to trigger necroptosis. Specifically, the 

cells were treated with LPS, TNFα, and IFNβ to initiate necroptosis through the TLR4, TNFR1, 

and Ifnar1 signaling pathways, respectively. To ensure specificity for necroptosis, these treatments 

were administered in the presence of EMR and GSK872, which are inhibitors of apoptosis and 

RipK3, respectively. The cell death analysis from these experiments yielded compelling results, 

further emphasizing the critical role of IFNAR1 signaling in necroptosis. Regardless of whether 

necroptosis was initiated through LPS, TNFα, or IFN-β pathways, IFNAR1 signaling proved to be 

a crucial component in the full manifestation of necroptotic cell death (Figure 39 C). These 

findings collectively highlight the paramount importance of type I interferon receptor signaling in 

the complete execution of necroptosis, irrespective of the initial triggering receptor or pathway. 

This discovery suggests that type I interferon receptor signaling serves as a key component in the 

necroptotic pathway, potentially acting as a common downstream mediator for various 

necroptosis-inducing signals in BMDMs.  
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A, B Cell death was evaluated by staining cells with Hoechst and PI following stimulation of WT 
and Ifnar1−/− BMDMs with LPS (1 ng/mL) and EMR (10µM) at 6 hours (A) and 24 hours (B). C 
After 24 hours cell death was evaluated by treating the WT and Ifnar1−/− cells with LPS (1ng/mL) 
+/- EMR (10µM), IFNβ(10ng/mL) +/- EMR (10µM), and TNFα (50ng/mL) +/- EMR (10µM), and 
GSK872 (10µM) by MTT. Each experiment was repeated at least three times. Graphs depict mean 
± SEM. (****P<0.0001). 

C 

Figure 39. IFNAR1 signaling promotes necroptosis in macrophages 
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4.3.2. Signaling bridge between IFNAR1 and TNFR signaling 

Activation of TLR4 leads to the expression of multiple cytokines, including TNFα. To investigate 

the potential roles of TNF receptor 1 (TNFR1) and TNF receptor 2 (TNFR2) in LPS-induced 

necroptosis of macrophages, Tnfr1- and Tnfr2-deficient BMDMs were generated and subjected to 

treatment with LPS in combination with EMR for 24 hours. Subsequent cell death analysis 

revealed significant protection from LPS-induced necroptosis, specifically in Tnfr2-deficient 

macrophages (Figure 40 A). Intriguingly, a similar pattern of resistance was also observed when 

these Tnfr2-deficient BMDMs were exposed to IFNβ- and TNFα-mediated necroptosis (Figure 40 

A). This compelling observation suggests that TNFR2 plays a crucial role in promoting necroptosis 

within macrophages, potentially serving as a key mediator in the cell death signaling cascade. 

Given that LPS stimulation is known to activate the expression of type-I interferons and 

considering our previous findings indicating that IFNAR1 signaling promotes necroptosis, we 

sought to further elucidate the potential relationship between IFNAR1 signaling and TNFR2 

expression. To address this question, we conducted a comprehensive evaluation of TNFR2 

expression in both WT and Ifnar1−/− cells. Bioinformatics analysis showed that treatment of 

macrophages with either LPS or type-I interferons with zVAD does not lead to a significant 

upregulation of Tnfr2 (Tnfrsf1b) at the transcriptional level (Figure 40 B). This finding was further 

corroborated by Western blot analysis, which demonstrated that IFNAR1 signaling does not 

substantially influence TNFR2 expression in Ifnar1−/− BMDMs under normal physiological 

conditions. To further validate these intriguing findings and ensure their robustness, we conducted 

additional experiments to examine TNFR2 expression under various stimulatory conditions. 

Notably, we observed no significant increase in TNFR2 expression following stimulation with 

either LPS+EMR or IFNβ+EMR (Figure 40 C). These comprehensive and multi-faceted results, 

obtained through a combination of genetic, biochemical, and bioinformatic approaches, provide 

strong evidence that while TNFR2 plays a crucial role in promoting necroptosis, the resistance to 

necroptosis observed in Ifnar1−/− macrophages cannot be attributed to alterations in TNFR2 

expression levels. 
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A After 24 hours cell death was evaluated by treating the WT and Ifnar1−/− cells with LPS 
(1ng/mL) +/- EMR (10µM), IFNβ(10ng/mL) +/- EMR (10µM), and TNFα (50ng/mL) +/- EMR 
(10µM), and GSK872 (10µM) by MTT. B Expression of Zfp36 mRNA was measured in WT, 
Tnfr1−/−, and Tnfr2−/− BMDMs by microarray after treating the cells with LPS (1ng/mL) + zVAD-
fmk (50µM), and IFNβ (100 U/mL) + zVAD-fmk (50µM). C Expression of TNFR2 was analyzed 
by western blotting of cell extracts collected from WT and Ifnar1−/− BMDMs at various time 
intervals following treatment with LPS (1ng/mL) + EMR (10µM), and IFNβ (10ng/mL) + EMR 
(10µM). Each experiment was repeated at least three times. Graphs depict mean ± SEM. 
(***P<0.001, ****P<0.0001).

A B 

C 

Figure 40. TNFR2 Promotes Necroptosis in macrophages independently of IFNAR1 
signaling 
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4.3.3. Phosphorylated vs Unphosphorylated ISGF3 complex 

Upon engagement of IFNAR1 by type-I interferon, a trimeric transcriptional complex known as 

ISGF3 is formed, consisting of STAT1, STAT2, and IRF9. ISGF3 then translocates to the nucleus 

and activates the transcription of numerous genes that contain an ISRE in their promoter region 

(Au-Yeung et al., 2013). This process is crucial for the interferon-mediated immune response. 

Interestingly, macrophages deficient in the ISGF3 members (Stat1, Stat2, or Irf9) displayed 

enhanced resistance to necroptosis induced by both LPS+EMR and TNFα+EMR stimulation 

(Figure 30 D). This observation suggests a potential link between the ISGF3 complex and 

necroptotic cell death pathways. As expected, in Ifnar1−/− macrophages, both the phosphorylation 

and total levels of STAT1, STAT2, and IRF9 proteins were significantly reduced compared to WT 

macrophages (Figure 41 A, B). This finding highlights the importance of the phosphorylation of 

ISGF3 complex proteins and their dependence on IFNAR1 signaling. The reduced levels of these 

proteins in Ifnar1−/− macrophages further emphasize the critical role of type-I interferon signaling 

in maintaining the ISGF3 complex. Taken together, these observations indicate that the intact 

ISGF3 complex is necessary for full necroptotic sensitivity in macrophages under these conditions. 

Recent studies have shed light on the dynamic nature of the ISGF3 complex. It has been shown 

that the components of the ISGF3 complex are initially phosphorylated, but the unphosphorylated 

complex can remain intact for extended periods and transcribe a different set of genes (Nowicka 

et al., 2023). This finding adds a layer of complexity to our understanding of ISGF3 function and 

suggests that both phosphorylated and unphosphorylated forms of the complex may have distinct 

roles in cellular processes, including necroptosis. To understand the role of phosphorylated and 

unphosphorylated forms of the ISGF3 complex in necroptosis, we conducted a series of 

experiments. First, we treated WT BMDMs with a low concentration of IFN-β overnight and then 

added EMR at later time intervals. When EMR was added at 24 hours post IFNβ treatment, we did 

not observe any cell death (Figure 41 C). This result suggested that prolonged exposure to low 

levels of IFNβ might not be sufficient to sensitize macrophages to necroptosis. Based on these 

findings, we then treated WT macrophages with IFN-β to induce the phosphorylation and assembly 

of ISGF3 and added EMR at various time points to induce necroptosis. Interestingly, treatment of 

WT macrophages with EMR at 6 hours post IFNβ treatment revealed an attenuation in necroptosis 

induction (Figure 41 D). Addition of EMR after 12 hours of treatment with IFNβ failed to induce 
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significant necroptosis. This result correlates with the expression pattern of ISGF3 complex 

proteins, which peaks at early time points and starts to dephosphorylate around 6 hours in the IFN-

β mediated necroptosis state (Figure 41 B). The temporal relationship between ISGF3 

phosphorylation status and necroptotic sensitivity suggests a critical role for the phosphorylated 

form of the complex in promoting necroptosis. On the other hand, treatment of macrophages with 

LPS and the addition of EMR at various time points showed that the cells remained sensitive to 

necroptosis induction for prolonged periods (Figure 41 E). This prolonged sensitivity of cells to 

necroptosis induction in response to LPS can be attributed to the fact that induction of IFNAR1 

signaling by TLR4 receptor engagement requires the transcription and translation of IFN-1 which 

can occur for prolonged periods in comparison to treatment of cells with IFNβ (Figure 41 A).  

Collectively, these results suggest that the phosphorylated form of ISGF3 may be essential for 

necroptosis. The temporal correlation between ISGF3 phosphorylation status and necroptotic 

sensitivity, along with the differential responses to IFN-β and LPS stimulation, indicates the 

important role of phosphorylated ISGF3 in promoting necroptotic cell death in macrophages.
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A, B Expression of ISGF3 complex proteins were analyzed by western blotting of cell extracts 
collected from WT and Ifnar1−/− BMDMs at various time intervals following treatment with LPS 
(1ng/mL) + EMR (10µM) (A), and IFNβ (10ng/mL) + EMR (10µM) (B). C WT BMDMs were 
treated with IFN (1ng/mL) overnight, and then EMR (10µM) was added. After 24 hours of EMR 
addition, cell death was measured by MTT. D, E WT BMDMs were treated with IFNβ (10ng/mL) 
(D), LPS (10ng/mL) (E), and EMR (10µM) was added at different time points, and then cell death 
was measured by MTT after 24 hours of each time point. Each experiment was repeated at least 
three times. Graphs depict mean ± SEM. 

Figure 41. The role of phosphorylated ISGF3 complex in macrophage necroptosis 
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4.3.4. Role of the IFNAR1 stimulated downstream genes 

Interferons (IFNs) are a family of potent cytokines that exhibit diverse functions, profoundly 

impacting cellular physiology, particularly in cells of the immune system. These signaling proteins 

mediate most of their effects through the induction of Interferon-Stimulated Genes (ISGs), which 

are transcriptionally regulated by IFN signaling pathways. To elucidate the molecular mechanisms 

underlying IFN-mediated cellular responses, we conducted a comprehensive microarray analysis. 

This analysis revealed the transcriptional modulation of several target genes that are highly 

upregulated or downregulated during necrosome activation in Ifnar1−/− macrophages, with genes 

such as X-linked inhibitor of apoptosis-associated factor 1 (XAF1) and Mixed Lineage Kinase 

Domain-Like Protein (MLKL) being of particular interest (Figure 42 A). 

XAF1, an IFN-stimulated gene, has been shown to promote IFN-induced apoptosis and plays a 

crucial role in IFN-mediated cellular sensitization to the pro-apoptotic actions of TNF-related 

apoptosis-inducing ligand (TRAIL) (Leaman et al., 2002). Our experiments demonstrated that 

XAF1 mRNA levels were significantly elevated in WT macrophages following treatment with 

IFNβ alone and in combination with EMR (Figure 42 B). To further investigate the potential role 

of XAF1 in necroptosis, we performed a series of necroptosis assays using LPS, TNFα, and IFN-

β on Xaf1+/- BMDMs and Xaf1-/- RAW macrophages (which were previously generated in the lab 

by the CRISPR-Cas9 approach). Interestingly, we observed no significant differences in 

necroptosis susceptibility between Xaf1-/- and WT macrophages (Figure 42 C, D). These findings 

suggest that XAF1, despite its upregulation in response to IFN-1 signaling, is not essential for the 

execution of necroptosis. 

To gain further insights into the molecular mechanism involved in IFN-1 induced necroptosis, we 

performed qRT-PCR analysis to measure the transcript levels of MLKL, a key executioner of 

necroptosis. Our qRT-PCR results revealed that IFNβ alone and in combination with EMR induced 

MLKL expression in WT cells (Figure 42 E), highlighting the direct link between IFN-1 signaling 

and MLKL regulation. Furthermore, when we treated the BMDMs with LPS, IFNβ, and TNFα in 

combination with EMR, we observed that the levels of phosphorylated and total MLKL were 

reduced in Ifnar1−/− macrophages relative to their WT counterparts (Figure 42 F). This 

observation is particularly noteworthy because previous studies have demonstrated that Mlkl-
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deficient macrophages are resistant to necroptosis (Murphy et al., 2013). Therefore, the reduced 

MLKL expression observed in the Ifnar1−/− BMDMs likely contributes substantially to their 

resistance to necroptosis, underscoring the critical role of IFN-1 signaling in modulating cellular 

susceptibility to this form of programmed cell death.
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A WT and Ifnar1−/− BMDMs were treated with LPS (1ng/mL) in the presence of zVAD-fmk 
(50µM) for 6 h and differential gene expression was performed on microarray data comparing WT 
and Ifnar1−/− BMDMs treated with LPS and LPS+zVAD. B, E Expression of Xaf1 (B), and Mlkl 
(E) mRNA were measured by qRT-PCR analysis at 3 h following treatment of WT and Ifnar1−/− 
BMDMs with IFNβ (10ng/mL) alone and in combination with EMR (10µM).  C, D After 24 hours 
cell death was evaluated by treating the WT and Xaf+/− BMDMs (C), WT and Xaf1-/- RAW 
macrophages (D) with LPS (1ng/mL) +/- EMR (10µM), IFNβ (10ng/mL) +/- EMR (10µM), and 
TNFα (50ng/mL) +/- EMR (10µM), and GSK872 (10µM) by MTT. F Expression of MLKL was 
analyzed by western blotting of cell extracts collected from WT and Ifnar1−/− BMDMs at various 
time intervals following treatment with LPS (1ng/mL) + EMR (10µM), TNFα (50ng/mL) + EMR 
(10µM), and IFNβ (10ng/mL) + EMR (10µM). Each experiment was repeated at least three times. 
Graphs depict mean ± SEM. (**P<0.01, ****P<0.0001).  
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Figure 42. IFN signaling modulates necroptosis susceptibility through regulation of the 
MLKL expression 
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4.3.5. Reconstitution of MLKL in Ifnar1-/- macrophages 

To investigate whether reduced MLKL expression is responsible for the enhanced necroptosis 

resistance of Ifnar1−/− BMDMs, we utilized RAW Ifnar1−/− macrophages previously generated 

previously in the lab through CRISPR-Cas9 approach. Our experimental approach began with the 

validation of the Ifnar1−/− cells by comparing IFNAR1 receptor expression in WT and Ifnar1−/− 

RAW macrophages following treatment with LPS and IFNβ at various time points. The results 

demonstrated a markedly lower level of Ifnar1 receptor in Ifnar1−/− cells compared to their WT 

counterparts. Furthermore, we observed a time-dependent decrease in cell surface expression of 

IFNAR1 in WT cells, likely due to receptor internalization following stimulation. In contrast, 

Ifnar1−/− cells showed no changes in receptor expression over time, confirming their knockout 

status (Figure 43 A-C).  

Having validated the Ifnar1−/− cells, we proceeded to induce necroptosis in both WT and Ifnar1−/− 

RAW macrophages by treating them with LPS and IFNβ and EMR. Consistent with our 

observations in BMDMs, Ifnar1−/− RAW macrophages exhibited significant resistance to 

necroptosis compared to WT cells (Figure 43 D). This finding further supports the protective role 

of IFNAR1 deficiency against necroptotic cell death across different macrophage types. To explore 

the molecular basis of this protection, we examined MLKL expression levels in both cell types. 

We found that RAW Ifnar1−/− macrophages expressed  reduced levels of MLKL compared to WT 

cells (Figure 43 E), mirroring our earlier observations in BMDMs. This consistent pattern of 

reduced MLKL expression in Ifnar1−/− cells across different macrophage models strengthens the 

hypothesis that lower MLKL levels may be a key factor in conferring protection against 

necroptosis in Ifnar1-deficient macrophages. 

Given the significantly lower levels of MLKL observed in Ifnar1−/− BMDMs and RAW 

macrophages, we hypothesized that this reduction might be responsible for the resistance of 

Ifnar1−/− macrophages to necroptosis. To test this hypothesis, we decided to complement Ifnar1−/− 

RAW macrophages with MLKL. Using retroviral transduction, we successfully enhanced MLKL 

expression in these cells. The resulting cell line was designated as Ifnar1−/−G418 (the antibiotic 

resistance marker- G418). The retroviral transduction of MLKL in RAW Ifnar1−/− macrophages 

resulted in increased expression of MLKL in these cells (Figure 43 F-H). However, contrary to 
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our expectations, the reconstitution of MLKL in RAW Ifnar1−/− macrophages did not have any 

significant impact on their resistance to necroptotic cell death (Figure 43 I). This unexpected result 

suggests that the resistance of Ifnar1−/− macrophages to necroptosis is not solely due to reduced 

MLKL expression. Instead, it implies that other molecules and mechanisms, beyond the reduced 

expression of MLKL, may play crucial roles in conferring resistance to necroptosis in Ifnar1−/− 

macrophages.
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A-C WT and Ifnar1-/- RAW macrophages were treated with LPS (100ng/mL) (A) and IFNβ 
(10ng/mL) (B) for different time intervals as shown. After that cells were stained with an anti-
IFNAR1 antibody. Histograms depict the IFNAR1 receptor movement. The MFI values of 
IFNAR1 receptors are plotted using a line graph (C).  D After 24 hours cell death was evaluated 
by treating the WT and Ifnar1-/- RAW with LPS (100ng/mL) +/- EMR (10µM), and GSK872 
(10µM) by MTT. E Expression of MLKL was analyzed by western blotting of cell extracts 
collected from WT and Ifnar1−/− RAW macrophages at various time intervals following treatment 
with LPS (100ng/mL) + EMR (10µM). F, G Expression of Mlkl mRNA was measured by qRT-
PCR analysis at 4 h (F), and protein was measured by western blotting at 8 h (G) following the 
treatment of WT, Ifnar1−/−, and Ifnar1−/−G418 RAW macrophages with LPS (100ng/mL) alone 
and in combination with EMR (10µM).  H Densitometric analysis of pS343MLKL and MLKL 
relative to Actin was performed. I After 24 hours cell death was evaluated by treating the WT, 
Ifnar1-/- and Ifnar1−/−G418 RAW macrophages with LPS (100ng/mL) +/- EMR (10µM), IFNβ 
(10ng/mL) +/- EMR (10µM),  and GSK872 (10µM) by MTT.  Each experiment was repeated at 
least three times. Graphs depict mean ± SEM. (****P<0.0001).

Figure 43. MLKL complementation in Ifnar1−/− RAW macrophages 
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4.3.6. IFNAR1 signaling impact on necroptosis effector translocation  

We evaluated whether the transfection of MLKL in  Ifnar1−/− macrophages impacts necroptosis 

signaling following treatment with LPS + EMR. Our results revealed the enforced expression of 

MLKL in Ifnar1−/− macrophages does not impact the activation of STAT1 or STAT2 (Figure 44 

A). However, we observed a significant increase in the phosphorylation of RipK3 in Ifnar1−/−G418 

RAW macrophages compared to their Ifnar1−/− counterparts,  (Figure 44 A).  Furthermore, our 

analysis revealed a striking and statistically significant elevation in the levels of phosphorylated 

MLKL in Ifnar1−/−G418 RAW macrophages when compared to Ifnar1−/− RAW macrophages 

(Figure 44 A).  Furthermore, we observed that the phosphorylation of MLKL was increased in 

Ifnar1−/−G418 RAW relative to Ifnar1−/− cells (Figure 44 A), yet this did not result in increased 

necroptosis (Figure 43 I). This unexpected outcome suggests that the increased accumulation of 

phosphorylated MLKL alone is insufficient to trigger necroptosis in Ifnar1−/− macrophages. This 

finding challenges the conventional understanding of the relationship between MLKL 

phosphorylation and necroptotic cell death, indicating that additional factors or regulatory 

mechanisms may be involved in determining the ultimate fate of these cells. 

After the phosphorylation of MLKL and its subsequent oligomerization, this protein complex is 

translocated to the cell membrane, where it induces necroptosis. To investigate the role of IFNAR1 

signaling in these molecular processes, we conducted a series of experiments using WT and 

Ifnar1−/−G418 RAW macrophages. Following treatment with LPS and EMR, we isolated the 

membrane and cytosolic fractions of these cells for analysis (Figure 44 B). In WT cells, we 

observed a dynamic shift in the localization of STAT1, STAT2, and IRF9 proteins. At the 3-hour 

mark, these proteins moved from the membrane to the cytoplasm, and their levels began to 

decrease as necroptosis progressed to later time points (Figure 44 B). This pattern suggests the 

movement of the ISGF3 complex from the cytoplasm to the nucleus, a key step in the interferon 

signaling pathway. Ifnar1−/−G418 cells showed no detectable ISGF3 complex proteins, 

highlighting the critical role of IFNAR1 in this process (Figure 44 B). Activated RipK1 (pS166) 

exhibited a primarily cytoplasmic distribution in both WT and Ifnar1−/−G418 cells, indicating that 

IFNAR1 signaling may not significantly affect RipK1 activation and localization. However, the 

activation pattern of RipK3 showed distinct differences between WT and Ifnar1−/−G418 cells. In 

Ifnar1−/−G418 cells, the levels of activated RipK3 in the cytoplasm were slightly reduced 
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compared to WT cells (Figure 44 B). Surprisingly, we detected high levels of activated RipK3 in 

the membrane fraction of WT cells at 9 hours post-stimulation with LPS+EMR, which was not 

observed to the same extent in Ifnar1−/−G418 cells. This finding suggests that IFNAR1 signaling 

may play a role in the membrane recruitment or retention of activated RipK3 during necroptosis. 

Phosphorylated MLKL, a crucial effector of necroptosis, showed a preferential distribution in the 

membrane fraction of WT cells, with higher levels compared to the cytosolic fraction. This 

observation aligns with the current understanding of MLKL’s role in membrane permeabilization 

during necroptosis. Strikingly, membrane fractions of Ifnar1−/−G418 cells exhibited significantly 

reduced levels of phosphorylated MLKL (Figure 44 B). The observed stark contrast in MLKL 

localization between WT and Ifnar1−/−G418 cells offers compelling evidence for the crucial role 

of IFNAR1 signaling in facilitating the appropriate translocation of activated MLKL to the plasma 

membrane. This finding provides a mechanistic explanation for the heightened resistance of 

Ifnar1−/− cells to necroptosis.  
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A WT, Ifnar1−/−, and Ifnar1−/−G418 RAW macrophages were treated with LPS (100ng/mL) and 

EMR (10µM). Cell extracts were collected at various time intervals and the activation of signaling 

proteins was evaluated by western blot analysis. B WT and Ifnar1−/−G418 RAW macrophages 

were treated with LPS (100ng/mL) and EMR (10µM) for different time intervals as indicated. 

Membrane and cytoplasmic cell extracts were separated.  Expression of various signaling proteins 

in the membrane and cytoplasmic extracts was evaluated by western blot analysis. Each 

experiment was repeated at least three times. 

Figure 44. MLKL translocation and membrane localization 
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These findings collectively suggest that IFNAR1 signaling plays a pivotal role in the localization 

of key necroptosis mediators, particularly the translocation of activated MLKL from the cytoplasm 

to the membrane in macrophages. The inability of MLKL to properly localize to the cell membrane 

in the absence of IFNAR1 signaling likely impairs its pore-forming function, which is essential 

for the execution of necroptosis. The absence of IFNAR1 signaling appears to disrupt this crucial 

step in the necroptosis pathway. Thus, this observation not only highlights the importance of 

interferon signaling in the necroptotic pathway but also elucidates a key reason behind the 

necroptosis-resistant phenotype observed in Ifnar1-deficient cells. This discovery also opens new 

avenues for potential therapeutic interventions in diseases characterized by dysregulated cell death 

processes. Further research is warranted to elucidate the precise mechanisms by which IFNAR1 

signaling influences the subcellular localization of necroptosis effectors and to explore the 

potential implications of this relationship in various pathological conditions.  
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5. DISCUSSION 

Necroptosis, a form of programmed cell death, plays a dual role in the immune system. While it 

serves as a crucial defense mechanism to protect against virulent pathogens, the persistent rupture 

of host cells by necroptosis in response to sterile triggers during chronic inflammatory conditions 

can lead to undesirable outcomes. The ubiquitous presence of macrophages and macrophage-like 

cells, such as Kupffer cells in the liver and microglia in the brain, across diverse non-lymphoid 

organs has sparked intense research interest in understanding the mechanisms that initiate and 

regulate macrophage necroptosis. 

On one hand, necroptotic macrophages have the potential to act as potent effector cells of the 

innate immune system, capable of combating a wide range of viral and bacterial infections. This 

highlights their importance in the body's defense against pathogens. On the other hand, the 

activation of necroptosis in these cells can contribute to tissue damage and inflammation in various 

disease states.  

Despite significant advancements in our understanding of necroptosis signaling pathways, the 

intricate molecular mechanisms underlying this process remain elusive. The complex interplay 

between pro-survival and pro-death signals and the context-dependent nature of necroptosis 

activation continues to challenge researchers in the field. 

As our knowledge of necroptosis expands, it becomes increasingly clear that a delicate balance 

must be struck between harnessing its protective potential and mitigating its harmful effects. 

Further research is needed to fully elucidate the precise molecular mechanisms governing 

necroptosis in macrophages and other immune cells, aiming to develop targeted therapies for both 

infectious and inflammatory diseases. 

5.1. ARF6: A Novel Regulator of Programmed Cell Death Initiation 

RipK1, is a multifaceted enzyme that participate in several signaling complexes and plays a pivotal 

role in governing cell fate decisions. This versatile kinase exhibits remarkable functional plasticity, 

integrating into diverse signaling complexes within the cell. Depending on the cellular context and 

specific molecular interactions, RipK1 can either promote cell survival or trigger cell death by 
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multiple pathways (Festjens et al., 2007). Following TNF-R engagement polyubiquitylated RipK1 

recruits TGFβ-activated kinase 1 (TAK1) and MAP3K7-binding protein 2 (TAB2)/TAB3, which 

phosphorylates JUN N-terminal kinase (JNK) and p38MAPK, as well as the IκB kinase (IKK) 

complex, leading to the activation of MAPK and NF-κB which promotes cell survival (McMahon 

& Boucrot, 2011). The ubiquitination of RipK1 status serves as a critical switch, altering its 

functional role within cellular signaling networks. When the ubiquitination of RipK1 is modified, 

whether through deubiquitination or changes in ubiquitin chain types, it triggers the dissociation 

of RipK1 from the pro-survival signaling complex. This detachment event marks a significant shift 

in the function of RipK1 (McComb et al., 2012). Consequently, RipK1 participates in the 

“ripoptosome” or “necrosome” complex. A20 and CYLD mediate ubiquitin editing of RipK1 

(Onizawa et al., 2015; Schworer et al., 2014) to modulate RipK1-RipK3 interaction. The interplay 

between active caspase-8 and RipK1 signaling gives rise to a distinct form of programmed cell 

death known as ripoptosis. Inhibition of caspase-8 activity endogenously by cFLIP (Feoktistova et 

al., 2011) or exogenously by caspase inhibitors such as zVAD or Emricasan (EMR) (Brumatti et 

al., 2016; Ito et al., 2016) results in the phosphorylation of RipK3, which in turn phosphorylates 

the pseudo kinase MLKL (He et al., 2009; Vandenabeele et al., 2010; Vanlangenakker, Vanden 

Berghe, et al., 2011). This leads to the formation of MLKL-trimers, which relocate to the cell 

membrane and interact with PtdIns(4,5)P2, leading to the leakage of the cell membrane (Xia et al., 

2022) and consequent release of intracellular DAMPs (McComb et al., 2014; Robinson et al., 

2012; Shutinoski et al., 2016). The initial molecular events that precede RipK1 activation and drive 

cells toward necroptosis remain largely enigmatic. This gap in our understanding prompted an 

exploration of alternative mechanisms that might orchestrate the early stages of this cell death 

pathway. So, we considered the possibility that proteins that are involved in endosomal sorting 

might mediate the early signaling events that promote cell death. Since ARF6 is located at the 

plasma membrane and the endosomal compartments (D’Souza-Schorey & Chavrier, 2006), we 

evaluated its role in the cell signaling pathways that promote cell death. In silico analysis of the 

amino acid sequence of ARF6 indicates the presence of the myristoylation site at the N-terminal 

followed by a polybasic site (Figure 4 B) that is typical of proteins involved in shuttling cargo 

between different compartments in the cell. Our findings demonstrate that ARF6 plays a crucial 

role in initiating the formation of both the ripoptosome and necrosome, two key signaling 
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complexes involved in RipK1-dependent cell death. ARF6 achieves this by orchestrating the 

degradation of cIAP1/2. 

5.1.1. Role of ARF6 in Receptor Endocytosis and Post-Endocytic Cytokine Regulation 

during Necroptosis Signaling 

While receptor-endocytosis can proceed through various pathways (Barbieri et al., 2016), 

endocytosis of TLR4 was reported to be mediated by the large GTPase dynamin, which promoted 

the phosphorylation of IRF3 and expression of IFN-β (Kagan et al., 2008; Rajaiah et al., 2015).  It 

was also reported that the endocytosis of IFNAR1 occurs through classical clathrin- and dynamin-

dependent endocytosis (Marchetti et al., 2006). While our preliminary results indicate that the 

inhibition of dynamin with inhibitors leads to a reduction in the secretion of IFN-β, we show that 

ARF6 plays a significant role in the expression of cytokines, particularly during necroptosis 

stimulation. In contrast to the reported role of dynamin in facilitating the endocytosis of TLR4 

(Kagan et al., 2008) we did not observe any impact of ARF6 in the endocytosis of TLR4 upon 

engagement with LPS. Since internalization  of cargo can occur through multiple mechanism it is  

likely that that ARF6 plays a key role in facilitating the downstream trafficking of the cargo after 

endocytosis. The functional relationship between dynamin and ARF6 in clathrin-mediated 

endocytosis has been well established as ARF6 was shown to be activated by dynamin in clathrin-

mediated endocytosis through various guanine nucleotide exchange factors (Okada et al., 2015; 

Palacios et al., 2002). 

It has been previously observed that ARF6 promotes the endocytosis of TLR4, which impacts the 

activation of IRF3. Our recent results have shown that during necroptosis stimulation, the secretion 

of TNFα is dependent on the MyD88 adapter protein, whereas the secretion of IFN-β relies on 

TRIF signaling. While we observed that the activation of IRF3 was reduced in Arf6-/- cells, the 

levels of both TNFα and IFN-β were reduced to the same degree during the necroptosis stimulation 

of Arf6-/- cells, suggesting the involvement of a different mechanism. It has been reported that the 

endocytosis of TLR4 and TRIF signaling in macrophages are under separate mechanistic control 

(Palacios et al., 2002). We have shown that the activation of the MAPK pathway is significantly 

impacted by ARF6, which could potentially explain the reduction in the levels of cytokines in Arf6-

/- cells. Since the endocytosis of TLR4 was not impacted in Arf6-/- cells, yet the downstream 
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pathways of cell death were impacted, these results implicate the involvement of ARF6 at a step 

that occur post receptor endocytosis.  

It has been reported that ARF6-mediated internalization of TLR4 promotes the expression of 

TNFα, IL-6, and IFN-β (Murase et al., 2018; Van Acker et al., 2014).  In contrast to these results, 

we failed to detect any impact of ARF6 on the endocytosis of TLR4, and the impact on cytokine 

expression in response to LPS stimulation was negligible. However, in response to TLR4 

engagement during necroptosis stimulation, we observed that the expression of the two key 

inflammatory cytokines TNFα and IFN-β which are relevant in necroptosis was reduced in Arf6-/- 

cells, but the levels were not reduced substantially to explain the degree of necroptosis resistance 

observed in Arf6-/- cells. Furthermore, necroptosis resistance was also observed when Arf6-/- cells 

were stimulated with IFN-β+EMR, implying that the resistance of Arf6-/- cells to necroptosis 

cannot be due to impaired TRIF-signaling.  

It was reported that the inhibition of dynamin with the inhibitor Dynasore, which inhibited the 

endocytosis of TLR4, did not have any impact on p38MAPK activation (Kagan et al., 2008). In 

contrast, our results indicate that ARF6 promotes the activation of the various members of the 

MAPK pathway during necroptosis stimulation by LPS+EMR, and this effect was more 

pronounced during necroptosis stimulation by IFN-β+EMR. Type I interferon signaling has been 

shown to promote the activation of p38MAPK through the engagement of the small GTPase Rac1 

(Uddin et al., 2000). The Ras superfamily of small GTPases includes Ras, Rho, Ran, Rab, and Arf 

GTPases, with different members of the subfamily controlling cell proliferation, morphology, 

nuclear transport, and vesicle transport (Wennerberg et al., 2005). ARF6 has been shown to 

modulate Rac1 activity through the engagement of various exchange factors (Radhakrishna et al., 

1999; Santy et al., 2005), and it is conceivable that some of those exchange factors are involved in 

necroptosis signaling.  

5.1.2. Regulation of Endo-Lysosomal Function and Cell Death by ARF6 

Recent studies have highlighted the importance of endosomal and lysosomal biogenesis in 

regulating cellular homeostasis and immune responses (Yang & Wang, 2021). Our findings suggest 

that ARF6 regulates lysosomal homeostasis, as evidenced by compromised lysosomal maturation 
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and reduced lysosome numbers in Arf6-/- cells. This is consistent with previous reports 

demonstrating that ARF6 promotes autophagy, a process closely linked to lysosomal function 

(Moreau et al., 2012). Notably, lysosomal degradation of key regulators of cell survival, such as 

the cIAP1-TRAF2 complex, has been implicated in the modulation of TNFα-induced apoptosis 

(Vince et al., 2008). The reduced lysosome numbers and compromised autophagic flux in Arf6-/- 

cells may render them more susceptible to infection and compromise their ability to maintain 

cellular homeostasis. Furthermore, our data indicates that Arf6-/- cells exhibit impaired activation 

of RipK1-dependent cell death pathways, which are normally inhibited by cIAP1/2 (McComb et 

al., 2012). These findings collectively underscore the critical role of ARF6 in regulating endo-

lysosomal homeostasis, autophagy, and cell death pathways. 

5.1.3. ARF6 Modulates RipK1 Ubiquitination and Interferon Signaling 

RipK1 is subject to extensive ubiquitin editing by ubiquitin ligases and deubiquitinases, which 

allows RipK1 to participate in multiple cell-signaling complexes that promote cell survival, 

apoptosis, ripoptosis, and necroptosis (de Almagro et al., 2015). Ubiquitination of RipK1 by cIAPs 

and LUBAC in response to TNF-R engagement promotes NF-kB activation and cell survival 

(Dynek et al., 2010; Peltzer et al., 2016; Silke & Vucic, 2014). While the transition of RipK1 away 

from the cell survival complex requires deubiquitination of RipK1 (Vucic et al., 2011), necroptosis 

signaling is facilitated by K63 and linear ubiquitination of necroptosis proteins (de Almagro et al., 

2015; S.-K. Hsu et al., 2020; Lawlor et al., 2015; Moriwaki & Chan, 2016). Ubiquitination of 

RipK1 coincides with its involvement in the necrosome complex and the phosphorylation of 

RipK3 (de Almagro et al., 2015). In the necrosome complex, IAPs do not impact the ubiquitination 

of RipK1 but facilitate the recruitment of RipK1 to the complex (de Almagro et al., 2015, 2017). 

HOIP and HOIL1 mediate linear ubiquitination of RipK1 in the necrosome but are not essential 

for necrosome formation. RipK1 was shown to be conjugated with the M1-/K63-linked ubiquitin 

chains during necroptosis (de Almagro et al., 2017). The E3 ubiquitin ligase PELI1 was reported 

to mediate K63 ubiquitination of RipK1 to promote necroptosis (H. Wang et al., 2017). It was 

reported that RipK3 undergoes K5-linked ubiquitination, which promotes the formation of the 

RipK1-RipK3 complex that is inhibited by A20 (Onizawa et al., 2015). Our results indicate that 

the degradation of IAPs correlates inversely with the phosphorylation of RipK1 in an ARF6-

dependent manner. It is therefore, conceivable that the ubiquitination of RipK1 and RipK3 is 
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reduced in Arf6-/- cells stimulated with LPS+EMR. Preliminary results indicate that there is 

reduced ubiquitination of RipK1 and RipK3 in Arf6-/- cells (results not shown). 

It has been previously reported that in addition to the activation of STAT1 and STAT2, type I 

interferon signaling promotes the activation of STAT3 (K. Fink & Grandvaux, 2013) which acts in 

a negative capacity to inhibit the STAT1-mediated transcription of genes (Bhatt et al., 2012). We 

observed that during stimulation of cells with LPS+EMR the activation of STAT3 is dependent on 

the activation of the p38MAPK pathway. Furthermore, stimulation of cells with IFN-β+EMR 

promoted the activation of STAT3, possibly through the activation of the p38MAPK pathway. 

However, the activation of STAT3 does not play a role in the activation of necroptosis as inhibition 

of STAT3 does not influence cell death. In contrast to the effect on TLR4, we observed that the 

internalization of Ifnar1 is partially modulated by ARF6. It has been reported that type I interferon 

signaling is modulated by the endo-lysosomal recycling of Ifnar1 (Qian et al., 2011). The RhoA 

GTPase has been shown to regulate type I interferon signaling (Fan et al., 2023). While the 

endocytosed receptors are mainly viewed as being targeted for degradation, more evidence 

suggests that cytokine receptors use the endosomal pathway primarily as a signaling platform 

(Cendrowski et al., 2016). 

5.2. Necroptosis Signaling Amplifies Inflammation via ISGF3-MK2-TTP Axis 

Necroptosis is a regulated form of necrotic cell death that plays a significant role in inflammation 

and various inflammatory diseases. This programmed cell death pathway is closely intertwined 

with the immune system and can both promote and exacerbate inflammatory responses. 

Necroptosis of cells has been shown to exacerbate various acute and chronic inflammatory diseases 

(Afonso et al., 2015; Duprez et al., 2011; Günther et al., 2011; Jun et al., 2020; Karunakaran et al., 

2016; Z. Lu et al., 2021; Ofengeim et al., 2015; Re et al., 2014), and it has been suggested that this 

is perpetuated by the spillage of intracellular contents to the extracellular milieu, which engages 

additional signaling pathways that promote inflammation (G. Y. Chen & Nuñez, 2010). Our 

findings demonstrate that the inflammatory response is significantly enhanced during necroptosis 

signaling, occurring independently and before the onset of actual cell death. This suggests that the 

pro-inflammatory effects of necroptosis are not solely due to the release of cellular contents upon 

cell rupture but are an integral part of the signaling process itself.  
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While the premature cell death of macrophages can impact the expression of cytokines (Phuong et 

al., 2021), the augmentation in the expression of inflammatory cytokines during necroptosis 

signaling that we have shown here is not related to cell death for the following reasons: (1) an 

increase in cytokine expression occurred prior to the commencement of cell death, (2) cytokine 

expression was augmented in RipK3−/− cells that were completely resistant to cell death, 

(3) Ifnar1−/− or Ticam1−/− cells displayed reduced cell death but the cytokine expression was still 

augmented, and (4) Increased expression of inflammatory cytokines was also observed 

in Mlkl−/− cells that are resistant to necroptosis(Najjar et al., 2016). 

5.2.1. RipK1 and MyD88 drive TNFα in Necroptosis 

It was previously reported that the activation of necroptosis signaling promotes the expression of 

several inflammatory cytokines and chemokines independently of cell death, which was dependent 

on the kinase activity of RipK1 and RipK3 (Najjar et al., 2016). While we also observed that the 

expression of TNFα during necroptosis signaling was dependent on the kinase activity of RipK1, 

we failed to detect any involvement of RipK3 in the augmentation of TNFα production. In our 

experiments, the expression of TNFα was increased in both WT and RipK3−/− cells to the same 

degree. Interestingly, the elevation of TNFα expression during necroptosis signaling was not 

dependent on MLKL (Najjar et al., 2016),  implying that the complete necrosome platform is not 

required for the augmentation of inflammation. Since the necrosome formation is compromised in 

the absence of RipK3, this indicates that the translocation and phosphorylation of RipK1 towards 

the necrosome pathway may be responsible for the upregulation of inflammation. In the absence 

of necroptosis signaling, RipK1 has been shown to promote cell survival and inflammation 

(Dondelinger et al., 2015; Ito et al., 2016; Kondylis et al., 2017; Lukens et al., 2013; Meylan et al., 

2004; Roderick et al., 2014). RipK1 undergoes K63 ubiquitination, creating binding sites for 

TAB2. This interaction facilitates the recruitment and activation of TAK1, which subsequently 

phosphorylates IκB. Phosphorylated IκB is then targeted for degradation, releasing NFκB and 

enabling its translocation to the nucleus, where it activates the transcription of target genes (Lee et 

al., 2003; Ofengeim & Yuan, 2013). While the exact mechanism of RipK1-mediated MAPK 

activation remains unclear, evidence suggests that TAK1 activation plays a crucial role in this 

process. Once activated, TAK1 is thought to initiate a phosphorylation cascade that ultimately 

leads to the activation of various MAPK family members, thus linking RipK1 signaling to MAPK 
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pathway stimulation (Lee et al., 2003; Ofengeim & Yuan, 2013). It has also been suggested that 

RipK1 may mediate the p38MAPK activation by recruiting the MEKK3 (Lee et al., 2003).  

In TLR4 signaling, the adapter protein MyD88 plays a critical role in inducing TNFα expression, 

while the TRIF adapter is essential for triggering type I interferon production. This division of 

labor between MyD88 and TRIF in mediating distinct cytokine responses downstream of TLR4 is 

a well-established paradigm in innate immune signaling (Akira & Takeda, 2004). Our results 

uphold this paradigm during stimulation of cells with LPS or LPS + EMR. Surprisingly, it was 

reported that the upregulation of TNFα during TLR4- or TLR4-induced necroptosis signaling was 

abrogated in Ticam1−/− cells (Najjar et al., 2016). Considering that MyD88 is indispensable for the 

TLR4-induced expression of TNFα, it is unclear how this role can be taken over by TRIF during 

necroptosis signaling. In contrast, a later study reported that the activation of necroptosis signaling 

results in increased expression of TNFα in cells with compromised TRIF signaling (Muendlein et 

al., 2020), indicative of an inhibitory role of TRIF in the elevation of TNFα expression. It has also 

been reported that the kinase activities of RipK1 and RipK3 promote the production of IFNβ during 

necroptosis signaling through the IRF/TBK1 axis (Saleh et al., 2017). Our experiments revealed 

that TNFα expression was similarly elevated during necroptosis signaling in both Ifnar1-deficient 

and Ticam1-deficient cells. This observation suggests that TRIF signaling may play an inhibitory 

role in TNFα expression, rather than enhancing it as previously thought.  

5.2.1.1. RipK1-Independent Elevation of TNFα Expression in Necroptosis 

Our prior research demonstrated that during necrosome signaling in macrophages, RipK1 

phosphorylation remains consistent between wild-type and Ifnar1-deficient cells. However, 

Ifnar1-deficient cells exhibit reduced phosphorylation (activation) of RipK3 and MLKL, leading 

to enhanced resistance against necroptosis compared to their wild-type counterparts (McComb et 

al., 2014). The comparable RipK1 phosphorylation in wild-type and Ifnar1-deficient cells, coupled 

with the heightened inflammatory response during necroptosis signaling in Ifnar1-deficient cells, 

indicates that RipK1 kinase activity may not be the primary driver of increased TNFα expression 

in these cells. This hypothesis is further supported by our observation that Ifnar1-deficient cells 

showed resistance to the inhibitory effects of Nec-1 when administered 1.5 hours after stimulation, 
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suggesting alternative mechanisms are at play in regulating TNFα production during necroptosis 

in Ifnar1-deficient cells. 

5.2.2. Necroptosis Regulates Cytokines via ISGF3-MK2-TTP 

Since TNFα signaling is an important mediator of inflammatory responses that influences various 

disease outcomes (Jang et al., 2021),  we evaluated how the expression of TNFα is modulated 

during necroptosis signaling. Our investigation into the modulation of TNFα expression during 

necroptosis signaling revealed a complex regulatory landscape of inflammatory responses. While 

necroptosis signaling led to the upregulation of numerous genes associated with TNFα signaling 

and the MAPK pathway, it simultaneously exerted a suppressive effect on other cytokines, notably 

IL-12 and IL-6. Particularly the expression of IL-12 was dramatically inhibited during necroptosis 

signaling, raising the intriguing possibility that reduced IL-12 levels could serve as a potential 

biomarker for necrosome activation in vivo—a hypothesis that warrants further investigation. 

Interestingly, previous research has reported an upregulation of the anti-inflammatory cytokine IL-

10 during necroptosis signaling in Ifnβ-deficient cells, adding another layer of complexity to the 

cytokine regulation in this context (Muendlein et al., 2020). In contrast, we observed that the 

expression of IL-10 was downregulated in Ifnar1−/− cells that were stimulated with LPS or 

LPS + EMR. It is well established that type I interferon promotes the expression of IL-10 (F. W. 

McNab et al., 2014). We analyzed the published ChiP-Seq data of BMMs stimulated with IFNβ 

(Platanitis et al., 2019) and observed that there are multiple ISRE sites in the promoter region of 

IL-10, which explains the reduced expression of IL-10 by Ifnar1−/− cells. Thus, the impact of 

necroptosis signaling on the upregulation of cytokines does not appear to be global, and additional 

mechanisms exist that modulate the expression of various cytokines separately. We have shown 

here that ISGF3 signaling induces the expression of TTP, which promotes the degradation of 

TNFα. It has been previously reported that TTP promotes the degradation of various 

cytokines/chemokine mRNAs that harbor the AU-rich elements (AREs) at the 3-UTR (e.g., Tnfα, 

Il1a, Il1b, Il6, Ifnβ, Il10, Cxcl1, Ccl4, Ccl2, Ccl3) (Tiedje et al., 2016).  
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5.2.2.1. Necroptosis Regulates TNFα Expression through a Post-Transcriptional 

Mechanism 

Our results indicate that the transcription and translation of TNFα are upregulated during 

necrosome activation of macrophages. There have been contradictory reports regarding the 

translation of TNFα during the necrosome activation of WT macrophages, with one report 

indicating that the TNFα protein levels are upregulated (Najjar et al., 2016), whereas the other 

report showed that the translation of Tnfα mRNA is not upregulated (Muendlein et al., 2020). The 

later report indicated that the IFNAR1-signaling in WT cells, downstream of TRIF, is responsible 

for the suppression of the translation of Tnfα mRNA. The reasons for these contradictory results 

in WT cells are not clear but could be related to differences in basal type I interferon levels, which 

might exert their impact through tonic IFNAR1 signaling to suppress the protein levels. We have 

observed that the Tnfα mRNA and protein levels are upregulated in Ifnar1−/− cells; however, our 

results indicate that this is due to a post-transcriptional and pre-translational mechanism that 

involves the expression of the mRNA degrading protein TTP (Zfp36) downstream of ISGF3. 

GSEA of Ifnar1−/− cells revealed a major downregulation of the innate immune response, 

including the type I and type II interferon responses, which is expected since type I interferon is a 

major mediator of innate immune response (F. W. McNab et al., 2014). On the other hand, there 

was an upregulation of various pathways, such as RNA modification, antioxidant defense, and 

mitochondrial metabolism in Ifnar1−/− cells, which can influence the expression of cytokines. A 

prior report indicated that the upregulation of cytokines during the necrosome activation 

of Ifnar1−/− cells is related to increased protein translation (Muendlein et al., 2020). Necroptosis 

stimulation was shown to result in increased puromycin incorporation by cells. However, the 

uptake of puromycin was similar in WT versus Ifnβ−/− cells (Muendlein et al., 2020). While the 

GSEA of our data indicated the enrichment of the mitochondrial translation in Ifnar1−/− cells, we 

did not observe any enrichment in the eIF2 pathway and there was no detectable increase in the 

activators (p70S6K, eIF4E, AKT) or inhibitor (4E-BP1) of protein translation in Ifnar1−/− cells 

during necrosome activation. Furthermore, if increased protein translation was responsible for the 

elevated inflammatory response in Ifnar1−/− cells, then one would expect a global upregulation of 

protein expression, which is not the case. Type I interferon signaling has been shown to promote, 

rather than inhibit, the core metabolism in myeloid cells (D. Wu et al., 2016).  
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5.2.2.2. IFNAR1 Signaling Modulates Cytokines Expression via p38MAPK-TTP Pathway 

During Necroptosis Activation 

Our results indicate that IFNAR1 signaling impacts cytokine expression during necroptosis 

stimulation through the modulation of the p38MAPK-TTP axis. We have shown that ISGF3 signaling 

promotes the expression of TTP, which is an RNA-binding protein that controls the stability of 

mRNA of various transcripts that contain an ARE in the 3’ UTR (Tiedje et al., 2016). Downstream 

of p38MAPK activation, MK2 and MK3 phosphorylate TTP at various sites, leading to increased 

stability but compromised activity of TTP (Ronkina et al., 2019). This phosphorylation negatively 

affects the ability of TTP to regulate TNFα, which results in increased TNFα levels (Clement et 

al., 2011; Ronkina et al., 2019). When the p38MAPK is inhibited, the phosphorylation and stability 

of TTP are compromised, which results in poor TNFα levels. We have previously reported that 

TTP inhibits necroptosis only when cells are stimulated with an LPS+zVAD+p38MAPK inhibitor 

(Ariana et al., 2020). We now show that TTP inhibits necroptosis only when cells are stimulated 

with IFNβ + EMR. This suggests a context-dependent regulation of necroptosis by TTP. In addition 

to modulating the activity and stability of TTP, MK2 mediates the inhibitory phosphorylation 

(S321) and inhibits the necrosome activating phosphorylation (S166) of RipK1, which is in 

agreement with previous studies (Dondelinger et al., 2017; Jaco et al., 2017; Menon et al., 2017). 

The combined absence of IFNAR1 and MK2 leads to an unexpected outcome: a decrease in the 

pro-death S166 phosphorylation of RipK1 while leaving its inhibitory phosphorylation unchanged. 

This selective effect effectively dissociates the inhibitory and stimulatory phosphorylation events 

on RipK1 during the activation of cell death signaling complexes.  

Interferons have been previously reported to promote the induction of TTP to limit the expression 

of inflammatory cytokines (Sauer et al., 2006).  A gamma-activating sequence (GAS) was reported 

in the promoter of Zfp36 (Sauer et al., 2006). However, this induction of TTP required the 

concomitant addition of the p38MAPK agonist anisomycin. While we observed that the addition of 

the caspase inhibitor EMR results in the activation of the p38MAPK pathway in cells treated with 

IFNβ or LPS, the induction of TTP was reduced during necroptosis activation of WT cells and 

reduced even further during necroptosis activation of Ifnar1-deficient cells. We did not detect any 

role of IFN-γ in inducing necroptosis and show that the upregulation of TNFα during necroptosis 

stimulation is compromised in cells that are deficient in type I interferon signaling (e.g., Ifnar1−/−, 
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Stat1−/−, Stat2−/−, and Irf9−/−) but not in type II interferon signaling (IFNγ−/−). In support of this, 

we have revealed an ISRE in the promoter of Zfp36. It was reported that IL-10 promotes TTP 

induction through the activation of STAT3 which impacted the expression of IL-6, IL-12, and IL-

23, but not TNFα (Gaba et al., 2012). Our research revealed that during cell death signaling, the 

expression of TNFα but not IL-6 and IL-12 was increased. This selective cytokine response 

suggests that the IL-10/STAT3 pathway is likely not the primary driver of the enhanced 

inflammatory response observed under these conditions.  

We have revealed the dichotomous role of type I interferon signaling in necroptosis. While IFNβ 

induces the transcription of MLKL to promote necroptosis (Sarhan et al., 2019),  it also induces 

the expression of TTP to inhibit necroptosis. Interestingly, IFNβ signaling has been previously 

reported to inhibit inflammasome signaling (Guarda et al., 2011), and a later study reported that 

TTP inhibits NLRP3-dependent inflammasome signaling (Haneklaus et al., 2017).  

We have highlighted the complex relationship between TNFα and IFNβ signaling in the regulation 

of inflammatory response during necroptosis signaling. While necroptosis signaling by multiple 

TLRs is dependent on TNFα- (Kaiser et al., 2013) and- Ifnar1- (McComb et al., 2014) signaling, 

the molecular relationship between these two pathways in necroptosis induction in response to the 

same TLR engagement is still not clear. We have shown here that Ifnar1-deficient macrophages 

remain significantly resistant to necroptosis despite expressing higher levels of TNFα relative to 

WT cells. A key downstream signaling pathway of necroptosis is likely blocked in Ifnar1-deficient 

cells. 

5.3. IFNAR1-Necroptosis Axis- From Receptor to Executioner 

The relationship between type I interferon (IFN-I) signaling and necroptosis in macrophages has 

emerged as a critical area of research in cell death mechanisms. Recent studies have revealed that 

IFN-I receptor signaling plays a crucial role in promoting necroptosis in macrophages, acting as a 

key mediator in the execution of this programmed cell death pathway. Studies have demonstrated 

that IFNAR1 signaling is essential for the induction of necroptosis in macrophages stimulated by 

various pathways. Ifnar1-deficient macrophages show remarkable resistance to necroptosis 

induced by LPS, poly I:C, TNF-α, and IFN-β in the presence of caspase inhibitors (Legarda et al., 

2016; McComb et al., 2014). This resistance highlights the central role of type I IFN signaling in 
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the necroptotic process. The temporal pattern of necroptosis suggests that IFN-1 receptor signaling 

may be crucial for the sustained activation or amplification of the necroptotic pathway, rather than 

its initial triggering. IFNAR1 signaling is essential for necroptosis induced by various stimuli and 

acts as a common downstream mediator for diverse necroptosis-inducing signals in BMDMs. This 

convergence on IFNAR1 signaling could represent a critical node in the necroptotic pathway.  

 

5.3.1. IFNAR1 Signaling and Necroptosis: Beyond TNFR2 Regulation 

The observation that Tnfr2-deficient macrophages show significant protection against LPS-, IFNβ-

, and TNFα-induced necroptosis is an important finding. This suggests that TNFR2 plays a crucial 

role in promoting necroptosis in macrophages, which is somewhat unexpected given that TNFR1 

has traditionally been considered the primary mediator of TNF-induced cell death (C. Liu et al., 

2018; Saveljeva et al., 2015; Vanlangenakker, Bertrand, et al., 2011; Wajant & Siegmund, 2019; 

Xu et al., 2021). TNFR1 contains a death domain in its cytoplasmic region, which is essential for 

triggering cell death pathways which is absent in TNFR2 (Wajant & Siegmund, 2019). 

Intriguingly, the relationship between IFNAR1 signaling and TNFR2 expression appears to be 

more complex than initially anticipated. Our results correlate with previous findings that Tnfr2-/- 

BMDMs were resistant to necroptosis induced by murine TNF, confirming the requirement for 

TNFR2 (Legarda et al., 2016).  Unlike their findings, our bioinformatics analysis and Western blot 

results indicate that neither LPS nor type-I interferons significantly upregulate TNFR2 expression 

at the transcriptional or protein level. TNFR2 and Fn14 play crucial roles in modulating TNFR1-

induced cell death by efficiently recruiting TRAF2 and associated proteins cIAP1/2 (Siegmund et 

al., 2023). This recruitment limits the availability of these proteins for TNFR1 signaling. As a 

result, TNFR2 and Fn14 activation can enhance TNFR1-induced apoptosis and necroptosis by 

sensitizing cells to TNFR1-induced death. This sensitization occurs independently of effects on 

NFκB signaling (Siegmund et al., 2023). The observation that Ifnar1−/− macrophages are resistant 

to necroptosis, despite showing no significant alterations in TNFR2 expression, suggests that 

IFNAR1 signaling contributes to necroptosis through mechanisms independent of TNFR2 

regulation. The interplay between IFNAR1 and TNFR2 signaling pathways might involve 

complex feedback loops or crosstalk mechanisms that are not immediately apparent from 
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expression analysis alone. Furthermore, IFNAR1 signaling does not appear to directly regulate 

TNFR2 expression, these two pathways may synergize at a downstream point in the necroptotic 

signaling cascade. For instance, IFNAR1 signaling might enhance the pro-necroptotic effects of 

TNFR2 activation by modulating shared downstream effectors or by altering the cellular metabolic 

state in a way that favors necroptosis.  

5.3.2. The ISGF Complex: A Key Player in Necroptosis Sensitivity 

Our results provide compelling evidence for the critical role of the ISGF3 complex, particularly in 

its phosphorylated form, in promoting necroptosis in macrophages. The observation that 

macrophages deficient in STAT1, STAT2, or IRF9 display enhanced resistance to necroptosis 

induced by both LPS+EMR and TNFα+EMR stimulation aligns with previous research 

highlighting the importance of these factors in cellular responses to type I interferons (McComb 

et al., 2014). ISGF3 complex is crucial for the full spectrum of ISG expression (Majoros et al., 

2017). Our findings extend this concept, suggesting that ISGF3 not only regulates gene expression 

but also plays a direct role in sensitizing cells to necroptotic death. The temporal correlation 

between ISGF3 phosphorylation and necroptotic sensitivity is a key finding in our study. We 

observed that ISGF3 complex protein expression peaks early and dephosphorylates around 6 hours 

in the IFN-β mediated necroptosis state, aligning with the window of necroptotic sensitivity. This 

observation builds upon the work, that showed that phosphorylated and unphosphorylated ISGF3  

can transcribe different gene sets (Nowicka et al., 2023). Our results specifically implicate the 

phosphorylated ISGF3 in promoting necroptosis, suggesting a novel role for this complex in 

regulating programmed cell death. STAT1 can be phosphorylated at two key residues: tyrosine 701 

(Y701) and serine 727 (S727) (Barnholt et al., 2009; Sadzak et al., 2008). Y701 phosphorylation 

is essential for STAT1 dimerization and nuclear translocation, while S727 phosphorylation 

enhances transcriptional activity (Kovarik et al., 2001). Our results, showing the importance of 

phosphorylated ISGF3 in necroptosis, suggest that both phosphorylation sites may be involved in 

this process. Investigating the precise function of STAT1 phosphorylation in the necroptosis 

pathway would be a valuable research endeavor. Interestingly, it has been reported that protein 

kinase C-δ (PKC-δ) can phosphorylate STAT1 at S727 in response to type I IFNs in vitro (Uddin 

et al., 2002). Another study reported that in PKC-δ-deficient cells, STAT1 phosphorylation on 

Ser727 still occurred in response to IFN-β, IFN-γ, and LPS stimulation in vivo (Pilz et al., 2003). 
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These findings suggest that while PKC-δ can phosphorylate STAT1 at Ser727 in vitro, but not in 

vivo. There are other kinases, such as other PKC isoforms or calcium/calmodulin-dependent 

protein kinase II, that might also be involved in STAT1 Ser727 phosphorylation (Pilz et al., 2003). 

These results highlight the complexity of STAT1 phosphorylation regulation and suggest that 

multiple kinases may contribute to this process in response to different stimuli. The role and 

another mechanism that lead to the activation of different phosphorylation sites on STAT1 in this 

process warrant further discussion. 

5.3.3. Transcriptional Landscape of Necrosome Signaling in the Absence of IFNAR1 

Analysis of microarray data revealed numerous genes exhibiting altered expression in Ifnar1-

deficient macrophages during necrosome signaling. Type-I IFN signaling activation induces 

numerous ISGs, suggesting that unidentified proteins might contribute to MLKL phosphorylation 

and translocation to the plasma membrane (Figure 45). Several of these genes were selected for 

further screening and validation experiments. The downregulation of TRAIL in Ifnar1-deficient 

macrophages prompted an investigation into its role in necroptosis. TRAIL, known for inducing 

apoptosis in tumor cells via DR4 and DR5 receptors (Gonzalvez & Ashkenazi, 2010), has also 

been reported to trigger necroptosis in various cell types through RipK1-RipK3-PARP-1 activation 

(Jouan-Lanhouet et al., 2012; Voigt et al., 2014). However, supplementation of Ifnar1-deficient 

macrophages with recombinant TRAIL by a previous student neither enhanced LPS-induced 

necroptosis in WT macrophages nor reversed the necroptosis resistance in Ifnar1-deficient cells. 

These findings suggest that while TRAIL expression is influenced by IFNAR1 signaling, it does 

not appear to be a critical factor in explaining the necroptosis resistance observed in Ifnar1-

deficient cells. 

In addition to looking at the expression of pro-cell death genes, we also analyzed the expression 

of anti-cell death genes. Interestingly, we observed that the expression of XAF1 (XIAP-associated 

factor 1),  an XIAP interacting protein that is known to antagonize XIAP function by suppressing 

its anti-caspase activity (Liston et al., 2001) was potently impacted by Ifnar1-deficiency. 

Furthermore, XAF1 is a known transcriptional coactivator of interferon regulatory factor-1 (IRF-

1) which is required for TNF-induced IFNβ production (Venkatesh et al., 2013; Yarilina et al., 

2008). Lastly, a previous study from our lab showed that Irf1-deficient cells are protected against 

TNF-, LPS-induced necroptosis (McComb et al., 2014). Taken together, these studies indicated 
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that XAF1 may be a relevant gene that promotes type-I interferon-induced necroptosis of 

macrophages. 

XAF1 upregulation in response to IFNβ treatment, both alone and combined with EMR, confirmed 

its status as an ISG. This finding aligns with previous research demonstrating XAF1's role in 

enhancing IFN-induced apoptosis and increasing cellular sensitivity to TRAIL-mediated 

apoptosis. (Micali et al., 2007). However, necroptosis assays conducted on Xaf1+/- BMDMs and 

Xaf1-/- RAW macrophages showed no significant differences in necroptosis susceptibility 

compared to WT cells. This suggests that while XAF1 responds to IFN signaling, it does not play 

a crucial role in necroptosis execution. 

OAS1 (2'-5'-oligoadenylate synthetase 1) which is downregulated in Ifnar1−/− cells during 

necroptosis is an ISG that plays a crucial role in the innate immune response against viral infections 

(Torices et al., 2023). While OAS1 is not directly involved in the core necroptosis machinery it 

may contribute to necroptosis through activation leading to the production of 2'-5' oligoadenylates, 

which activate RNase L. This process can further enhance type I IFN production, creating a 

positive feedback loop (Pulit-Penaloza et al., 2012). So, it will be interesting to figure out the role 

of OAS1 in the resistance nature of Ifnar1−/− cells against necroptosis. When type I interferons 

(IFN-α/β) trigger a signaling cascade that leads to the upregulation of ISGs, including MX1 and 

MX2  (Betancor, 2023) which are also downregulated in Ifnar1−/− cells during necroptosis. MX1 

and MX2, are GTPases that contribute to the antiviral state of the cell. MX2, in particular, has been 

shown to inhibit HIV-1 nuclear entry (Betancor, 2023). ARF6, another small GTPase, plays a role 

in vesicular trafficking and actin remodeling (Van Acker et al., 2019). In the context of viral 

infections, ARF6 may facilitate viral entry or assembly (Mirabelli et al., 2023) and we have 

discussed the role of ARF6 in necroptosis in our first Aim. So maybe prolonged IFNAR1 signaling, 

possibly in conjunction with ARF6 and MX protein activities, sensitizes cells to necroptosis. It 

will be interesting to check if a complex interplay where IFNAR1 signaling not only induces 

antiviral factors like MX proteins but also primes cells for necroptosis. ARF6 may serve as a 

regulatory node, potentially influenced by MX proteins, to fine-tune the balance between antiviral 

defense and cell death. Further work would be needed to elucidate the specific interactions between 

MX proteins and ARF6, and how these interactions might influence the progression from antiviral 

response to necroptosis.  
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Recent publications have indicated that constitutive IFN signaling is vital for maintaining the 

MLKL threshold necessary for rapid necroptosis response. (Sarhan et al., 2019). Given MLKL's 

reported role as an essential terminal step in necroptosis signaling, we examined the expression of 

MLKL in Ifnar1-/- cells. Our observations revealed that impaired type-I IFN signaling resulted in 

reduced MLKL expression.  This reduced level of MLKL might explain the resistant nature of 

Ifnar1-deficient cells against necroptosis. However, it has been recently reported that 

overexpression of MLKL in Ifnar1-deficient macrophages does not sensitize cells to necroptosis 

(Legarda et al., 2016; Sarhan et al., 2019). Given that previous studies did not examine MLKL 

phosphorylation and translocation in-depth, mechanisms beyond reduced MLKL expression may 

contribute to the impaired necroptosis observed in Ifnar1-deficient macrophages. To further 

explore this hypothesis, we opted to overexpress MLKL in Ifnar1-deficient RAW macrophages. 

This approach would allow us to investigate whether restoring MLKL levels alone is sufficient to 

rescue the necroptosis phenotype or if additional factors are involved in the resistance mechanism.



189 
 

Microarray analysis of the change in gene expression following LPS (10 ng/mL) alone versus in 

combination with zVAD (50 µM) treatment in Ifnar1-/- macrophages compared to WT.  

-15 -10 -5 5 10 15

-15

-10

-5

5

10

15

LPS (WT-Ifnar1−/− )

LP
S+

zV
AD

 (W
T-

Ifn
ar

1−
/−

)

Mlkl

Oas1a

Pml Tnfs10

Xaf1

Mx2Mx1

Figure 45. Altered Gene Expression in Ifnar1-deficient macrophages during necrosome 
activation 
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5.3.4. Beyond MLKL Expression: Multiple Facets of IFNAR1-Mediated Necroptosis 
Regulation 

Recently it has been reported that the Promyelocytic Leukemia (PML) protein inhibits MK2 to 

promote necroptosis (I. Chen et al., 2021). We observed a low level of PML in Ifnar1-deficient 

macrophages indicating PML’s potential role in mediating these cells' resistant phenotype. In 

addition to this, it has been demonstrated that MK2 induces the inhibitory S321 phosphorylation 

on RipK1, which restricts necroptosis. (Jaco et al., 2017). This inhibitory phosphorylation was 

completely abolished in both Mk2−/−and Ifnar1−/−Mk2−/− BMDMs. Moreover, this led to a 

significant increase in the phosphorylation of MLKL, a crucial protein for the execution of 

necroptosis. Interestingly, despite these molecular changes, we did not observe a substantial 

difference in cell death between Ifnar1−/− BMDMs and Ifnar1−/−Mk2−/− BMDMs. These findings 

collectively indicate that while the deletion of Mk2 in Ifnar1−/− macrophages leads to an increase 

in the phosphorylation of necroptosis-inducing proteins, the resistance of Ifnar1−/− macrophages 

to necroptosis is not solely attributable to higher levels of MK2 phosphorylation. This observation 

underscores the complex interplay between IFNAR1 and Mk2 in the regulation of necroptosis, 

suggesting that additional factors may be involved in this intricate cellular process. 

Our initial hypothesis that reduced MLKL expression in Ifnar1−/− macrophages was solely 

responsible for their resistance to necroptosis was not supported by the data. While Ifnar1−/− RAW 

macrophages showed lower MLKL expression and resistance to necroptosis, reconstitution of 

MLKL levels through retroviral transduction did not restore necroptosis sensitivity. This 

unexpected result suggests that MLKL expression alone is insufficient to determine necroptosis 

susceptibility in the absence of IFNAR1 signaling. Interestingly, MLKL reconstitution in Ifnar1−/− 

cells led to increased RipK3 phosphorylation and MLKL phosphorylation. This observation 

indicates that MLKL may play a role in regulating RipK3 kinase activity, potentially through a 

feedback mechanism (McComb et al., 2014). However, the increased phosphorylation of MLKL 

did not correlate with increased necroptosis, challenging the conventional view that MLKL 

phosphorylation is the ultimate determinant of necroptotic cell death (Hildebrand et al., 2014). 

Perhaps the most striking observation was the difference in membrane localization of activated 

RipK3 and phosphorylated MLKL between WT and Ifnar1−/− cells. The reduced presence of these 

key necroptosis effectors in the membrane fraction of Ifnar1−/− cells provides a potential 
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mechanistic explanation for their resistance to necroptosis. This finding suggests that IFNAR1 

signaling may play a crucial role in facilitating the translocation or retention of activated RipK3 

and MLKL at the plasma membrane, a critical step in necroptosis execution (Dai et al., 2020; 

Martinez-Osorio et al., 2023).  

MLKL is a key protein in the necroptosis pathway, and its interaction with phosphatidylinositol 

phosphates (PIPs) plays a crucial role in executing cell death (H. Wang et al., 2014). MLKL 

consists of an N-terminal four-helix bundle (4HB), a two-helix brace or linker, and a C-terminal 

pseudo kinase domain (Zhan et al., 2021). Activation occurs when RipK3 phosphorylates MLKL 

at specific residues in the pseudo-kinase domain, triggering conformational changes that expose 

the 4HB domain (Garnish et al., 2021). The exposed 4HB domain binds to PIP polar head groups 

with a low affinity that facilitates MLKL oligomerization and plasma membrane localization 

(Quarato et al., 2016). MLKL undergoes a "rolling over" mechanism at the membrane exposing 

additional high-affinity PIP-binding sites. Phosphatidylinositol 4-phosphate 5-kinase (PI(4,5)P2) 

shows particularly strong binding to MLKL. Increased PI(4,5)P2 concentrations lead to more 

frequent and larger MLKL-mediated currents (Xia et al., 2022). ARF6 directly activates (PIP5K), 

which leads to the production of phosphatidylinositol 4,5-bisphosphate (PIP2) (Moreau et al., 

2012; Van Acker et al., 2019) which is critical for many cellular processes such as membrane 

trafficking, cytoskeletal organization, and secretion. Therefore, investigating the expression levels 

and activity of PIP5K and ARF6 in necroptosis-resistant cells could provide insights into potential 

resistance mechanisms. Alterations in these proteins might affect PI(4,5)P2 production, 

subsequently impacting MLKL's ability to execute necroptosis effectively.    
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6. CONCLUSION 

Our research demonstrates that ARF6 does not influence cellular susceptibility to apoptotic cell 

death. Instead, ARF6 specifically targets RipK1-dependent ripoptosome and necrosome cell death 

pathways. Our findings indicate that ARF6 does not affect TLR4 or TNF-R internalization during 

RipK1-dependent cell death signaling, suggesting a post-endocytic mechanism. We have 

uncovered that Arf6 regulates endo-lysosomal compartment maturation, promoting cIAP1/2 

degradation, which removes inhibition on RipK1 and facilitates its phosphorylation towards cell 

death pathways. This study reveals a novel signaling event preceding RipK1 phosphorylation, 

which is crucial for activating RipK1-dependent cell death pathways (Figure 46). We have also 

demonstrated that the initiation of necroptosis leads to RipK1 activation, resulting the upregulation 

of the MAPK pathway that leads to increased expression of various inflammatory cytokines, 

independent of cell death. This inflammatory response upregulation is counterbalanced by type I 

interferon expression during necrosome activation. The interplay between IFNAR1 signaling, the 

MAPK pathway, and post-transcriptional regulation via ZFP36 plays a vital role in balancing 

inflammatory responses and cell death. While type I interferon induces necroptosis, it also 

promotes the expression of TTP through ISGF3 signaling, which leads to post-transcriptional 

degradation of important inflammatory cytokines like TNFα. Without this preventative 

mechanism, necrosome signaling could potentially lead to even more potent inflammatory 

response leading to tissue toxicity (Figure 47). Our study provides compelling evidence for the 

critical role of IFNAR1 signaling in necroptosis. We have shown that Ifnar1-deficient 

macrophages exhibit significant resistance to necroptosis induced by various stimuli. We show  

that IFNAR1 signaling is crucial for the proper functioning of the ISGF3 complex (STAT1, STAT2, 

and IRF9) and the expression and activation of MLKL, a key necroptosis executioner. Intriguingly, 

restoring MLKL expression in Ifnar1-deficient cells does not impact their resistance to 

necroptosis, suggesting the existence of additional mechanisms. Further investigation 

demonstrated that IFNAR1 signaling is essential for the appropriate translocation of 

phosphorylated MLKL to the plasma membrane, a critical step in necroptosis execution. These 

findings significantly advance our understanding of the molecular mechanisms underlying 

necroptosis and highlight the complex interplay between interferon signaling and programmed cell 

death pathways in macrophages. We anticipate that this study will contribute to future discoveries 
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of potential prognostic biomarkers and aid in developing treatments for inflammatory diseases 

involving necroptosis.
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ARF6 regulates RipK1-dependent ripoptosome and necrosome cell death pathways. It facilitates 
the maturation of endo-lysosomal compartments, leading to cIAP1/2 degradation. This process 
removes inhibition on RipK1, promoting its phosphorylation and subsequent activation of cell 
death pathways.  

Figure 46. The role of ARF6 in RipK1-dependent cell death 
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Necrosome activation triggers RipK1 phosphorylation, leading to MAPK pathway stimulation and 
enhanced inflammatory response, independent of cell death. Concurrently, TRIF-mediated type I 
interferon expression activates the ISGF3 transcriptional complex, inducing TTP expression. TTP 
promotes mRNA degradation of various inflammatory cytokines and chemokines. This mechanism 
demonstrates how IFNAR1 signaling simultaneously promotes necroptosis while limiting 
excessive inflammation.

Figure 47. IFNAR1 Signaling: A double-edged sword in necroptosis and inflammation 
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