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Abstract  

Macrophages function as a crucial component of the innate immune system in sensing bacterial pathogens 

and promoting local and systemic inflammation. RIPK1 and RIPK3 are serine/threonine kinases that have 

been well-characterized as key regulators of programmed necrotic cell death or necroptosis that is 

dependent on downstream pseudokinase MLKL. The work presented in the ensuing chapters describes a 

new function of these kinases as master regulators of cytokine gene expression and the synthesis of 

inflammatory mediators in primary macrophages activated by LPS, in the absence of caspase-8 activation. 

RIPK1 and RIPK3 kinase-dependent cytokine production requires the Toll-like receptor 4 (TLR4) adaptor 

molecule, TRIF, and proceeds independently of MLKL and the well-documented death functions of these 

kinases. Mechanistically, RIPK1 and RIPK3 kinases promote sustained activation of at least two 

canonical cytokine response axes: the acute inflammatory response mediated by downstream factors, 

Erk1/2, c-Fos, and NFᴋB; and the Type-I interferon (IFN-I) response pathway mediated by TBK1/IKKε 

and IRF3/7. The evidence summarized here suggests that detergent-insoluble complexes of RIPK1 and 

RIPK3 (necrosomes) serve as a signaling platform to engage downstream signaling molecules. Using 

genetic and pharmacologic tools, the data reveal that RIPK1 and RIPK3 kinase functions account for a 

major fraction cytokine elicited by LPS challenge in vivo. Notably, in contrast to the circumstance 

observed in vitro, the regulation in vivo did not require exogenous manipulation of caspase-8 activity, 

suggesting that RIPK1 and RIPK3 kinase-dependent cytokine responses may serve as a feature of the 

host-inflammatory response in gram-negative bacterial (GNB) infection.  

Intriguingly, in primary macrophages, RIPK1 and RIPK3 kinase-dependent synthesis of IFNβ can be 

markedly induced by a variety of gram-negative bacterial species (Yersinia and Klebsiella).  Furthermore, 

data show that RIPK1 and RIPK3 kinase-dependent IFNβ synthesis is strongly induced by avirulent 

strains of gram-negative bacteria, Yersinia and Klebsiella, and less-so by their wild-type counterparts. 
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Similarly, RIPK1 kinase-dependent TNFα synthesis is more pronounced following in vivo infection with 

an avirulent strain of Klebsiella compared to the wild type.  

These data suggest that TRIF-RIPK1-RIPK3 kinase-dependent signaling may be a mechanism of 

immune-surveillance employed against non-pathogens or commensal bacteria. Conversely, TRIF-RIPK1-

RIPK3 signaling may be selectively suppressed by invading microbes to facilitate bacterial pathogenesis. 

Consistent with this hypothesis, GNB species are armed with specific mechanisms to attenuate RIPK1 

and RIPK3 kinase-dependent signaling. As a result, exogenous activation of TRIF-RIPK-RIPK3 kinase-

dependent signaling may aid in the clearance of GNB infection. Importantly, the findings reported here 

identify new drug-targetable activities that may be relevant to infection and/or inflammatory pathologies 

associated with inappropriate RIPK1 and RIPK3 kinase activation. 
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1.1 Clinical perspective 

Hospital-acquired infections impose significant social and financial costs that impact ~4% of all 

hospitalized patients and amount to over 100 billion dollars in excess healthcare expenditures 

annually. Gram-negative bacterial (GNB) infections are particularly problematic as these species 

account for ~70% of all infections in critical care settings and are highly efficient at acquiring 

and expressing antibiotic-resistance genes (Peleg & Hooper 2010). Upon GNB infection, host 

immune cells sense bacterial cell membrane glycolipid, lipopolysaccharide (LPS), and initiate 

localized anti-microbial cellular reprogramming while sequentially inducing production of  pro-

inflammatory molecules, which act systemically (Tan & Kagan 2014; Kawai & Akira 2010). 

Together, these changes serve to promote microbial clearance in the infected host. Advancing 

understanding of mechanisms underlying bacterial pathogenesis and host-defense will uncover 

new medicinal targets to manage and prevent bacterial infections in times of growing antibiotic 

resistance in our healthcare settings.   

1.2 RIPK1 and RIPK31  

Receptor interacting protein kinase 1 and 3 (RIPK1 and RIPK3) are homologous serine-

threonine kinases belonging to the RIPK family of proteins. These kinases have attracted interest 

as key regulators of death-receptor induced programmed necrosis pathway, termed “necroptosis” 

(Vanden Berghe et al. 2014; Christofferson & Yuan 2010). Given the pro-inflammatory nature of 

necrotic cell death, pathologic contributions of RIPK1 and RIPK3 in human disease have 

garnered significant interest. Experimental approaches utilizing genetic deletion of RIPK3, 

expression of kinase dead RIPK1, or use of small molecule RIPK1 inhibitors, necrostatins, in 

                                                             
1 Reprinted from (Saleh and Degterev 2015, pages 1-3) with permission from publisher. 
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models of human disease, indeed suggested important contributions of these kinases in many 

pathologic states associated with inflammation, including ischemia-reperfusion injuries, 

atherosclerosis, pancreatitis, multiple sclerosis, Amylotropic Lateral Sclerosis (ALS), 

inflammatory bowel diseases and others (Linkermann & Green 2014; You et al. 2008; Degterev 

et al. 2005; Ofengeim et al. 2015; Ito et al. 2016). While physiologic roles of RIPK1 and RIPK3 

are poorly defined, a growing body of evidence, much of which is a central focus for this thesis, 

suggests that these molecules may emerge as important players in host-immune regulation. 

RIPK1 is comprised of three functionally distinct domains, namely, an N-terminal kinase 

domain, an intermediate domain, and a C-terminal death domain. Kinase function of RIPK1 is 

important for Tumor Necrosis Factor Receptor (TNFR)-dependent necroptosis as well as 

apoptosis (Christofferson et al. 2014; Ofengeim & Yuan 2013) (Figure 1). The Serine/Threonine 

kinase domain includes an aspartate-leucine-glycine (DLG) motif-containing binding pocket for 

the allosteric RIPK1 kinase inhibitor, Necrostatin-1 (Nec-1) (Degterev et al. 2008; Xie, Peng, 

Liu, et al. 2013). Although highly-specific, the first-generation of Nec-1 was found to have some 

inhibitory activity against Indoleamine-2,3-dioxygenase (IDO). Optimization of this compound 

yielded 7-Cl-O-Nec-1 (Nec-1 or Nec-1s) with exclusive specificity against RIPK1 kinase 

(Degterev et al. 2013). Nec-1 and Nec-1s have been widely used to define kinase-dependent 

Figure 1. RIPK1. Ofengeim and Yuan, ‘Regulation of RIP1 kinase signalling at the crossroads of inflammation 

and cell death.’ Nature Reviews: Molecular Cell Biology.  

RIPK1 
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functions of RIPK1; however, the recent generation of RIPK1 kinase-inactive mouse models has 

expanded the repertoire of tools available to distinguish kinase-dependent from kinase-

independent functions of this protein (Polykratis et al. 2014; Berger et al. 2014). The 

intermediate domain of RIPK1 contains a RIP-Homotypic Interacting Motif (RHIM), which 

facilitates RIPK1 interaction with other RHIM-domain containing proteins, including DAI, TRIF 

and RIPK3. RHIM-domain interactions are required for “amyloid-like” RIPK1/RIPK3 

“necrosome complex” formation and RIPK-dependent death signaling (Kaiser et al. 2013; Li et 

al. 2012; Wu et al. 2014; Upton et al. 2012). Lastly, the C-terminal death domain mediates 

interaction of RIPK1 with death-domain containing receptors such as FasR and TNFR1 

(Christofferson et al. 2014; Ofengeim & Yuan 2013). Distinct properties associated with the 

various domains of RIPK1 enable the enzyme to act as a dynamic regulator of cell death 

signaling.  

RIPK3 shares many similarities to RIPK1, including highly homologous kinase and RHIM 

domains. Early work suggested that kinase activities of both proteins are required to initiate 

necroptosis by means of phosphorylation-driven assembly of a necrosome complex (Xie, Peng, 

Yan, et al. 2013; Cho et al. 2010). Nevertheless, available and emergent evidence highlights 

distinct regulation for RIPK3, setting it apart from RIPK1 functionally. For example, RIPK3 

lacks the death domain present in RIPK1, leaving it unable to engage death-domain containing 

receptors independent of RIPK1. Additionally, execution of TNFα-induced necroptosis requires 

RIPK3 kinase-dependent phosphorylation of Mixed-Lineage Kinase-domain Like (MLKL), a 

downstream effector of necroptosis (Xie, Peng, Yan, et al. 2013; Wu et al. 2013). MLKL is a 

requisite executioner of necroptosis: phosphorylation-dependent oligomerization and 

translocation of MLKL to the plasma membrane is directly linked to increases in plasma 
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membrane permeability, and reactive-oxygen species generation (Hildebrand et al. 2014; Li et al. 

2014; Murphy et al. 2013; Cai et al. 2014; Zhao et al. 2012). Notably, RIPK3 can also activate 

necroptosis independent of RIPK1 (Kaiser et al. 2013; Upton et al. 2012; Wu et al. 2014). 

Conversely, kinase activity of RIPK3 is not required for RIPK1 kinase-dependent apoptosis 

(Dondelinger et al. 2013).  

1.3 A brief history of Necroptosis 

In living organisms, the loss of cellular and/or tissue homeostasis results in pathology and 

disease. Similarly, disruption in the regulation of cell death regulation has been intimately linked 

to a variety of disease phenotypes (Linkermann & Green 2014; You et al. 2008; Degterev et al. 

2005; Ofengeim et al. 2015; Ito et al. 2016; Thompson 1995). Apoptosis, a form of cell death 

characterized morphologically by cellular blebbing and the appearance of apoptotic bodies, has 

been long viewed as an exclusive form of regulated cell death; however, it is clear today this this 

form of death is not solely responsible for the complexity of disease pathology. Early 

observations suggesting existence of the non-apoptotic, yet regulated, forms of cell death 

emerged from in vitro studies using tumor necrosis factor alpha (TNFα). In one example, Laster, 

Wood, and Gooding observed that TNFα could induce cell death with morphology common to 

either apoptosis or necrosis, the latter being reported as cellular ‘boiling’ or swelling and loss of 

plasma membrane integrity (Galluzzi & Kroemer 2008; Laster et al. 1988).  Further experiments 

uncovered that apoptotic versus necrotic cell-death decision making was dictated in a cell-type-

specific manner and was influenced by the activation status of caspases (Laster et al. 1988; 

Vercammen et al. 1998). In time, it became evident that necrosis can be executed in a regulated 

manner by the same pro-death signals that are associated with regulated apoptotic cell death. 

Additional works reported that a known component of TNFα-induced signaling complexes, the 
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kinase RIPK1, and inhibition of the activity of the specific initiator caspase, caspase-8, provides 

conditions for selective initiation of TNF-induced necrosis (Matsumura et al. 2000; Holler et al. 

2000). These seminal studies provided first insights into the specific factors negotiating this 

newly defined, non-apoptotic, and regulated form of cell death that manifested with necrotic 

morphology (Vanden Berghe et al. 2014; Vanden Berghe et al. 2010). A small molecule screen 

identifying Necrostatin-1 (Nec-1) as a selective inhibitor of TNFα-induced necrosis initially 

qualified the term ‘necroptosis’ as cell death that could be blocked by Nec-1. Ensuing work 

reported RIPK1 kinase as the specific target of Nec-1, thereby allowing for the evaluation of 

RIPK1 kinase-dependent necroptosis pharmacologically in clinically relevant disease models 

(Degterev et al. 2008; Degterev et al. 2005).   

Necroptosis signaling is initiated by numerous triggers, including, TNFα, FasL, and TRAIL, 

IFNs, TLRs, and virus-mediated pathways (Matsumura et al. 2000; Holler et al. 2000; Dillon et 

al. 2014; He et al. 2011; Thapa et al. 2013; Upton et al. 2012; Kearney et al. 2014). TNFα 

induced RIPK1 kinase activation and necroptosis are best understood mechanistically (Figure 2). 

Receptor engagement of TNFR1 by TNFα promotes formation of a membrane bound complex 

(Complex I), which includes RIPK1, TNF receptor-associated protein with death domain 

(TRADD), and TNFR-associated factors (TRAF2/TRAF5) (Micheau & Tschopp 2003). At this 

point, cellular inhibitors of apoptosis (cIAP1/2) and linear ubiquitin chain assembly complex 

(LUBAC) are recruited to the complex and ubiquitinate RIPK1; this regulation has been 

associated with NFᴋB activation that is independent of the catalytic function of RIPK1 (Figure 

2).  
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Deubiquitination of Complex I and its association with Fas-associated protein with death domain 

(FADD) and caspase-8 facilitates the transition of Complex I into Complex II, a death inducing 

complex that may function in a RIPK1 kinase dependent or independent manner (Micheau & 

Tschopp 2003). ‘Complex IIb’ serves to signify the pro-death version of Complex II that is 

dependent on RIPK1 kinase, distinguishing it from ‘Complex IIa’ that functions independent of 

RIPK1 kinase (Dickens et al. 2012).  Formation of Complex IIb requires deubiquitination 

catalyzed by CYLD (Moquin et al. 2013; Wang et al. 2008). When Complex IIb catalyzes 

RIPK1 kinase-dependent apoptosis that also requires caspase-8, the complex is termed the 

‘Ripoptosome’. In contrast, when caspases are inhibited, Complex IIb engages RIPK3, by way of 

homologous RHIM domains shared by RIPK1 and RIPK3. This interaction promotes formation 

Figure 2. TNFα-induced RIPK1 kinase signaling. Wegner et al., ‘Complex Pathologic Roles of RIPK1 and 

RIPK3: Moving Beyond Necroptosis.’ Trends in Pharmacological Sciences. 2016. (Wegner et al. 2016). 
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of a larger detergent-insoluble amyloid-like complex, also familiarly known as a ‘Necrosome’ 

(Li et al. 2012; Najjar et al. 2016) (Figure 2). Notably, the main function of necrosome 

nucleation in necroptosis may be to promote formation of RIPK3 homodimers, as enforced 

homodimerization of just RIPK3 is sufficient for necroptosis even in the absence of interaction 

with RIPK1 (Cook et al. 2014; Orozco et al. 2014; Wu et al. 2014). As discussed above, some 

studies have also demonstrated that RIPK1 kinase may be dispensable for RIPK3 kinase-

dependent necroptosis (Kaiser et al. 2013; Upton et al. 2012; Dillon et al. 2014; Kaiser et al. 

2014). Within necrosomes, RIPK3 undergoes phosphorylation on Ser232, which is essential for 

recruitment of downstream necroptosis effector, MLKL (Mandal et al. 2014; Chen et al. 2013). 

MLKL is unconditionally required for necroptosis as Mlkl-/- cells are resistant to this form of cell 

death (Wu et al. 2013; Sun et al. 2012; H. Wang et al. 2014). MLKL is directly phosphorylated 

by RIPK3 on Thr357/Ser358 sites within its activation loop, inducing oligomerization and a 

conformational change that releases the pro-necrotic plasma membrane-disrupting N-terminal 

four-helix bundle (Hildebrand et al. 2014; Sun et al. 2012; Chen et al. 2013; Murphy et al. 2013; 

Cai et al. 2014). Plasma membrane translocation of MLKL has been linked to perturbation of 

calcium and sodium fluxes, which are associated with increased osmotic pressure and membrane 

rupture (Chen et al. 2014).  MLKL-dependent membrane permeabilization can be induced by 

enforced dimerization of just the N-terminal bundle and brace domains, and involves interactions 

with phospholipids, including, phosphatidyl-inositides (especially PI(4,5)P2) and cardiolipin 

(Quarato et al. 2016; Dondelinger et al. 2014; H. Wang et al. 2014). However, the precise 

mechanism of how this ultimate step in necroptosis execution occurs is still a matter of 

discussion.  
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Today we understand necroptosis as cell death that morphologically resembles classical or 

unregulated necrosis, displaying enlarged and swollen organelles, early plasma membrane 

damage with eventual rupture. Similar to un-regulated or accidental necrosis, rapid loss of 

plasma membrane integrity during necroptosis leads to the release of multiple damage (or 

danger) associated molecular pattern molecules (DAMPs), such as, IL-1α, HMGB1, ATP, uric 

acid, and HSPs, leading to pro-inflammatory changes (Kaczmarek et al. 2013). Importantly, 

specific activation of MLKL by RIPK3 kinase that may or may not also require RIPK1 kinase, 

defines the necroptosis pathway and distinguishes it from other forms of regulated and 

unregulated necrosis.  

1.4 Pathogen-induced cell death2   

1.4.1 Viral-induced cell death 

The pathogenesis of viral species is uniquely dependent on their ability to replicate within host 

cells. Accordingly, viruses have evolved mechanisms inhibiting cell death and prolonging 

survival of host cells to ensure reliable replication (Galluzzi et al. 2010; Roy & Mocarski 2007; 

Lamkanfi & Dixit 2010). Viruses equipped to inhibit apoptosis are commonplace and are 

described extensively in the literature (Mocarski et al. 2012; Lamkanfi & Dixit 2010). Among 

known examples, Kaposi’s sarcoma herpesvirus (HSV-8) and human poxvirus molluscum 

contagiosum encode viral-FLICE inhibitory protein (v-FLIP) family members; these molecules 

act in a dominant-negative fashion to inhibit caspase-8 and caspase-10 recruitment to the death-

inducing signaling complex (DISC) (Bertin et al. 1997; Hu et al. 1997; Thome et al. 1997; 

Shisler & Moss 2001; Thurau et al. 2006). Orthopoxviruses, including cowpox, vaccinia, 

                                                             
2 Reprinted from (Saleh and Degterev 2015, pages 4-17) with permission from publisher. 
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ectromelia, and rabbitpox viruses bear homologous serine-protease (serpin) inhibitors of 

caspases (Dobbelstein et al. 1996; Macen et al. 1996; Turner et al. 2000; Best 2008). These 

peptides are among a broad class of serpin protease inhibitors that bind within the active sites of 

target enzymes rendering them inactive. Herpesvirus family members, HSV-1 and HSV-2, 

encode a caspase-8 inhibitor gene, UL-39, which generates ribonucleotide reductase subunit 

protein, R1, also known as ICP6 or ICP10 for HSV-1 an HSV-2, respectively (Dufour et al. 

2011; Mocarski et al. 2012). A third herpesviridae, cytomegalovirus (CMV), encodes a distinct 

inhibitor of caspase-8 function, viral-inhibitor of caspase-8 activation (vICA) (Skaletskaya et al. 

2001). Caspase-8 inhibitors are also present in adenoviruses and human papilloma virus-16 

(HPV-16), a strain commonly associated with cervical cancer (Kabsch & Alonso 2002). 

Baculoviruses express inhibitors of apoptosis, including a homologue of human X-linked 

inhibitor of apoptosis (XIAP) and a pan-caspase inhibitor, p35 (Birnbaum et al. 1994; Deveraux 

& Reed 1999; Crook et al. 1993).  Apoptosis inhibitors have also been identified in the Influenza 

virus (Yatim & Albert 2011). Although this list is not exhaustive, it serves to illustrate that 

apoptosis inhibitors are common in viral species.   

Emerging evidence suggests that caspase-independent death may become paramount for host-

defense in the presence of anti-apoptotic signals or caspase-inhibitors. For example, fibroblasts 

infected with vaccinia virus underwent necrotic cell death that was reduced in cells infected with 

a mutant lacking caspase inhibitor B13R (Li & Beg 2000). In vaccinia infection, RIPK1- and 

RIPK3-dependent cell death is required to contain viral dissemination; RIPK1 kinase-inactive 

mice of the D138N flavor (RIPK1D138N) and RIPK3 knockout (Ripk3-/-) mice displayed a 10 to 

100-fold increase in viral titers compared to wild-type (WT) counterparts (Cho et al. 2010; 

Polykratis et al. 2014). Ripk3-/- mice were also observed to have diminished survival and 
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increased viral dissemination compared to that observed in RIPK1D138N mice suggesting that 

RIPK3 may play a more prominent role in virus-induced necroptosis. For example, cell death 

induced by MCMV virus, lacking RIPK inhibitor M45, has been found to involve direct 

activation of RIPK3 by viral DNA sensor DAI (Upton et al. 2012). These data suggest that 

RIPK1 and RIPK3 may play significant roles in anti-viral responses, but their activities may not 

be linearly connected as has been proposed in TNFα-induced cell death (Vandenabeele, 

Declercq, et al. 2010). 

1.4.1.2 Herpes Simplex Virus 1 and 2 

Herpes simplex viruses, HSV-1 and HSV-2, are viral pathogens commonly recognized for 

causing tissue ulceration around the oral cavity and genitals, respectively (Klein 2015a; Albrecht 

2014). More severely, HSV-1 can also manifest as a life-threatening encephalitis following 

inoculation of the oral-pharyngeal cavity. HSV-1 encephalitis is regarded as the most common 

cause of sporadic encephalitis in the world (Klein 2015b).  

Molecular studies have demonstrated that in murine cells HSV-1 induces programmed necrosis 

which limits viral replication (Xing Wang et al. 2014; Huang et al. 2015). RIPK3 deletion 

completely protected mouse embryonic fibroblasts (MEFs) and L929 cells from HSV-1-induced 

cell death. This function of RIPK3 is attributed to its kinase activity as cells expressing a kinase-

dead mutant were just as viable as Ripk3-/- counterparts. L929 cells lacking RIPK1 were partially 

protected from cell death indicating that RIPK1 is also important for HSV-1 induced cell death. 

Not surprisingly, HSV-1-induced cell death also required canonical effector of necroptosis, 

MLKL. Knock-down of MLKL in WT MEFs or L929 cells protected against HSV-1 induced 

cell death. Importantly, HSV-1-induced cell death effectively limited viral propagation as Ripk3-
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/- L929 cells generated larger viral titers than WT counterparts post-infection (Huang et al. 2015; 

Xing Wang et al. 2014).  

Mechanistic analyses revealed that HSV-1 induced cell death was dependent on RHIM domain 

interactions. MEFs expressing RHIM-domain mutant of RIPK3 were protected from HSV-1 

induced cell death. Authors identified that the viral RHIM-domain containing protein,  

ribonucleotide reductase subunit 1 (R1), also known as ICP6, induced necrosis in target cells 

(Xing Wang et al. 2014; Huang et al. 2015). Conversely, HSV-1 carrying a RHIM-domain 

mutant of ICP6 (ICP6mutRHIM) did not cause cell death. Specifically, RIPK1 and RIPK3 could 

be co-immunopreciptated with ICP6 in HSV-1 infected MEFs; however, no interaction was 

detected upon infection with virus carrying ICP6mutRHIM (Huang et al. 2015). Huang and 

colleagues further demonstrated that ICP6 can induce RIPK1-RIPK3 hetero interactions and 

RIPK3-RIPK3 homo interactions in HEK293T cells. These findings suggest that HSV-1 induced 

programmed necrosis requires RHIM-domain interactions of ICP6 with RIPK1 and RIPK3, 

which leads to induction of necroptosis in infected cells and limits viral infections (Table 1). This 

presents an interesting mechanism linked to the life-cycle of HSVs as expression of ICP6 has 

been found to be essential for the reactivation of the virus in quiescent cells and has also been 

reported to inhibit caspase-8 activation (DJ & Weller 1988; Langelier et al. 2002; Dufour et al. 

2011).   

Necroptosis improved host health and survival while limiting viral titers and propagation in vivo 

(Huang et al. 2015; Xing Wang et al. 2014). Ripk3-/- mice lost more bodyweight following 

infection compared to WT counterparts. Moreover, HSV-1 viral DNA was detected in greater 

abundance in serum, liver, and nervous tissue in Ripk3-/- animals suggesting increased viral 

propagation. Greater viral dissemination corresponded to worse outcomes as Ripk3-/- mice had 



29 

 

diminished survival compared to controls. Concordantly, viral dissemination was increased and 

animal survival decreased in WT mice infected with ICP6mutRHIM HSV-1 compared to WT 

HSV-1.  

Interestingly, while two groups reported that HSV-1 is able to effectively induce cell death in 

murine cells, HSV-1 induced cell death was not similarly observed in human cells (Guo et al. 

2015; Huang et al. 2015). Data showed that RHIM-domains of ICP6 in HSV-1 and ICP10 in 

HSV-2 inhibited TNFα-induced RIPK3-dependent necroptosis in human HT29 cells by 

competing for RHIM-domain interactions of RIPK1 and RIPK3 (Guo et al. 2011). Accordingly, 

ICP6mutRHIM HSV-1 did not impair TNFα-induced RIPK3 kinase dependent cell death and 

limited viral titers (Table 1) (Guo et al. 2015). 

In sum, ICP6 induced necroptosis in a RHIM-dependent manner in murine cells while serving 

the opposite function, by blocking necroptosis, in human cells. These seemingly contradictory 

observations stress the versatility of the RHIM-domain in necroptosis signaling. It also suggests 

that important, yet currently unknown, mechanistic differences must exist in how human and 

mouse RHIM-domains interact. Irrespective of further mechanistic clarification, these findings 

may be reconciled by the fact that HSV-1 is a natural human pathogen and thus, may have 

evolved to evade human and not mouse RIPK1 and RIPK3 kinase-dependent necroptosis. 

Alternatively, HSV-1 may have emerged as a human pathogen because of its ability to block 

necroptosis specifically in human cells. Although differences between the abilities of host-

pathogen interactions in humans and mice to induce necroptosis are not yet well-established, 

these differences may materialize as important clues in defining innate immune roles for RIPK1 

and RIPK3.   

1.4.1.3 Cytomegalovirus 
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Cytomegalovirus (CMV) is highly prevalent in the general population. Although it is benign in 

healthy individuals, the virus can be lethal in the immunocompromised population, including 

AIDS patients and transplant recipients (Friel 2014). Due to its prevalence, CMV is the most 

common cause of congenital infection in newborns. Mothers experiencing primary CMV 

infection or viral reactivation are at increased risk for vertical transmission to their unborn 

children. Congenital infection can lead to permanent damage, marked by hearing loss, vision 

impairment, and or cognitive retardation (Demmler-Harrison 2015).  

In 2010, Kaiser and colleagues reported that murine CMV (MCMV) M45 protein, a RHIM-

domain containing viral inhibitor of RIP activation (vIRA), was required for viral dissemination 

and decreased host survival (Upton et al. 2010). Further investigation resolved that the RHIM 

domain of vIRA inhibited RHIM domain interactions between DNA-dependent activator of 

interferon regulatory factors (DAI), an intracellular sensor of viral DNA, and RIPK3 that were 

required for RIPK3-dependent cell death. In accord, mice infected with MCMV carrying a 

mutation in the RHIM domain of M45 protein (M45mutRHIM) had improved survival and lower 

viral titers in lymphoid organs compared to mice infected with WT MCMV. Similarly, deletion 

of DAI or RIPK3 rescued the pathogenicity of the M45mutRHIM virus, suggesting that RIPK3-

dependent necrosis mitigated viral-induced health decline of the organism and minimized viral 

dissemination (Upton et al. 2010; Upton et al. 2012). These findings are consistent with a model 

in which RIPK3-dependent necrotic cell death limits viral replication by triggering necroptosis in 

the infected cells to protect the host against a pathogen fortified to suppress pro-apoptotic signals 

(Table 1). 

Analogous to MCMV, human CMV (hCMV) is able to block necrotic death in target cells. In 

2015, Mocarski’s group reported that low passage, newborn human foreskin fibroblasts 
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transduced with hRIPK3 and infected with hCMV were protected from necrotic cell death 

induced by either a combination of TNFα, smac mimetics (SM), and zVAD.fmk (zVAD) or 

M45mutRHIM MCMV infection. Importantly, in the absence of hCMV, both conditions induced 

death dependent on the kinase-activity of hRIPK3 as death was not observed in cells transduced 

with a kinase-dead mutant of RIPK3 (hRIPK3 K50A). Remarkably, phosphorylated forms of 

hRIPK3 and MLKL were still observed in hCMV infected cells, suggesting that hCMV differs 

from MCMV in that it blocks programmed necrosis downstream of RIPK3 and MLKL activation 

through a yet to be defined mechanism. An approach utilizing UV-light induced viral 

mutagenesis revealed that viral regulatory protein, IE1, known to modulate host gene expression 

and innate immune signaling, was required by hCMV to block programmed necrosis. 

Expectedly, deletion of IE1 increased sensitivity to hRIPK3-induced cell death and resulted in 

decreased viral titers in vitro (Omoto et al. 2015).   

Human and murine CMVs apply different strategies in blocking RIPK3-dependent cell death. 

This may reflect evolutionary variations in viral species to accommodate specificities of host cell 

biology. For example, although RHIM-domain interactions may be sufficient to block RIPK3-

dependent cell death in murine cells, this may not be true for human hosts. The current evidence 

indicates that hCMV is armed with mechanisms independent of RHIM-domain interactions to 

block necroptosis. This hypothesis is further supported by the previous observation that the 

RHIM-domain containing protein that blocks HSV-induced cell death in mouse cells fails to do 

so in human hosts. Altogether, these dichotomous observations suggest that fundamental 

differences between RIPK3-dependent cell death pathways in human and mouse systems are not 

fully understood.   

1.4.1.4 Reoviruses 
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Mammalian orthoreoviruses (Reoviruses) comprise a family of double-stranded RNA viruses 

known to cause respiratory and enteric infections. Although most reoviruses are not associated 

with clinical disease, the rotavirus, a species of reovirus, is the most common cause of 

gastroenteritis, resulting in diarrhea and fever in children (O’Ryan & Matson 2015).  

Reoviruses are known to induce caspase-dependent apoptosis in target cells (Clarke et al. 2003; 

Richardson-burns et al. 2002; Danthi et al. 2013). However, recent studies also suggested 

activation of viral-induced necroptosis. The Type-3 Dearing (T3D) strain induced cell-death in 

murine L929 fibrosarcoma cells that could not be blocked by inhibition of caspases, but was 

blocked by Nec-1, suggesting that cell death was RIPK1 kinase dependent (Berger & Danthi 

2013) (Table 1).    

Mechanisms responsible for the activation of necroptosis by reoviruses are currently unknown. 

Additionally, the functional value of RIPK1 kinase-dependent mechanisms in reoviral disease, 

including control of viral counts in vivo, duration of infection, tissue histopathology, and health 

outcomes, remains to be established.  

1.4.5 Influenza A 

Influenza viruses, part of the broader orthomyxoviridae family, are enveloped negative-strand 

RNA viruses that include strains A and B. The virus is readily aerosolized and communicable in 

the human population, causing a self-limited, acute, seasonal respiratory tract infection, 

identified as Influenza or Flu. Patients manifest with upper and or lower-respiratory tract illness 

in conjunction with signs of systemic illness including, fever, headache, muscle pain, and 

weakness. Certain high-risk patient populations, such as the elderly, pregnant, and 
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immunosuppressed may develop a more complicated illness, marked by pneumonia or infection 

of the nervous system (Dolin 2015; Yatim & Albert 2011). 

Three studies have closely examined roles for RIPK3 in driving cell death signaling following 

Influenza A viral (IAV) infection. Experiments revealed that IAV infection of MEFs and 

alveolar epithelial cells drives cell death that is dependent on RIPK3 and is associated with 

(necrosome) complex formation of RIPK3 with RIPK1, FADD, and MLKL (Nogusa, Thapa, et 

al. 2016; Kuriakose 2016). RIPK3 activates pro-apoptotic signaling by way in coordination with 

RIPK1, FADD, and caspases as well as necroptotic signaling, which requires MLKL, to drive 

cell death. Notably, this signaling is induced by the intracellular nucleotide sensor 

DAI/ZBP1/DLM-1 which also nucleates necrosome complexes (Thapa et al. 2016). In vivo, 

Ripk3-/- mice had diminished survival, increased viral titers, and decreased lung inflammatory 

cell infiltrates, compared to WT counterparts following IAV infection. Similarly, in the absence 

of FADD and MLKL, mice had diminished survival and increased viral titers compared to in the 

absence of MLKL alone, suggesting that RIPK3 dependent apoptosis and necroptosis are 

required for protection against IAV (Nogusa, Thapa, et al. 2016).  

In another study, deletion of RIPK1 ubiquitin-ligase, cellular-inhibitor of apoptosis 2 (cIAP2), 

promoted Influenza A-induced respiratory tissue necrosis that was dependent on RIPK1 kinase-

activity and RIPK3. This study also reported that cIAP2 deficient mice had diminished survival 

without alterations in viral load (Rodrigue-Gervais et al. 2014). Moreover, cIAP2 knockout mice 

treated with Nec-1 or also carrying a deletion of RIPK3 were protected from pathologic features 

of tissue necrosis and displayed improved survival. Nevertheless, loss of RIPK3 on a cIAP2 

knockout background did not alter viral titers, indicating that early death in cIAP2 knockout 

mice was likely a consequence of respiratory-failure as opposed to unbridled viral burden. These 
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data provide evidence that in the absence of cIAP2, RIPK1 and RIPK3-dependent cell death are 

not required to limit viral propagation, but rather to promote lethal tissue injury as a feature of 

the viral pathogenesis (Rodrigue-Gervais et al. 2014) (Table 1).  

It is well-established that cIAPs are important physiologic inhibitors of RIPK-dependent 

necroptosis (McComb et al. 2012). Accordingly, RIPK1 and/or RIPK3 may be inappropriately 

activated in the absence of cIAP2. Acute activation of RIPK1 and RIPK3-dependent cell death 

following viral infection suggests that RIPK1 and RIPK3 function is specifically modified 

following infection, either as a consequence of direct viral regulation or secondary to local tissue 

inflammation and death receptor ligation. Indeed, deletion of death-receptor ligand, FasL, 

normalized animal survival, suggesting that RIPK1 and RIPK3 are inappropriately activated 

downstream of FasL in cIAP2 knockout mice (Rodrigue-Gervais et al. 2014). Furthermore, 

fluorescence activated cell-sorting (FACS) analysis demonstrated that both uninfected and 

infected respiratory epithelia of cIAP2 knockout mice were more likely than their WT 

counterparts to undergo necrotic cell death, suggesting that cell death is induced by an 

exogenously released factor(s) rather than the virus itself (Rodrigue-Gervais et al. 2014). Finally, 

authors found that Ripk3-/- mice did not have surplus viral burden, deficits in viral clearance, or 

excess tissue-injury compared to WT counterparts (Rodrigue-Gervais et al. 2014). Notably, this 

was in marked contrast to more recent studies summarized above in spite of the fact that both 

groups reported studies using the PR8 strain. Altogether, these works point to an important role 

for cell death pathways mediated by RIPK1 and RIPK3 kinases in controlling host-responses in 

the context of Influenza pathogenesis.  

1.4.2 Bacterial-induced cell death 
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Bacteria are able to replicate independently of the host-cell and thus bacterial pathogenesis is 

oftentimes not strictly dependent on host-cell survival. Nevertheless, certain bacterial species 

survive and proliferate intracellularly. For these species, host-cell integrity and longevity may be 

paramount (Pujol & Bliska 2005). Recent studies have underscored the roles of RIPK1 and 

RIPK3 dependent cell death as important features of bacterial infection. However, it remains to 

be fully determined whether infection-associated activation of RIPK1 and RIPK3 signaling 

serves as a feature of the host-response or an exploitable weakness in host-defense. Examples of 

RIPK1 and RIPK3 dependent regulation of the host-response against specific bacterial pathogens 

are examined below.    

1.4.2.1 Yersinia 

Yersinia species are gram-negative enteric pathogens that include the human pathogenic forms 

Yersinia Pestis, Yersinia Pseudotuberculosis, and Yersinia Entercolitica.  Pestis is notorious for 

its ferocity and was the root of the black plague in medieval Europe (Sexton 2014). Unlike 

Pestis, Pseudotuberculosis and Entercolitica are generally not lethal and produce similar 

symptoms with fever, abdominal pain, and diarrhea (Tauxe 2013). However,  

Pseudotuberculosis can also manifest with tuberculosis-like symptoms, including tissue necrosis 

and granulomas in the spleen, liver, and lymph nodes (Viboud & Bliska 2005). Virulence of 

these bacteria is dependent on the translocation of a series of pathogenicity factors, called, 

Yersinia outer proteins (Yops), which are exported from the bacteria into host cells by a bacterial 

encoded protein translocation system, the type-III secretion system (TTSS) (Viboud & Bliska 

2005; Zhang et al. 2011; LaRock & Cookson 2012).  

Phagocytic cells, in particular macrophages and dendritic cells, play important roles in the 

pathogenesis of Yersinia species. During infection, these host immune cells engulf bacteria and 
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facilitate their systemic spread, specifically to mesenteric lymph nodes, spleen, and liver (Viboud 

& Bliska 2005).  Significantly, all three human pathogenic Yersinia species have also been 

shown to survive and possibly replicate within macrophages and dendritic cells (Pujol & Bliska 

2005; Bliska 2003; Pujol et al. 2009). Accordingly, programmed cell death of phagocytic cells in 

Yersinia infection may be an important feature of the host-response. 

Recent studies have uncovered important roles for RIPK1 in Yersinia-induced macrophage cell 

death. Pharmacologic inhibition of RIPK1 prevented Yersinia induced cell death in macrophages 

(Weng et al. 2014; Philip et al. 2014). RIPK1 deficient fetal-liver derived macrophages were also 

resistant to Yersinia Pestis induced cell death. Notably, Yersinia-induced cell death was also 

shown to require caspase-8 and kinase activity of RIPK3 (Weng et al. 2014). Although 

macrophages lacking caspase-8 or RIPK3 or treated with RIPK3 inhibitor, GSK’872, were not 

protected from Pestis-induced death, combined loss of caspase-8 and deletion or inhibition of 

RIPK3 resulted in complete protection (Weng et al. 2014). The sufficiency of RIPK1 kinase and 

either caspase-8 or RIPK3 for cell death, suggests that RIPK1 may function to activate either 

caspase-8-dependent apoptosis or RIPK3-dependent cell death in response to Yersinia infection.  

Caspase-8 and RIPK3 double-knockout animals had increased susceptibility to infection by 

Yersinia (Weng et al. 2014; Philip et al. 2014). These mice had increased bacterial colony-

forming units in spleens, increased inflammatory infiltrates in hepatic tissue sections, and 

diminished survival. As noted during viral infection, inhibition of cell death during Yersinia 

infection was detrimental to organism survival. Resultantly, elimination of infected host-cells is 

likely important for the control of Yersinia as it is for viruses because both pathogens can survive 

and replicate intracellularly. Altogether, these observations suggest that engaging RIPK1 kinase 
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dependent apoptosis requiring caspase-8 or RIPK1 kinase-dependent necroptosis requiring 

RIPK3 may be utilized by the host to combat Yersinia infection. (Table 1). 

In parallel, caspase-1-dependent pro-inflammatory cell death, pyroptosis, may also be engaged in 

Yersinia-induced, RIPK1 dependent, cell death of phagocytic cells.  This hypothesis is supported 

by an experiment showing that Yersinia-infection resulted in reduced production of the cleaved 

or active form of caspase-1 in the absence of RIPK1 (Weng et al. 2014). This regulation is likely 

driven by cell extrinsic TNFα (Peterson et al. 2016) 

Yersinia-induced RIPK1 kinase dependent cell death has been attributed to YopJ, one of the Yop 

pathogenicity factors that is well known for inhibiting pro-inflammatory and pro-survival NFᴋB 

and MAPK signaling in target cells. Interestingly, macrophages infected with Yersinia mutants 

lacking functional YopJ (∆YopJ) were protected from RIPK1 kinase dependent cell death. YopJ 

induced cell death was prompted by two independent signaling axes, one which required the 

Toll-like receptor 4 adaptor protein, TRIF, and the other which was dependent on cell extrinsic 

TNFα released from poorly infected cells in culture (Peterson et al. 2016). These data support a 

model in which host immune cells may have evolved new modalities of YopJ-induced cell death 

to mitigate bacterial pathogenicity in the face of a bacterial agent, YopJ, which limits protective 

inflammatory responses (Table 1). 

Observations reported here cement a role for RIPK1 (kinase)-dependent cell death in Yersinia-

infection. Although it is unclear whether RIPK1 induces primarily an apoptosis, necroptosis, or 

pyroptosis, or perhaps some combination of the three, the Yersinia-infection model uncovers 

novel infection-associated cell death regulation by RIPK1. Moreover, recognizing that Yersinia 

species have the capacity to survive and possibly replicate within phagocytic cells, it is not 
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surprising that programmed elimination of infected immune cells protects against dissemination 

of Yersinia in the host. 

1.4.2.2. Salmonella 

Salmonella Enterica species (Salmonella) are gram-negative facultative intracellular bacilli 

which cause gastroenteritis in humans with symptoms including fever, diarrhea, and abdominal 

pains (Kotton & Hohmann 2013). Similar to other bacteria which can survive and replicate in 

host immune cells, Salmonella is able to commandeer anti-inflammatory M2 macrophages, 

spread systemically, and seed lymphoid tissue (Behnsen et al. 2015; Alpuche-aranda et al. 1994; 

Nix et al. 2007; Kotton & Hohmann 2013; McCoy et al. 2012). Dissemination of Salmonella can 

promote tissue specific damage including abscess formation and osteomyelitis as well as 

systemic infection or sepsis (Hohmann 2014).   

A recent study demonstrated that Salmonella induced type-I interferon (IFN-I) signaling resulted 

in macrophage necroptosis (Robinson et al. 2012). Macrophages deficient in the interferon-alpha 

receptor (Ifnar-/-), which is required for sensing IFN-Is (Inteferon α and/or Interferon β), or 

cultured with anti-IFN-I antibodies, were resistant to Salmonella induced death. Inhibition of 

RIPK1 blocked over 60% of cell death induced by Salmonella in WT macrophages which was 

similar to the extent of death observed in IFNaR knockout macrophages. Moreover, deletion or 

knockdown of RIPK3 in macrophages abrogated Salmonella-induced cell death (Robinson et al. 

2012).  

Both Ifnar-/- and Ripk3-/- mice had decreased bacterial load and increased numbers of circulating 

macrophages compared to WT counterparts. This protective phenotype was likely conferred by 

the hematopoietic compartment as Ifnar-/- bone-marrow transplanted into WT mice limited 
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bacterial titers. Curiously, Ripk3-/- mice did not have improved survival indicating that bacterial 

titers do not necessarily correlate with organism survival in the case of Salmonella infection 

(Robinson et al. 2012).  

These paradoxical observations merit investigation into the relationship between Salmonella 

titers and manifestation of disease. One may inquire whether increased macrophage survival in 

the absence RIPK3 is underestimating total bacterial loads by excluding intracellular bacteria. In 

this case, necroptosis of anti-inflammatory M2 macrophages may serve to limit intracellular 

proliferation of Salmonella and contain infection. Nevertheless, these data suggest that 

Salmonella infection presents another model of RIPK1 and RIPK3-dependent innate immune 

regulation. Interestingly, this regulation manifests by a mechanism that is distinct, and perhaps 

functionally opposite, from cell death induced by Yersinia (Table 1). 

1.4.2.3. Escherichia coli 

Escherichia coli (E.coli) is a gram-negative bacterial species that includes a diversity of strains 

or serotypes. Although the majority of these serotypes are benign, some have procured the 

capacity to cause serious infection and tissue damage. One such pathogenic strain, 

Enteropathogenic E.coli (EPEC), is associated with sporadic diarrheal illness, particularly in 

young children. The pathogenesis of virulent strains of E.coli are attributed to the acquisition of 

toxic effectors that are injected into target or host cells (Wanke 2013). 

Nleb1 is a pathogenicity effector protein found among species of E.coli and Salmonella. 

Mechanistic analyses revealed Nleb1 possesses N-acetylglucosamine transferase activity that 

modifies a conserved arginine residue in death-domain containing proteins, including TNFα 

Receptor (TNFR), TNF receptor-associated death domain (TRADD), FAS receptor (FasR), and 
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RIPK1 (Li et al. 2013; Pearson et al. 2013). Nleb1 enzymatic activity blocked TRADD 

oligomerization and death receptor induced signaling complex (DISC) formation (Li et al. 2013; 

Pearson et al. 2013). Pearson and colleagues found that Nleb1 co-immunoprecipitated with death 

domain proteins, TRADD, FADD, and RIPK1 in 293T cells. In addition, Nleb1 abolished death-

receptor induced apoptosis in HeLa-cells and TNFα/zVAD/SMAC mimetic-induced necroptosis 

in RIPK3-expressing HeLa cells (Li et al. 2013). In murine infection models, EPEC either 

lacking Nleb1 or carrying enzymatically inactive Nleb1 mutants were unable to effectively 

colonize host gastrointestinal tracts (Li et al. 2013). These findings suggest that multiple cell 

death pathways, including RIPK3-dependent cell death, may be manipulated by Nleb1 

expressing E.coli to establish infection, potentiate survival of infected cells, and minimize 

associated tissue destruction. Specific roles for RIPKs in Nleb1-associated infection remain to be 

elucidated (Table 1). 

1.4.2.4 Pore-forming toxin producing bacteria 

Pore-forming proteins (PFPs) are bacterial toxins that increase host-cell membrane permeability 

and thereby contribute to bacterial virulence. Some commonly recognizable virulent bacterial 

species and their significant clinical presentations include:  E.coli (urinary tract infections and 

gastroenteritis), C. diphtheria (diphtheria; upper respiratory infections), C. perferinges (tissue 

necrosis and gas gangrene), C. septicum (tissue necrosis and gas gangrene), B. anthracis 

(anthrax; pneuomonia, gastroenteritis, and or cutaneous ulcers), L. monocytogenes 

(gastroenteritis and meningitis), S. aureus (cellulitis, impetigo, abscess, and respiratory tract 

infections), V. cholera (diarrhea and dehydration), and Y. pseudotuberculosis (gastroenteritis) 

(Bischofberger et al. 2012).  
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PFP associated changes in membrane permeability may serve in any of a variety of functions in 

bacterial pathogenesis. The literature includes precedents of PFPs that direct translocation of 

effector proteins or other toxins into host-cells; facilitate microbial invasion of the intracellular 

space; disrupt host-cell ion-homeostasis and energy balance; alter membrane compartment 

dynamics; and/or promote direct host-cell destruction. For example, type-III secretion systems 

(TTSS) of gram-negative bacteria, like Yersinia and Salmonella species, use PFPs to translocate 

effector proteins into target cells (Zhang et al. 2011). Alternatively, Listeria monocytogenes’ 

PFP, listeriolysin O (LLO) blocks acquisition of anti-bacterial proteins by Listeria containing 

host-cell vacuoles (Bischofberger et al. 2012).  

At high PFP concentrations, host-cell death occurs by necrosis; however, at low PFP 

concentrations, cell death has been linked to apoptosis, necroptosis, as well as pyroptosis (Knapp 

et al. 2010; Kennedy et al. 2009; Lin et al. 2010; Boyden & Dietrich 2006; Craven et al. 2009). 

In the latter instance, the lack of uniformity in cell-death suggests that host-cell demise may be 

part of a regulated host-response as opposed to a generalized manifestation of death secondary to 

overly cumbersome cell stress or membrane perforation. Notably, Nec-1 inhibited necrosis 

induced by clostridium perferingees’ PFP, clostridium perferingees β-toxin (CPB), specifying 

RIPK1 kinase-dependent regulation of CPB-induced necrosis (Autheman et al. 2013).  

A study published by Kitur and colleagues suggested that RIPK1 and RIPK3-dependent necrosis 

may not be beneficial to the host. Kitur observed that toxin-induced programmed necrosis is a 

major mechanism of lung damage by methicillin-resistant Staphylococcus Aureus (MRSA or SA), 

strain USA300. Authors reported that SA infection induced programmed necrosis in THP-1 

human monocytes that was inhibited by Nec-1 or the MLKL inhibitor necrosulfonamide (NSA). 

Cytotoxicity was attributed to pore-forming toxin, α-hemolysin (Hla), and other leukotoxins as 
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macrophage cell death could be induced by bacterial conditioned media alone, but was abrogated 

by conditioned media from selective toxin-null mutant strains. Remarkably, murine lung 

infection models uncovered that deletion of RIPK3 or blockade of necrosis by Nec-1 enhanced 

bacterial clearance and limited tissue injury. Furthermore, WT mice had diminished macrophage 

populations in lung tissue compared to Ripk3-/- counterparts following infection (Kitur et al. 

2015). These findings suggest that toxin-producing bacterial species such as SA, may aggravate 

tissue damage and cause localized immunodeficiency to enhance bacterial infection and thereby 

compromise host-survival (Table 1).  

Although the collected data indicates that RIPK1 and RIPK3 may be important in models of 

PFP-bacterial infection models, it is unclear as to whether RIPK1 or RIPK3 dependent cell death 

generally serves as an advantageous or injurious feature of the host-response. The majority of 

reports available do not explore the contribution of RIPK1 or RIPK3 dependent cell death in 

PFP-associated bacterial dissemination and organism survival. Accordingly, the role of RIPK1 

and RIPK3 dependent cell death in PFP-associated bacterial pathogenesis remains unclear.  

1.4.2.5. Mycobacterium tuberculosis 

Mycobacterium tuberculosis (M.tb) is the causative agent of Tuberculosis (Tb), an infectious 

disease that is communicable by respiratory secretions in humans. Although Tb commonly 

manifests in the lungs because aerosolized particles descend into pulmonary recesses, the 

infection can disseminate systemically if poorly contained.  Tb is established in one of three 

forms: primary, latent, and reactivation. Primary tb is active or fulminant tb that occurs following 

a new or initial exposure. Latent tb is established when a new infection enters a state of 

dormancy and is thought to occur when invading M.tb are confronted by a robust immune 

response. In this case, the host is neither contagious nor exhibits the symptoms of tb, and is 
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labeled a carrier. The third form, reactivation tb, is defined as the emergence of active or 

symptomatic tb in a carrier (Pozniak 2015; Schluger & Rom 1998). 

The genesis of tb is a complex process that is poorly understood; however, it is accepted that 

macrophages are required to contain infection (Ulrichs & Kaufmann 2006). Additionally, TNFα 

is recognized as a critical cytokine in the development of tb; for example, patients with 

Rheumatoid Arthritis on an anti-TNFα regimen are more likely to develop reactivation of tb 

(Miller & Ernst 2009). Patients with compromised immunity, who are immunodeficient or 

immunosuppressed, are also at increased risk of developing primary or reactivation tb (Pozniak 

2015). Models of tuberculosis in zebrafish have demonstrated that exogenous TNFα can limit 

mycobacterial titers in animals with deficiencies in TNFα synthesis (Tobin et al. 2012; Tobin et 

al. 2010; Roca & Ramakrishnan 2013). Roca and Ramakrishnan have specifically reported that 

high TNFα induces production of reactive oxygen species (ROS) and thereby augments 

macrophage bacteriocidal activity while promoting RIPK1 kinase and RIPK3 dependent 

necroptosis. As TNFα is the best known inducer of necroptosis in vitro and in vivo, these data 

may suggest involvement of RIPK1 and RIPK3, but this has not yet been established directly in a 

physiologic M.tb infection model. Additionally, the associations noted above prompt questions 

examining the roles of RIPK1 and RIPK3 on organism health and survival in M.tb infection 

(Table 1). 

1.4.2.6. Summary of pathogen-induced cell death 

Multiple lines of evidence suggest that activation of RIPK1 and RIPK3 dependent cell death is 

an important consequence of host-pathogen interactions. In cases of viral infections, the available 

data indicate that engagement of RIPK1 and RIPK3 signaling limits viral pathogenesis. By 

comparison, in cases of bacterial infection, the available data reveal that the competitive 
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advantage conferred by initiating RIPK1 and/or RIPK3 dependent cell death may lie with the 

host or the bacteria, depending on the identity of the bacteria. For example, cell death may 

function as part of the productive innate immune responses to mitigate infection; alternatively, 

cell death may be induced by bacteria to eliminate immune cells and trigger massive tissue 

damage and thus, may be targeted for therapeutic intervention. A broader understanding of the 

bacterial contexts regulating RIPK1 and RIPK3 dependent cell death and their underlying 

mechanisms remain to be clarified.  
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Table 1. Roles of RIPK1 and RIPK3 in Pathogen-induced cell death. 

*Reprinted from (Saleh and Degterev 2015, Table 1) with permission from publisher. 

 

 

Microbe Host-Species Caspase-
inhibitor 

Mechanism 
of RIPK 
inhibition 

Mechanism of 
RIPK 
activation 

RIPKs  Function of 
RIPK-
dependent 
signaling in 
host cell 

Impact of RIPK-
dependent 
signaling on 
organism 

Vaccinia Virus Murine SPI-2 or B13R 
(Serpin) 

 Undefined RIPK3 Induces host-
cell death 

Reduced viral titers 
and improved host-
survival 

Reoviruses 
(T3D strain) 

Murine (L929 
cells) 

Undetermined  Undefined RIPK1 Induces host-
cell death 

Undefined 

Influenza-A Human NS1  Death-receptor 
ligation/FasL-
Fas 
 

RIPK1 and 
RIPK3 
 
 
 

Induces tissue 
injury/death  
(in the 
absence of 
cIAP2) 

Diminished survival 
(in the absence of 
cIAP2) 
 

DAI-dependent RIPK3 Induces host-
cell death 

Limits viral 
propagation 

HSV-1  Murine UL-39/ICP6  RHIM-domain 
interaction of 
ICP6 

RIPK1 and 
RIPK3 

Induces host-
cell death 

Reduced viral titers 
and improved 
survival 

HSV-1  Human UL-39/ICP6 ICP6 
competing for 
RHIM-domain 
interactions 
between 
RIPKs 

 RIPK1 and 
RIPK3 

Inhibits host-
cell death 

Enhanced viral 
propagation 

HSV-2 Human UL-39/ICP10 ICP10  
competing for 
RHIM-domain 
interactions 
between 
RIPKs 

 RIPK1 
and RIPK3 

Inhibits host-
cell death 

Undefined 

MCMV Murine vICA, Bax, Bak M45 
disrupting 
RHIM-domain 
interactions 
between DAI 
and RIPK3 

 RIPK3 Inhibits host-
cell death 

Enhanced viral 
propagation and 
diminished 
organism survival 

hCMV Human vICA, Bax, Bak IE1  Undefined Inhibits host-
cell death 

Enhanced viral 
propagation and 
increased cell 
death.  

Yersinia Murine Undefined  YopJ RIPK1 Induces host-
cell death 

Reduced bacterial 
propagation, tissue 
damage, and 
improved survival.  

Salmonella Murine Undefined  Salmonella 
induced IFN-I 

RIPK1 and 
RIPK3 

Induces host-
cell death 

Undetermined 

E.coli (EPEC) Murine and 
Humans 

Undefined Death domain 
interactions of 
Nleb1 

 RIPK1 Inhibits host-
cell death 

Undetermined 

Clostridium 

Perferinges 
Porcine Undefined  CPB  RIPK1 Induces host-

cell death 
Undetermined 

Staphylococcus 

Aureus 
(Methicillin-

Resistant, 

Strain USA300) 

Murine Undefined  Toxins 
(Undefined) 

RIPK1 and 
RIPK3 

Induces host-
cell death 

Increased tissue 
destruction, 
decreased tissue 
macrophages, 
increased bacterial 
titers.  

Mycobacterium 
tuberculosis 

Zebrafish Undefined  Infection 
induced TNFα 

RIPK1 Induces ROS 
generation 
and host-cell 
death 

Undetermined 
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1.5. Inflammation3  

Inflammation is an integral part of the host-response (Kumar et al. 2010). RIPK1 and RIPK3 are 

well-recognized for inducing a necroptosis, a pro-inflammatory form of cell death; however, 

accumulating evidence suggests that in some cases these enzymes may also regulate 

inflammation independent of necroptosis. It should be noted that this distinction may be difficult 

to draw in many cases due to the highly-intertwined nature of cell death and inflammation. The 

ensuing discussion highlights emerging, but still poorly characterized roles for RIPK1 and 

RIPK3 in amplifying the host-inflammatory response following cytokine stimulation, activation 

of innate immune receptors, and microbial infection.  

1.5.1. Kinase-independent inflammatory roles of RIPK1 

TNFα is well recognized for regulating RIPK1 kinase-dependent cell death; however, TNFα is 

also a major pro-inflammatory cytokine that promotes Nuclear Factor Kappa B (NFκB) 

associated inflammation (Christofferson et al. 2012; Vandenabeele, Declercq, et al. 2010; Hitomi 

et al. 2008; Kelliher et al. 1998). Kinase-independent function of RIPK1 has been linked to 

NFκB activation in response to TNFα. Expression of kinase-inactive RIPK1 restores defective 

TNFα-induced NFκB activation in Ripk1-/- Jurkat cells (Ting & Pimentel-muiffios 1996). 

Similarly, analysis of nuclear extracts from embryonic fetal-liver derived transformed pre-B cells 

demonstrated decreased NFκB-DNA binding in electrophoretic mobility shift assays in Ripk1-/- 

cells (Kelliher et al. 1998). Conspicuously, reports have found that TNFα-induced NFκB 

activation is associated with covalent modification of RIPK1 (Zhang et al. 2000). These findings 

                                                             
3 Reprinted from (Saleh and Degterev 2015, 22-27) with permission from publisher. 
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highlight an important role for kinase-independent function of RIPK1 in promoting TNFα-

induced NFκB driven inflammation.  

Roles for RIPK1-dependent NFκB regulation have also been uncovered downstream of innate 

immune receptors. In 2004, Tschopp and colleagues noted that RIPK1 promotes NFκB activation 

downstream of TLR3, the pathogen-recognition-receptor (PRR) for sensing viral double-stranded 

RNA (Meylan et al. 2004). Activation of NFκB pathway, assessed by phosphorylation of 

inhibitor of kappa B (IκB), is impaired in MEFs lacking RIPK1 following stimulation with TLR3 

agonist, Poly(I:C). Exogenous protein expression in HEK293T cells demonstrated that RIPK1 

associates with TLR3 adapter protein, TRIF, by common RHIM-domain interactions. 

Furthermore, expression of TLR3, TRIF, and RIPK1 in HEK293T cells resulted in their co-

immunopreciptation, suggesting that the three factors may complex following receptor activation 

(Meylan et al. 2004). Similar studies in MEFs demonstrated that RIPK1 is required for NFκB 

activation following ligation of TLR4 with gram-negative bacteria associated pathogen-

associated molecular pattern, lipopolysaccharide (LPS) (Cusson-Hermance et al. 2005). 

Importantly, LPS-induced NFκB activation also requires TRIF (Cusson-Hermance et al. 2005). 

Finally, studies found that TRIF-dependent NFκB activation manifested in correlation with 

increased phosphorylation and ubiquitylation of RIPK1, suggesting importance of post-

translational modification in RIPK1-dependent NFκB activation. Together, these results find that 

RHIM-domain interactions likely facilitate a role RIPK1 in NFκB activation downstream of 

innate immune receptors, TLR3 and TLR4.  

Apart from NFκB signaling, kinase-independent scaffold properties of RIPK1 have also been 

recognized in PRR activation of the interferon-inducing transcription factor, Interferon 

Regulatory Factor 3 (IRF3) (Rajput et al. 2011). RIPK1 localizes to mitochondria in association 
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with cytosolic RNA/DNA sensor RIG-I following viral infection with Sendai Virus (SeV). These 

events occur in coordination with IRF3 activation and expression of downstream genes. 

Knockdown of RIPK1 impairs SeV induced IRF3 activation. Moreover, MEFs reconstituted with 

a non-ubiquitylatable form of RIPK1 at K377 have deficits in SeV-induced IRF3 activation, 

indicating that ubiquitin conjugation of RIPK1 at K377 is necessary for activation of IRF3 

(Rajput et al. 2011). Remarkably, in spite of an abundance of evidence linking ubiquitylation of 

RIPK1 to NFκB activation, these studies found no changes in NFκB activation following SeV 

infection. Accordingly, it appears as though RIPK1 may be a versatile regulator in innate 

immune pathways and precise action of RIPK1 is determined in a context dependent manner.  

Few studies have ventured to uncover roles for RIPK1-dependent inflammation in bacterial 

infection models. However, recent investigation of RIPK1 in Yersinia infection discovered that 

Ripk1-/- fetal liver macrophages carried defects in LPS as well as Yersinia induced secretion of 

IL-6, a pyrogen that directs systemic inflammatory responses. Additionally, caspase-1 cleavage 

was diminished in Ripk1-/- fetal-liver macrophages infected with Yesinia species, indicating that 

RIPK1 may be required for caspase-1 driven inflammasome activation  and consequently, IL1β 

and IL-18 secretion (Weng et al. 2014). It is unclear as to whether IL6 secretion and or caspase-1 

cleavage requires RIPK1 kinase activity as authors did not report efficacy of RIPK1 kinase-

inhibitors; however, the authors did report that IL1β production was blocked in the presence of a 

RIPK1 kinase inhibitor. Importantly, these observations identify roles for RIPK1 in multiple pro-

inflammatory pathways in a model of gram-negative bacterial infection.  

1.5.2. Kinase-dependent inflammatory functions of RIPK1 

Although kinase activity of RIPK1 has almost exclusively been linked to cell death, a number of 

recent reports suggested that inflammasome activation by RNA-viruses, including VSV, SeV, 
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and influenza (Flu), may occur in a RIPK1 kinase-dependent manner. The inflammasome is a 

molecular complex comprised of the receptor NLRP3 and Caspase-1 that is responsible for the 

maturation and secretion of pro-inflammatory cytokines, IL1β and IL-18. Nec-1 or knock-down 

of RIPK1 reduced IL1β secretion in bone-marrow derived macrophages (BMDMs) infected with 

VSV (Xiaqiong Wang et al. 2014).This regulation was also found to require RIPK3 as Ripk3-/- 

BMDMs also have similar deficits in inflammasome activation following RNA virus infection. It 

is worthwhile noting that in contrast to these observations, another group found that neither 

RIPK1 or RIPK3 were required for IL1β production induced by VSV in macrophages (Moriwaki 

et al. 2016). However, this difference may be attributable to differences in experimental design 

as Wang and company examined IL1β after a 6 hour infection period whereas Moriwaki et al. 

examined the same readout after a 2 hour infection period followed by a 4 hour incubation. 

Indeed, a baseline difference exists in IL1β production in response to VSV infection between the 

two experimental set ups.  

In a physiologic system,  Ripk3-/- mice produce reduced levels of IL1β and IL-18 in response to 

infection with RNA viruses (Xiaqiong Wang et al. 2014). Surprisingly, MLKL was not required 

for inflammasome activity, as ascertained using MLKL knockout (Mlkl-/-) BMDMs, suggesting 

that RIPK1 and RIPK3 regulate inflammasome activation independent of necroptosis pathway. 

Moreover, VSV-induced minimal death in target cells indicating that RIPK1 and RIPK3 were 

likely not regulating alternative death pathways such as pyroptosis. Mechanistic analysis 

revealed that RIPK1 and RIPK3 complexed with mitochondrial fission protein, DRP1, and were 

required for translocation of DRP1 to mitochondria following infection. DRP-1 was required for 

RNA-virus induced mitochondrial fission, mitochondrial aggregates, ROS generation, and 

inflammasome activation as well. Poly(I:C), a double-stranded RNA mimic, was found to induce 
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NLRP3-dependent inflammasome activation in a RIPK1, RIPK3, and DRP1-dependent manner, 

indicating that viral nucleic acids may be the ignition for RIPK1 and RIPK3-dependent 

inflammasome activation (Xiaqiong Wang et al. 2014). 

Intrinsic kinase-activity of RIPK1 may also underlie certain tissue specific inflammatory 

processes. Ptpn6spin mice harboring a Tyr208Asn mutation in the non-receptor protein tyrosine 

phosphatase Src-homology region 2 domain-containing phosphatase-1 (SHP-1) develop foot-pad 

inflammation that is RIPK1 kinase-dependent (Lukens et al. 2013). Studies revealed that aberrant 

production of the cytokine IL1α exacerbates inflammation in Ptpn6spin-mediated disease. Nec-1 

diminished IL1α expression and ameliorated footpad inflammation in Ptpn6spin mice. 

Additionally, reconstitution of WT mice with Ptpn6spin/Ripk1-/- fetal-liver (hematopoietic 

precursor) cells abrogated the inflammation produced by transfer of Ptpn6spin/Ripk1+/+ fetal-liver 

cells. Notably, Ptpn6spin/Nlrp3-/-, Ptpn6spin/Caspase-1-/-, or Ptpn6spin/Ripk3-/- mice were not 

protected from Ptpn6spin-inflammatory disease. The findings suggest a critical role for kinase 

function of RIPK1 in hematopoietic cells to promote IL1α-dependent inflammation that is 

independent of inflammasome components and RIPK3 (Lukens et al. 2013).  

Similarly, mouse models of RIPK1 and RIPK3 kinase activation, such as tissue-specific caspase-

8 deletion in dendritic cells, keratinocytes, and or intestinal epithelium, have spawned 

inflammatory disease in mice (Kovalenko et al. 2009; Günther et al. 2011; Cuda et al. 2014). 

Although it may be unclear as to whether inflammation in some of these models is occurring 

independent of necroptosis, Cuda and colleagues observed that deletion of caspase-8 in dendritic 

cells (DCs) generated an autoimmune condition in mice that could not be attributed to impaired 

cell survival or a RIPK3-mediated processes. Caspase-8 deletion in DCs crossed to Ripk3-/- mice 

were not protected from inflammatory pathology. Rather, authors observed that systemic 
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inflammation was partially dependent on MYD88 and also found that Nec-1 abrogated Toll-like 

receptor activation-induced expression of TNFα, IL-6, and IL-1β (Cuda et al. 2014). These 

accounts suggest roles for kinase-function of RIPK1 in regulating Toll-like receptor induced 

cytokine expression in dendritic cells.  

The recent availability of RIPK1 kinase-inactive mouse models has facilitated examination of 

RIPK1 catalytic activity in directing inflammation. For example, RIPK1 kinase-inactive mice are 

protected from TNFα induced hypothermia and shock (Polykratis et al. 2014). Another group 

evaluated kinase-function of RIPK1 in the absence of SHARPIN, a component of the linear 

ubiquitin assembly complex (LUBAC). SHARPIN-deletion results in gross inflammatory 

pathology, dermatitis, and diminished organism survival. Authors of this study observed that 

crossing their independently generated RIPK1 kinase-inactive mice to SHARPIN-deficient mice 

protected mice from inflammatory pathology and prolonged survival (Berger et al. 2014).  

1.5.3. RIPK3 and Inflammation 

Work spearheaded by Francis Chan and colleagues has marked RIPK3 as an important 

component of the host inflammatory response to injury and infection. In one study, the group 

reported impaired inflammation-associated repair in Ripk3-/- mice in the dextran-sodium sulfate 

(DSS) model of colitis (Moriwaki et al. 2014). Specifically, RIPK3 in hematopoietic cells is 

required for protection against DSS-colitis; Ripk3-/- mice with WT bone-marrow lost less body 

weight and had reduced inflammation (Moriwaki et al. 2014). Moreover, Ripk3-/- mice had 

reduced circulating levels of IL1β and IL23 and re-supplementation of these cytokines mitigated 

the extent of colitis. In concordance, bone-marrow derived dendritic cells (BMDCs) had defects 

in LPS induced expression of cytokines, including, TNFα, IL1b, IL23, and Monocyte 

Chemotactic Protein-1 (MCP-1) (Moriwaki et al. 2014). It is unlikely that these observations are 
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linked to differences in cell death or the release of damage-associated molecular patterns as 

Ripk3+/+ and Ripk3-/- BMDCs did not undergo death in response to LPS. Conversely, these 

effects were attributed to defects in generation of reactive oxygen species (ROS) and nuclear 

localization of subunits RelB and p50 in the NFκB pathway (Moriwaki et al. 2014). Similar 

defects in inflammatory cytokine expression were not observed in BMDMs suggesting that 

RIPK3 may have a broad functional range that can be employed in a context or cell-specific 

manner.  

Analyses in BMDCs demonstrated that RIPK3 is required for caspase-8 and caspase-1 dependent 

IL1β processing and secretion. RIPK3 complexation with caspase-8 and Fas-associated death 

domain (FADD), and caspase-8 cleavage was impaired in Ripk3-/- BMDCs stimulated with LPS 

(Moriwaki et al. 2015). These data suggest that RIPK3 directs LPS-induced IL1β secretion by 

facilitating maturation of caspase-8. However, kinase activity of RIPK3 appears to be 

dispensable as RIPK3 kinase-inactive BMDCs did not display a deficit in IL1β production 

(Moriwaki et al. 2015). Authors also observed that kinase-independent function of RIPK1 may 

be required as lentiviral CRE-mediated deletion of kinase-inactive RIPK1 in BMDCs reduced 

LPS-induced caspase-8 maturation; however, no defects were observed in absence of CRE. 

Paradoxically, RIPK3 kinase inhibitor of necroptosis, GSK’872, augmented LPS-induced IL1β 

production, suggesting that this regulation may not be controlled by the catalytic activity of 

RIPK3 per se, but may be influenced by the conformation of the kinase domain. Consistent with 

this model, GSK’872 enhanced recruitment of RIPK1 to RIPK3 and has also been shown to 

induce RIPK3 dependent apoptosis (Moriwaki et al. 2015; Mandal et al. 2014).  

1.5.4. Summary of RIPK1, RIPK3, and Inflammation 
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Inflammation is a crucial part of the host-response during infection. Notably, RIPK1 and RIPK3 

have been identified in critical roles regulating pro-inflammatory transcription factors, cytokine 

synthesis, and cytokine secretion in response to immunogenic ligands. Moreover, RIPK1 kinase 

activity and RIPK3 have been linked to tissue specific and systemic inflammation. As discussed, 

in some instances inflammatory signaling by these proteins can be separated from RIPK1 and 

RIPK3 kinase-dependent cell death. Accordingly, these factors may emerge as potential 

therapeutic targets not only in pathologic settings that are driven by significant cell death and 

tissue loss, but also in disease-states that are primarily inflammatory in nature. 

1.6. Summary: Cell death and inflammation as features of the host-response 

Cell death and inflammation are critical components of host immune response against invading 

microbial pathogens. Programmed death of infected cells releases intracellular microbes for 

clearance by immune cells and restricts microbial proliferation (Lamkanfi & Dixit 2010; 

Sridharan & Upton 2014). Pathogen associated inflammatory changes modify host-cell 

programming and activate cell-mediated immunity, both of which promote systemic anti-

microbial states. Localized inflammatory responses also promote tissue repair. Notably, 

manifestations of both of these host-response mechanisms are evident in examples of pro-

inflammatory necroptotic cell death, which feature inflammation and tissue repair concurrent 

with cellular demise (Kaczmarek et al. 2013; Moriwaki et al. 2014).  

1.7. Thesis  

Macrophages function as a crucial component of the innate immune system in sensing bacterial 

pathogens and promoting local and systemic inflammation. RIPK1 and RIPK3 are 

serine/threonine kinases that have been well-characterized as key regulators of programmed 

necrotic cell death or necroptosis that is dependent on downstream pseudokinase MLKL. The 
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work presented in the ensuing chapters describes a new function of these kinases as master 

regulators of cytokine gene expression and the synthesis of inflammatory mediators in primary 

macrophages activated by LPS, in the absence of caspase-8 activation. RIPK1 and RIPK3 

kinase-dependent cytokine production requires the Toll-like receptor 4 (TLR4) adaptor molecule, 

TRIF, and proceeds independently of MLKL and the well-documented death functions of these 

kinases. Mechanistically, RIPK1 and RIPK3 kinases promote sustained activation of at least two 

canonical cytokine response axes: the acute inflammatory response mediated by downstream 

factors, Erk1/2, c-Fos, and NFᴋB; and the Type-I interferon (IFN-I) response pathway mediated 

by TBK1/IKKε and IRF3/7. The evidence summarized here suggests that detergent-insoluble 

complexes of RIPK1 and RIPK3 (necrosomes) serve as a signaling platform to engage 

downstream signaling molecules. Using genetic and pharmacologic tools, the data reveal that 

RIPK1 and RIPK3 kinase functions account for a major fraction cytokine elicited by LPS 

challenge in vivo. Notably, in contrast to the circumstance observed in vitro, the regulation in 

vivo did not require exogenous manipulation of caspase-8 activity, suggesting that RIPK1 and 

RIPK3 kinase-dependent cytokine responses may serve as a feature of the host-inflammatory 

response in gram-negative bacterial infection.  

Intriguingly, in primary macrophages, RIPK1 and RIPK3 kinase-dependent synthesis of IFNβ 

can be markedly induced by a variety of gram-negative bacterial species (Yersinia and 

Klebsiella).  Furthermore, data show that RIPK1 and RIPK3 kinase-dependent IFNβ synthesis is 

strongly induced by avirulent strains of gram-negative bacteria, Yersinia and Klebsiella, and less-

so by their wild-type counterparts. Similarly, RIPK1 kinase-dependent TNFα synthesis is more 

pronounced following in vivo infection with an avirulent strain of Klebsiella compared to the 

wild type.  
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These data suggest that TRIF-RIPK1-RIPK3 kinase-dependent signaling may be a mechanism of 

immune-surveillance employed against non-pathogens or commensal bacteria. Conversely, 

TRIF-RIPK1-RIPK3 signaling may be selectively suppressed by invading microbes to facilitate 

bacterial pathogenesis. Consistent with this hypothesis, GNB species are armed with specific 

mechanisms to attenuate RIPK1 and RIPK3 kinase-dependent signaling. As a result, exogenous 

activation of TRIF-RIPK-RIPK3 kinase-dependent signaling may aid in the clearance of GNB 

infection. Importantly, the findings reported here identify new drug-targetable activities that may 

be relevant to infection and/or inflammatory pathologies associated with inappropriate RIPK1 

and RIPK3 kinase activation. 
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Chapter 2 

RIPK1 and RIPK3 kinases Promote Cell Death-Independent 

Inflammation by Toll-like Receptor 44 
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Summary 

Macrophages are a crucial component of the innate immune system in sensing pathogens and 

promoting local and systemic inflammation. RIPK1 and RIPK3 are homologous kinases, 

previously linked to activation of necroptotic death. In this study we have described roles for these 

kinases as master regulators of pro-inflammatory gene expression induced by lipopolysaccharide, 

independent of their well-documented cell death functions. In primary macrophages, this 

regulation was elicited in the absence of caspase-8 activity, required the adaptor molecule TRIF, 

and proceeded in a cell autonomous manner.  RIPK1 and RIPK3 kinases promoted sustained 

activation of Erk, cFos and NFκB, which were required for inflammatory changes. Utilizing 

genetic and pharmacologic tools, we showed that RIPK1 and RIPK3 account for acute 

inflammatory responses induced by lipopolysaccharide in vivo; notably, this regulation did not 

require exogenous manipulation of caspases. These findings identified a new pharmacologically 

accessible pathway that may be relevant to inflammatory pathologies. 
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Introduction 

RIPK1 and RIPK3 are homologous Ser/Thr kinases, which attracted interest as central 

inducers of regulated necrotic cell death, termed “necroptosis”  (Christofferson & Yuan 2010; 

Degterev et al. 2005; Linkermann & Green 2014; Pasparakis & Vandenabeele 2015; Silke et al. 

2015). A range of triggers, including extracellular factors linked to innate immune regulation, such 

as ligands for tumor necrosis factor receptor (TNFR), interferon-alpha receptor (IFNαR), and Toll-

like receptor (TLR) families, as well as viral infection and genotoxic stressors have been associated 

with RIPK1 and RIPK3 activation. These stimuli have been shown to induce necroptosis in vitro 

under conditions in which the apical apoptotic cysteine protease, caspase-8, is inhibited 

pharmacologically or genetically (Degterev et al. 2005; He et al. 2011; Kaiser et al. 2013; Tenev 

et al. 2011; Thapa et al. 2013; Upton et al. 2010; Upton et al. 2012). Necroptosis is best understood 

in the context of TNFα signaling and the kinase activity of RIPK3 has been shown to play a central 

role in its activation (Cho et al. 2009; He et al. 2009; Zhang et al. 2009). RIPK3 functions within 

an insoluble amyloid-like RIPK1 and RIPK3 “necrosome” complex, formation of which requires 

catalytic activities of both kinases (Cho et al. 2009), and serves as a signaling platform for the 

activation of a downstream pseudo-kinase MLKL, a critical mediator of cell lysis and necroptotic 

death (H. Wang et al. 2014).  

In contrast to the well-established roles for kinase activities of RIPK1 and RIPK3 in 

directing cell death, evidence also hints at the possibility for additional roles for RIPK1 and RIPK3 

in the direct regulation of pro-inflammatory signaling (Christofferson et al. 2012; Lukens et al. 

2013; McNamara et al. 2013; Wong et al. 2014). Among various inducers of RIPK1 and RIPK3, 

signaling by TLR3 and TLR4 members of the TLR family of Pattern Recognition Receptors 

(PRRs) in macrophages engages the RIPK1, RIPK3, and MLKL pathway directly in a manner that 
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is dependent on the RHIM-containing adaptor protein TRIF in the presence of the pan-caspase 

inhibitor zVAD.fmk (zVAD) (He et al. 2011; Kaiser et al. 2013; Schworer et al. 2014). 

Upregulation of inflammatory gene expression by TLR4 is an important component of both 

physiologic innate immune responses to gram negative bacterial cell membrane component, 

lipopolysaccharide (LPS), and a contributor to various inflammatory pathologies (Kawai & Akira 

2010; Kawai & Akira 2006). Given the challenge of separating pro-inflammatory from pro-

necroptotic consequences of RIPK1 and RIPK3 activation, we reasoned that the former regulation 

might have been overlooked in the previous works. 

Here, we report roles for kinase activities of RIPK1 and RIPK3 in LPS-induced expression 

of inflammatory cytokines that manifest independently from the pro-death functions of these 

molecules. We have demonstrated that activation of RIPK1 in macrophages by LPS in the presence 

of zVAD robustly increased expression of a broad range of inflammatory molecules. RIPK3 also 

contributed to the RIPK1 kinase-dependent inflammation, but in a context dependent manner. We 

have shown that this regulation is independent of necroptosis and occurs in Mlkl-/- macrophages 

protected from cell death. We have further established that prolonged activation of Erk1/2 MAPK, 

which may occur through direct engagement by RIPK1 and RIPK3 “necrosome”-like aggregates, 

is a critical step in directing RIPK1 and RIPK3 kinase-mediated inflammation. Finally, we have 

extended our observations in vivo, affirming the importance of RIPK1 and RIPK3 kinases in the 

global regulation of acute inflammation induced by a sub-lethal dose of LPS in the absence of 

exogenous caspase-8 inhibition.  
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Results  

RIPK1 and RIPK3 kinases promote LPS-induced inflammatory gene expression in the 

absence of caspase-8 activation. 

Previously published work suggests that kinase activity of RIPK1 does not contribute to the pro-

inflammatory regulation by TLR4 in response to LPS (Cusson-Hermance et al. 2005; Meylan et 

al. 2004; Newton et al. 2004; Vivarelli 2004). However, the activation of RIPK1 kinase activity 

and necroptosis also does not occur in LPS-treated macrophages, unless caspases are inhibited 

using the pan-caspase inhibitor zVAD (Berger et al. 2014; Kaiser et al. 2013; Schworer et al. 

2014). Abrogation of the response by a highly selective RIPK1 inhibitor, Nec-1s (also known as 

7-Cl-O-Nec-1) (Degterev et al. 2013), and in BMDMs from Ripk1D138N/D138N mice, carrying a 

targeted mutation inactivating the kinase function of RIPK1 (Polykratis et al. 2014), confirmed the 

response specificity (Fig. 1A, 2A). Additionally, zVAD was required for LPS-induced 

accumulation of RIPK1, RIPK3 and phosphorylated MLKL in the NP40-insoluble cellular fraction 

(Fig. 1B), reflecting previously reported formation of detergent-insoluble RIPK1 and RIPK3 

necrosomes (Moquin et al. 2013; Ofengeim et al. 2015). Collectively, these observations 

confirmed the requirement for caspase inhibition for the induction of RIPK1 kinase activity in 

LPS-treated BMDMs.  

 Having verified a system to evaluate catalytic function of RIPK1 in BMDMs, we re-

examined the role of kinase activity of RIPK1 in LPS-induced inflammatory gene expression. 

Notably, addition of zVAD robustly increased TNFα mRNA expression and protein secretion in 

BMDMs treated with LPS (Fig. 1C,D), while only a slight effect was observed when BMDMs 

were treated with zVAD alone (Fig. 2B). The increase in TNFα synthesis by LPS with zVAD, but 

not LPS alone was abolished in RIPK1 D138N cells and upon treatment with Nec-1s (Fig. 1C,D). 
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Examining the kinetics, we observed enrichment of RIPK1, RIPK3, and p-MLKL in the NP40-

insoluble cellular fraction reaching a maximum ~1.5 hr after addition of LPS with zVAD (Fig. 

2C), followed by increases in TNFα mRNA expression (~2-6 hr) (Fig. 2D,E), which preceded on-

set of cell death (>7 hr) (Fig. 2F). We also observed comparable RIPK1 kinase-dependent 

induction of TNFα mRNA by LPS with zVAD in a different lineage of primary macrophages – 

thioglycollate-elicited peritoneal macrophages (Fig. 2G,H). 

To comprehensively evaluate the RIPK1 kinase-dependent inflammatory profile, we 

performed a genome-wide microarray analysis on BMDMs stimulated with LPS or LPS with 

zVAD which revealed a large panel of inflammatory genes whose expression was augmented by 

zVAD and inhibited by Nec-1s (Fig. 1E).  Analysis of a number of these genes in D138N RIPK1 

BMDMs confirmed the critical role for RIPK1 kinase activity in promoting their expression after 

treatment with LPS with zVAD (Fig. 2I).  

We also determined that siRNA-mediated silencing of RIPK1 (Fig. 2J) attenuated 

inflammatory mRNA changes in cells treated with LPS with zVAD (Fig. 2K). In contrast, previous 

reports suggest that necroptosis induced by LPS with zVAD can efficiently proceed through direct 

TRIF and RIPK3 activation even in the absence of RIPK1 (Dillon et al. 2014; Kaiser et al. 2013) 

and, consistently, silencing of RIPK1 expression did not attenuate necroptosis in our hands (Fig. 

2L). Thus, RIPK1 is indispensable for the regulation of inflammatory gene expression, unlike its 

function in necroptosis.  

Expectedly, BMDMs expressing a kinase-inactive hypomorphic K51A RIPK3 mutant 

(Ripk3K51A/K51A) were protected from cell death induced by LPS with zVAD (Fig. 1F) (Mandal et 

al. 2014) and were deficient in accumulation of RIPK1, RIPK3, and pMLKL in the detergent 

insoluble cellular fractions (Fig. 1G). K51A RIPK3 BMDMs also lacked increased inflammatory 
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gene expression triggered by LPS with zVAD (Fig. 1H and 2M). A similar result was obtained 

using Ripk3-/- BMDMs (Fig. 2N-P) and a selective RIPK3 kinase inhibitor, GSK872 (Fig. 2Q)  

(Mandal et al. 2014), confirming the role of RIPK3 kinase activity in promoting inflammatory 

gene expression. 

Catalytic activity of caspase-8 regulates activation of RIPK1 and RIPK3 kinases, 

necrosome formation and the induction of necroptosis (Moquin et al. 2013; O’Donnell et al. 2011). 

The requirement for zVAD suggests a similar role for caspase-8 in modulating RIPK1 and RIPK3 

kinase-dependent inflammatory response. However, because zVAD is known to inhibit all 

caspases and additional classes of cysteine proteases (Schotte et al. 1999), we sought to confirm 

the role of caspase-8. Indeed, Cre-mediated deletion of Casp8 in Casp8flox/flox cells (Fig. 2R) 

promoted both necroptosis in response to LPS alone (Fig. 1I) and induced cytokine expression that 

was attenuated by Nec-1s (Fig. 1J and 2S). These observations affirmed a specific role for caspase-

8 in blocking LPS-induced RIPK1 and RIPK3 kinase-dependent cytokine synthesis in vitro.  

In sum, these data suggested that activation of RIPK1 and RIPK3 kinases in BMDMs 

promoted enrichment of these kinases in detergent insoluble cellular fractions followed by an 

increase in the expression of a range of pro-inflammatory molecules. Notably, these events 

preceded activation of necroptotic cell death.  
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Figure 1. Caspase-8 inhibition promotes LPS-induced cytokine gene expression that is dependent 
on RIPK1 and RIPK3 kinases in macrophages. 
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Figure 1:  Caspase-8 inhibition promotes LPS-induced cytokine gene expression that is 

dependent on RIPK1 and RIPK3 kinases in macrophages.  

(A) Autophosphorylation of RIPK1 at Ser166 in BMDMs treated for 4 hrs. p-Ser166/total RIPK1 

measured by ELISA.  (B) Western of NP40-soluble and NP40-insoluble fractions from wild type 

BMDMs treated for 4 hrs. (C, D) TNF mRNA expression (C) and protein release (D) in BMDMs 

treated for 7 hrs. (E) Affymetrix gene array expression analysis of inflammatory genes increased 

by 7 hrs treatment with LPS or LPS with zVAD in BMDMs. (F) Cell viability of BMDMs treated 

for 24 hrs. (G) Western of NP40-soluble and NP40-insoluble fractions from BMDMs treated for 

4 hrs. (H) TNF mRNA expression in BMDMs treated for 7 hrs. (I) Cell viability of BMDMs treated 

with LPS alone for 24 hrs. (J) TNF mRNA expression BMDMs treated for 7 hrs.  

Values represent Mean ± SD. *p<0.05. For qRT-PCR and Western blots, data for one 

representative experiment out of at least three independent repeats are shown. For ELISA, 

combined data for three independent experiments are shown unless otherwise stated. BMDMs 

were treated with LPS=10 ng/mL, zVAD=50 μM and Nec-1s=30 μM in all experiments. Use of 

Nec-1 refers to Nec-1s in this and all other figures.   

Contributions: Experiments performed and data analyzed by Malek Najjar and Danish Saleh. 

Figures prepared by Malek Najjar. Figure legends written by Danish Saleh.       
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Figure 2. LPS induces RIPK1 and RIPK3 kinase-dependent cytokine production in the absence of 
Caspase-8 activity in vitro.   
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Figure 2. LPS induces RIPK1 and RIPK3 kinase-dependent cytokine production in the 

absence of Caspase-8 activity in vitro. 

(A) Cell viability of wild type and D138N RIPK1 BMDMs treated for 24 hr.  (B) qRT-PCR 

analysis of TNFα mRNA expression in wild type BMDMs treated as indicated for 7 hrs. (C) 

Western blot analysis of NP40 insoluble fractions probed for RIPK1, RIPK3, and p-MLKL in wild 

type BMDMs treated for 4 hrs. (D-E) qRT-PCR and ELISA analysis of the time course of TNFα 

mRNA expression (D) and protein release (E) in wild type BMDMs over 8 hrs. Time course was 

repeated twice and data are representative. (F) Cell viability of wild type BMDMs treated for 7 or 

24 hrs. (G-H) qRT-PCR and ELISA analysis of TNFα mRNA expression (G) and protein release 

(H) in wild type thioglycollate-elicited peritoneal macrophages treated for 7 hrs. (I) qRT-PCR 

analysis of mRNA expression of select inflammatory cytokines in wild type and D138N RIPK1 

BMDMs treated for 7 hrs. (J-L) Analysis of mRNA expression of select inflammatory cytokines 

(K, 7 hrs) and cell viability (L, 24 hrs) in BMDMs following siRNA silencing of RIPK1. Silencing 

of RIPK1 was confirmed by Western blot (J).  Scrambled siRNA was used as a control. (M) qRT-

PCR analysis of mRNA expression of select inflammatory cytokines in wild type and K51A 

RIPK3 BMDMs treated for 7 hrs. (N-P) qRT-PCR and ELISA analysis of mRNA expression (O) 

and protein release (P) of select inflammatory cytokines in wild type and Ripk3-/- BMDMs treated 

for 7 hrs. Loss of RIPK3 protein confirmed by Western blot (N). (Q) qRT-PCR analysis of mRNA 

expression of select inflammatory cytokines in wild type BMDMs treated for 7 hrs in the presence 

of RIPK3 kinase inhibitor, GSK872. (R-S) qRT-PCR analysis of mRNA expression of select 

inflammatory genes in Casp8flox/flox BMDMs treated for 7 hrs following Adenoviral-Cre-GFP-

mediated excision of casp8. Adeno-GFP virus was used as a negative control. Excision of Casp8 

by Adenoviral-Cre-GFP was confirmed by Western blot (R).  
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For qRT-PCR and Western blots, data for one representative experiment out of at least three 

independent repeats are shown. For ELISA, combined data for three independent experiments are 

shown unless otherwise stated. Values represent Mean ± SD. *p<0.05. Cells were treated with 

LPS=10 ng/ml, zVAD=50 μM, Nec-1s=30 μM and GSK872=5 μM.  

Contributions: Experiments performed and data analyzed by Malek Najjar and Danish Saleh. 

Figures prepared by Malek Najjar. Figure legends written by Danish Saleh.       
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RIPK1 and RIPK3 selectively potentiate TRIF-dependent LPS-induced inflammation in a 

cell-autonomous manner. 

LPS engagement of TLR4 promotes receptor dimerization and engagement of two adapter 

proteins, MyD88 and TRIF, to initiate downstream signaling events (Yamamoto et al. 2003; 

Yamamoto et al. 2002). TRIF mediates formation of secondary endosomal complexes, involving 

additional components including RIPK1 and RIPK3 (Kaiser & Offermann 2005; Meylan et al. 

2004). To examine whether RIPK1 and RIPK3 kinase-dependent inflammatory gene expression 

similarly required TRIF, we analyzed responses to Pam3CSK4, an agonist of TLR2 which 

exclusively engages the adapter MyD88, and poly(I:C), an agonist of TLR3 which exclusively 

engages the adapter TRIF (Kawai & Akira 2010). Caspase inhibition increased cytokine synthesis 

induced by LPS and Poly(I:C), but had marginal effect on Pam3CSK4, suggesting that RIPK1 and 

RIPK3 kinase-dependent cytokine synthesis may specifically require TRIF (Fig. 3A and 4A). To 

confirm this, we examined cytokine responses induced by LPS with zVAD in MyD88 (Myd88-/-) 

and TRIF (Ticam1-/-) deficient BMDMs (Fig. 4B,E). Indeed, increased synthesis and release of 

multiple inflammatory mediators in response to LPS with zVAD was absent in Ticam1-/- BMDMs 

(Fig. 3B,C and 4C,D), but not affected by the loss of MyD88 (Fig. 4F,G), similar to the specific 

requirement of TRIF for LPS with zVAD induced cell death (Fig. 3D and 4H). Additionally, LPS 

with zVAD also potently induced upregulation of IFNβ expression and protein release, which is 

specifically linked to TRIF, but not MyD88 (Van Lieshout et al. 2015), and this was blocked by 

Nec-1s (Fig. 4I-K). Overall, these data suggested that RIPK1 and RIPK3 specifically potentiate 

TRIF-dependent inflammatory signaling downstream of TLR4. 

Autocrine TNFα signaling has been previously implicated in the induction of a RIPK1 and 

RIPK3 dependent inflammatory profile in macrophages upon inhibition of IAPs (Wong et al. 
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2014). Treatment of BMDMs with a pan-IAP inhibitor, SM164, induced cell death and secondary 

inflammatory cytokine synthesis that was absent in BMDMs carrying a genetic deletion of TNFR1 

(Tnfr1-/-) and blocked by Nec-1s (Fig. 4L-O). In contrast, cell death and cytokine synthesis induced 

by LPS with zVAD was not attenuated in Tnfr1-/- macrophages (Fig. 3E,F and 4P).   Additionally, 

we found that the combination of TNFα with zVAD is a weak inducer of cytokine synthesis in 

primary macrophages compared to LPS with zVAD (Fig. 3G and 4Q). To exclude the possibility 

that autocrine signals may be responsible for RIPK1 and RIPK3 kinase-dependent cytokine 

synthesis, inflammatory cytokine mRNA synthesis was evaluated in the presence of protein 

translation inhibitor, cycloheximide (CHX). Increasing doses of CHX abolished TNFα protein 

synthesis, but failed to block cytokine mRNAs induced by LPS with zVAD (Figure 4R,S). These 

data indicated that in contrast to the previously described responses to IAP inhibition, induction of 

cytokine gene expression by LPS with zVAD occurs in a cell-autonomous manner, independent 

of new protein synthesis and/or autocrine signaling by TNFα. 
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Figure 3. RIPK1 and RIPK3 kinase-dependent cytokine synthesis and necroptosis require TRIF 
and manifest in a cell autonomous manner. 
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Figure 3: RIPK1 and RIPK3 kinase-dependent cytokine synthesis and necroptosis require 

TRIF and manifest in a cell autonomous manner. 

(A) TNF mRNA expression in wild type BMDMs treated for 7 hrs. (B, C) TNF mRNA expression 

(B) and protein release (C) in wild type and Ticam1-/- BMDMs. (D) Cell viability of wild type and 

Ticam1-/- BMDMs treated for 24 hrs. (E) Cell viability of BMDMs treated for 24 hrs. (F) TNF 

mRNA expression in BMDMs treated for 7 hrs. (G) TNF mRNA expression in wild type BMDMs 

treated with LPS with and without zVAD or TNF with and without zVAD for 7 hrs. For qRT-

PCR, data for one representative experiment out of at least three independent replicates are shown. 

For viability, combined data for three independent experiments are shown. Values represent Mean 

± SD. *p<0.05. BMDMs were treated with LPS=10ng/ml, Poly(I:C)=1μg/mL, Pam3CSK4= 

1μg/mL, TNFα =10 ng/ml, zVAD=50 μM, and/or Nec-1s=30 μM.  

Contributions: Experiments performed, data analyzed Malek Najjar and Danish Saleh. Figures 

prepared by Malek Najjar. Figure legends written by Danish Saleh.       
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Figure 4. RIPK1 kinase-dependent cytokine synthesis induced by LPS with zVAD is dependent on 
TRIF but independent of MyD88 and Tnfr1. 
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Figure 4. RIPK1 kinase-dependent cytokine synthesis induced by LPS with zVAD is 

dependent on TRIF but independent of MyD88 and Tnfr1.  

(A) qRT-PCR of mRNA expression of CCL3 and CCL4 in wild type BMDMs treated with zVAD 

and/or TLR4 agonist (LPS), TLR3 agonist (Poly(I:C)), or TLR2 agonist (Pam3CSK4), for 7 hrs. 

(B-D) qRT-PCR and ELISA analysis of mRNA expression (C) and protein release (D) of select 

inflammatory cytokines in wild type and Ticam1-/- BMDMs treated for 7 hrs. Lack of wild type 

TRIF mRNA expression in Ticam1-/- BMDMs was confirmed by qRT-PCR (B) using the 

recommended protocol by Jackson labs. (E-G) qRT-PCR and ELISA analysis of mRNA 

expression of select inflammatory cytokines (F) and TNFα protein release (G) in wild type and 

Myd88-/- BMDMs treated for 7 hrs. (E) Loss of Myd88 protein confirmed by Western blot. (H) 

Cell viability of wild type and MyD88-/- BMDMs treated for 24 hrs. (I) qRT-PCR analysis of IFNβ 

mRNA expression in wild type Ticam1-/- BMDMs. (J) ELISA analysis of IFNβ protein release in 

wild type Ticam1-/- BMDMs. (K) qRT-PCR analysis of IFNβ mRNA expression in wild type 

MyD88-/- BMDMs. (L) Cell viability of BALB/C BMDMs treated with SMAC mimetic, SM164, 

for 9 hours. (M) qRT-PCR analysis of mRNA expression of select inflammatory cytokines in 

BALB/C BMDMs treated with SM164 for 6 hrs. (N) Cell viability of wild type and Tnfr1-/- 

BMDMs treated with SM164 for 20 hrs. (O) qRT-PCR analysis of mRNA expression of select 

inflammatory cytokines in wild type and Tnfr1-/- BMDMs treated with SM164 for 6 hrs. (P) qRT-

PCR of mRNA expression of CXCL1 and CXCL2 in wild type and Tnfr1-/- BMDMs treated with 

LPS or LPS with zVAD for 7 hrs. (Q) qRT-PCR of mRNA expression of CXCL1 and CXCL2 in 

wild type BMDMs treated with either LPS with zVAD or TNF with zVAD for 7 hrs. (R) ELISA 

analysis of TNFα protein release in wild type BMDMs treated for 4 hrs. (S) qRT-PCR analysis of 

select inflammatory cytokines in wild type BMDMs treated with LPS with zVAD in the presence 
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of increasing concentrations of cycloheximide (CHX) for 4 hrs.  For qRT-PCR and Western blots, 

data for one representative experiment out of at least three independent repeats are shown. For 

ELISA, combined data for three independent experiments are shown. Values represent Mean ± 

SD. *p<0.05. Experiments using SM164 or CHX were repeated twice and data shown are 

representative. Cells were treated with LPS=10 ng/mL, zVAD=50 μM, Nec-1s=30 μM, SM164=5 

μM, CHX=1, 5, or 10 μg/mL.  

Contributions: Experiments performed and data analyzed by Malek Najjar and Danish Saleh. 

Figures prepared by Malek Najjar. For data featuring use of CHX or SM-164, experiments were 

performed and figures were prepared by Danish Saleh exclusively. Figure legends written by 

Danish Saleh.       
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RIPK1 and RIPK3 kinase-dependent inflammation proceeds independently of MLKL-

dependent necroptosis. 

 As expected, both Ripk3-/- and Mlkl-/- BMDMs were completely protected from LPS with 

zVAD induced cell death (Fig. 5A). However, in contrast to the deficiency in RIPK3, we still 

observed induction of cytokine expression, albeit slightly reduced, in Mlkl-/- BMDMs in response 

to LPS with zVAD (Fig. 5B,C and 6A). Similarly, shRNA silencing of MLKL had no effect on 

pro-inflammatory signaling, even though it efficiently prevented cell death, in contrast to RIPK3 

shRNA, which blocked both responses (Fig. 6B-E). Overall, these data showed that RIPK1 and 

RIPK3 kinase-dependent induction of cytokine expression still occurred in the cells that did not 

undergo necroptosis in the absence of MLKL.  

 To further examine the connection between inflammatory gene expression changes and 

necroptosis, we evaluated these responses in a different system, using mouse embryonic fibroblasts 

(MEFs) treated with TNFα, zVAD and a low dose of CHX (Cho et al., 2009; He et al., 2009). As 

in BMDMs, we found that RIPK1 (Ripk1-/- MEFs) was critical for TNFα and IL6 mRNA induction 

(Fig. 5E,F and 6F), even though it was dispensable for necroptosis (Fig. 5D). Although deletion 

of RIPK3 prevented necroptosis (Fig. 5G), it did not attenuate TNFα and IL6 induction (Fig. 5H,I 

and 6G). Consistently, RIPK3 inhibitor, GSK872, also did not inhibit TNFα mRNA expression in 

wild type MEFs treated with TNFα, zVAD, and CHX at the concentrations that blocked 

necroptosis (Fig. 6H,I). These data revealed that RIPK1 is indispensable for the upregulation of 

inflammatory gene expression, while RIPK3 contributes to this regulation in a context-dependent 

manner and induction of inflammation still occurs in the absence of MLKL-dependent necroptosis.  
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Figure 5. MLKL is dispensable for cytokine synthesis and the role of RIPK3 is context-specific. 
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Figure 5: MLKL is dispensable for cytokine synthesis and the role of RIPK3 is context-

specific.  

(A) Cell viability of BMDMs treated for 24 hrs. (B, C) TNF mRNA expression (B) and protein 

release (C) in wild type, Mlkl-/-, and Ripk3-/- BMDMs treated for 7 hrs. In (C), statistical 

significance calculated by one way ANOVA. (D) Cell viability of MEFs treated for 24 hrs. (E, F) 

TNF mRNA expression (E) and protein release (F) in MEFs treated for 4 hr.  (G) Cell viability of 

MEFs treated for 24 hrs. (H, I) TNF mRNA expression (H) and protein release (I) in MEFs treated 

for 4 hr.  For qRT-PCR, data for one representative experiment out of at least three independent 

replicates are shown. For viability, combined data for three independent experiments are shown. 

Values represent Mean ± SD. *p<0.05. BMDMs were treated with LPS=10 ng/ml, zVAD=50 μM, 

and Nec-1s=30 μM. MEFs were treated with TNFα=10 ng/ml, zVAD=25 μM and CHX=1 μg/ml.  

Contributions: Experiments using TNF+zVAD+CHX were performed by Malek Najjar. 

Experiments using WT, Ripk3-/-, and Mlkl-/- BMDMs were performed by Malek Najjar and Danish 

Saleh. Data analyzed and figures prepared by Malek Najjar. Figure legends written by Danish 

Saleh.       
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Figure 6. MLKL is dispensable for RIPK1 and RIPK3 kinase-dependent inflammatory cytokine 
synthesis induced by LPS with zVAD and RIPK3 regulates cytokine production in a context 
dependent manner. 
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Figure 6. MLKL is dispensable forRIPK1 and RIPK3 kinase-dependent inflammatory 

cytokine synthesis induced by LPS with zVAD and RIPK3 regulates cytokine production in 

a context dependent manner.  

(A) qRT-PCR analysis of mRNA expression of select inflammatory cytokines in wild type, Mlkl-

/-, and Ripk3-/- BMDMs treated for 7 hrs. (B) Silencing of RIPK3 and MLKL using targeted shRNA 

in iBMMs confirmed by Western blot. (C-D) Cell viability iBMMs expressing RIPK3 (C) and 

MLKL (D) shRNAs treated with LPS alone LPS with zVAD, or LPS with zVAD and Nec-1 for 

24 hours. (E) qRT-PCR analysis of mRNA expression of select inflammatory cytokines in iBMMs 

expressing RIPK3 and MLKL shRNAs treated for 7 hours. (F-G) qRT-PCR analysis of IL6 mRNA 

expression in wild type and Ripk1-/- MEFs (F) and Ripk3-/- MEFs (G) treated with TNFα, zVAD, 

and CHXfor 4 hrs. (H-I) qRT-PCR analysis of TNFα mRNA expression (H, 4 hrs) and cell viability 

(I, 24 hrs) analysis in wild type MEFs treated with TNFα, zVAD, and CHX in the presence of 

GSK872. For qRT-PCR, data for one representative experiment out of at least three independent 

replicates are shown. For viability, combined data for three independent experiments are shown. 

Values represent Mean ± SD. *p<0.05. BMDMs and iBMMs were treated with LPS=10 ng/ml, 

zVAD=50 μM, Nec-1s=30 μM and/or GSK872=5 μM. MEFs were treated with TNFα =10 ng/ml, 

zVAD=25 μM, CHX=1 μg/m and GSK872=5 μM.  

Contributions: Experiments using TNF+zVAD+CHX and knockdown experiments were 

performed by Malek Najjar. Experiments using WT, Ripk3-/-, and Mlkl-/- BMDMs were performed 

by Malek Najjar and Danish Saleh. Data analyzed and figures prepared by Malek Najjar. Figure 

legends written by Danish Saleh.       
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Erk1/2 mediate RIPK1 and RIPK3-dependent inflammatory gene expression changes. 

Examining signaling changes, we observed pronounced phosphorylation of MAPK Erk1/2 (Fig. 

7A) and increased catalytic activity of the immunoprecipitated protein (Fig. 7B) upon treatment of 

BMDMs with LPS with zVAD. This response was RIPK1 and RIPK3 kinase-dependent as it was 

abolished in genetic models of RIPK1 and RIPK3 kinase inactivation and blocked by Nec-1s (Fig. 

7A,B and 8A,B).  

 Importantly, siRNA silencing of Erk1/2 kinases resulted in the pronounced attenuation of 

multiple gene expression changes and TNFα protein release elicited by LPS with zVAD, without 

perturbing RIPK1 and RIPK3 kinase-independent responses to LPS alone (Fig. 7C and 8C,D). 

Furthermore, silencing of Erk1/2 had no effect on cell death induced by LPS with zVAD (Fig. 

7D), suggesting that Erk1/2 is a selective transducer of pro-inflammatory signals from RIPK1 and 

RIPK3. To verify Erk siRNA data, we tested responses in Erk1-deficient (Mapk3-/-) BMDMs, and 

similarly observed attenuation of inflammatory responses, but not cell death, in cells treated with 

LPS with zVAD (Fig. 8E,F).   

To elucidate this regulation, we analyzed the effects of two small molecule inhibitors of 

Erk1/2 pathway. While a direct Erk1/2 inhibitor, SCH772984 (Morris et al. 2013), blocked 

inflammation induced by LPS with zVAD (Fig. 8G), CL-1040, an inhibitor of upstream Erk1/2 

MAPKKs, MEK1 and MEK2, did not reproduce this effect (Fig. 8H), indicating that Erk1/2 

regulation by RIPK1 and RIPK3 may not follow a canonical growth factor induced MAPK 

cascade. This was consistent with the absence of MEK1 and MEK2 activation in BMDMs treated 

by LPS with zVAD (Fig. 8I). To explore interactions between RIPK1 and Erk1/2, we performed 

immunoprecipitation of RIPK1 from primary BMDMs, and observed that its association with 

Erk1/2 was induced in LPS with zVAD stimulated cells and blocked by addition of Nec-1s (Fig. 
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7E). A reciprocal Erk1/2 IP experiments also confirmed association with RIPK1 (Fig. 8J). 

Additionally, we observed co-enrichment of phosphorylated Erk1/2 with RIPK1 and RIPK3 in 

NP40-insoluble cellular fraction in response to LPS with zVAD, which was reduced by Nec-1s 

and in K51A RIPK3 BMDMs (Fig. 8K,L). Notably, we did not observe MEK1 or MEK2 in the 

NP40-insoluble fraction (Fig. 8M).  

 To further investigate constituents of the detergent-insoluble fraction, we probed samples 

for additional players known to participate in the regulation of RIPK1 and RIPK3 and found TRIF, 

caspase-8 and CYLD to be similarly enriched (Fig. 9A). Finally, because we previously detected 

p-MLKL increase in detergent-insoluble aggregates (Fig. 1B), we examined whether Erk1/2 was 

present in the insoluble fraction from Mlkl-/- BMDMs. Indeed, we observed that Erk1/2 co-

segregated with RIPK1 and RIPK3 in a MLKL-independent manner (Fig. 9B). These findings 

suggested that “necrosome”-like detergent insoluble aggregates of RIPK1 and RIPK3 may serve 

as a signaling platform for engaging Erk1/2 and bypassing MEK1 and MEK2.  

 Similar to previous data in L929 cells (Christofferson et al. 2012; McNamara et al. 2013), 

silencing of cJun abrogated inflammatory responses induced by LPS with zVAD in BMDMs (Fig. 

9C). However, selective JNK inhibitor VIII did not prevent LPS with zVAD induced gene 

expression, even though cJun phosphorylation was blocked (Fig. 9D,E), suggesting that cJun 

phosphorylation by JNK may be co-incidental with RIPK1 and RIPK3 kinase-dependent 

regulation. The binding partner of cJun in AP1 complex, cFos, is a known direct target of 

phosphorylation and stabilization by Erk1/2 (Chen et al. 1996; Okazaki & Sagata 1995). Total and 

phosphorylated cFos were increased upon stimulation with LPS with zVAD in parallel with Erk1/2 

in a RIPK1 and RIPK3 kinase-dependent manner (Fig. 7F and 8A,B,). Furthermore, changes in 

cFos, but not cJun phosphorylation were blocked by Erk1/2 siRNA (Fig. 7G), correlating with 
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changes in inflammatory gene expression. Silencing of cFos (Fig. 8F) confirmed its requirement 

for inflammatory gene induction (Fig. 7H and 9G,H). Similar to Erk1/2, cFos only contributed to 

RIPK1 and RIPK3 kinase-dependent increase after treatment with LPS with zVAD, but was 

dispensable for LPS induced responses (Fig. 7H) and necroptosis (Fig. 7I), identifying Erk1/2-

cFos as a selective axis for inflammatory regulation by RIPK1 and RIPK3.  

 Along with AP-1, NFκB is established to play a central role in acute inflammatory 

responses to LPS (Kawai & Akira 2006). As expected, LPS triggered rapid and transient NFκB 

activation as evidenced by p65 phosphorylation and IκB degradation. This activation was sustained 

up to 6-9 hr when RIPK1 and RIPK3 kinases became engaged in the presence of zVAD (Fig. 7J 

and 9I). Unlike cFos siRNA, siRNA silencing of p65 (Fig. 9J) attenuated pro-inflammatory 

responses to LPS as well as LPS with zVAD; however, similar to cFos silencing, cell death was 

unperturbed (Fig. 7K,L and 9K,L), reflecting a contribution of NFκB signaling to TRIF-dependent 

inflammation (Kawai & Akira 2006). Importantly, activation of NFκB was inhibited by siRNA 

silencing and the small molecule inhibitor of Erk1/2 (Fig. 7G and 9M), but not by cFos siRNA 

(Fig. 9N) marking these two factors as independent targets of the RIPK1 and RIPK3-Erk1/2 axis 

that may be activated synergistically to achieve optimal potentiation of the inflammatory 

responses.   

 Erk, cFos, and NFκB phosphorylation changes induced by LPS with zVAD were blocked 

in Ripk3-/-, RIPK3 K51A and Ticam1-/- BMDMs (Fig. 8A,B, 9O), all of which were found to be 

deficient in inflammatory cytokine production induced by LPS with zVAD (Figs. 1-4). 

Conversely, these phosphorylation changes were not blocked in Mlkl-/- BMDMs, which retained 

an increased inflammatory response to LPS with zVAD (Fig. 5 and 9P). As further verification of 

the specificity of this regulation, we determined that phosphorylation of Erk1/2, cFos, and p65, 
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and degradation of IκB, induced by LPS alone in caspase-8-deficient BMDMs, became sensitive 

to inhibition by Nec-1s (Fig. 9Q). In sum, these data established the importance of Erk, cFos, and 

NFκB as mediators of RIPK1 and RIPK3 kinase-dependent inflammatory gene expression. 
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Figure 7. Erk-cFos and NFkB pathways mediate RIPK1 and RIPK3 kinase-dependent pro-
inflammatory signaling induced by LPS with zVAD. 
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Figure 7: Erk-cFos and NFkB pathways mediate RIPK1 and RIPK3 kinase-dependent pro-

inflammatory signaling induced by LPS with zVAD.  

(A) Western analysis of Erk1/2 phosphorylation in BMDMs treated for 7 hrs. (B) In vitro kinase 

assay of Erk1/2 protein against Elk1 substrate. Total Erk1/2 was immunoprecipitated from 

BMDMs treated for 3 hrs. (C-D) TNF mRNA expression (C, 7 hrs) and cell viability (D, 24 hrs) 

in BMDMs after electroporation with Erk1/2 siRNA. (E) Co-immunoprecipitation of endogenous 

RIPK1 and Erk1/2 from BMDMs treated for 3 hrs. Western blot analysis for lysate (left panel) and 

IP (right panel) samples shown. (F) Western analysis in BMDMs treated for 7 hrs. Refer to panel 

4A for loading control. (G) Western analysis in wild type BMDMs treated for 7 hrs after 

electroporation of Erk1/2 siRNA. (H-I) TNF mRNA expression (H, 7 hrs) and cell viability (I, 24 

hrs) in BMDMs after electroporation with cFos siRNA. (J) Western analysis in BMDMs treated 

for 7 hrs. Refer to panel 4A for loading control. (K-L) TNF mRNA expression (K, 7 hrs) and cell 

viability (L, 24 hrs) in BMDMs after electroporation with p65 siRNA. For qRT-PCR and Western 

blots, data for one representative experiment out of at least three independent repeats are shown 

unless otherwise specified. For ELISA, combined data for three independent experiments are 

shown. Values represent Mean ± SD. *p<0.05. BMDMs were treated with LPS=10 ng/ml, 

zVAD=50 μM, and Nec-1s=30 μM. 

Contributions: Contributions: Experiments performed, data analyzed and figures prepared by 

Malek Najjar. Figure legends written by Danish Saleh.       
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Figure 8. Inhibition of Erk1/2 blocks cytokine mRNA expression induced by LPS with zVAD. 
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Figure 8. Inhibition of Erk1/2 blocks cytokine mRNA expression induced by LPS with 

zVAD.  

(A-B) Western blot analysis of Erk1/2 phosphorylation in wild type, Ripk3-/- (B) and K51A RIPK3 

(C) BMDMs treated for 7 hrs. (C) Percent inhibition of mRNA expression of select inflammatory 

cytokines in BMDMs treated with LPS or LPS with zVAD for 7 hrs following electroporation with 

Erk1/2 siRNA, evaluated by qRT-PCR. The data reflect the percent inhibition of cytokine mRNA 

expression in BMDMs electroporated with Erk1/2 siRNA compared to the cells electroporated 

with control siRNA. Data are the means of three biologic replicates ± SD. *p<0.05 and **p<0.005. 

(D) ELISA analysis of TNFα protein release in BMDMs treated for 7 hrs following electroporation 

with Erk1/2 siRNA. (E) qRT-PCR analysis of mRNA expression of select inflammatory genes in 

wild type and Mapk3-/- BMDMs treated for 7 hrs. (F) Cell viability in wild type and Mapk3-/- 

BMDMs treated for 24 hrs. (G) Percent inhibition of mRNA expression of select inflammatory 

cytokines in BMDMs treated with LPS or LPS with zVAD for 7 hrs in the presence of Erk1/2 

inhibitor (SCH772984), evaluated by qRT-PCR. Data reflect percent inhibition of cytokine mRNA 

expression in BMDMs treated with Erk1/2 inhibitor over DMSO treated controls. Data are the 

means of three biologic replicates ± SD. *p<0.05 and **p<0.005. (H) qRT-PCR analysis of TNFα 

mRNA expression in BMDMs treated for 7 hrs in the presence of MEK inhibitor (CL-1040). (I) 

Western blot analysis of MEK1 and MEK2 as well as their phosphorylated forms in wild type 

BMDMs. (J) Co-immunoprecipitation of endogenous RIPK1 and Erk1/2 from BMDMs stimulated 

for 3 hrs. Western blot analysis for the lysate (left panel) and Erk1/2 IP (right panel) samples are 

shown. (K) Western blot analysis of NP40 soluble and NP40 insoluble fractions probed for Erk1/2 

and phosphorylated Erk1/2 in wild type BMDMs treated with LPS alone, LPS with zVAD, or LPS 

with zVAD and Nec-1 for 4 hrs.  (L) Western blot analysis of NP40 soluble and NP40 insoluble 
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fractions probed for Erk1/2 and phosphorylated Erk1/2 in wild type and K51A RIPK3 BMDMs 

treated with LPS alone, LPS with zVAD, or LPS with zVAD and Nec-1 for 4 hrs. (M) Western 

blot analysis of NP40 soluble and NP40 insoluble fractions probed for MEK1/2 and 

phosphorylated MEK1/2 in wild type BMDMs treated with LPS alone or LPS with zVAD for 4 

hrs. For qRT-PCR and Western blots, data for one representative experiment out of at least three 

independent repeats are shown unless otherwise specified. For ELISA, combined data for three 

independent experiments are shown. Values represent Mean ± SD. BMDMs were treated with 

LPS=10 ng/ml, zVAD=50 μM, Nec-1s=30 μM, Erk inhibitor SCH772984= 0.5 μM, and MEK 

inhibitor CL1040=1 μM. 

Contributions: Experiments performed, data analyzed and figures prepared by Malek Najjar. 

Figure legends written by Danish Saleh.       
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Figure 9. Inhibition of Erk1/2 blocks cytokine mRNA expression induced by LPS with zVAD. 
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Figure 9. Inhibition of cFos and NFκB pathway blocks cytokine mRNA expression induced 

by LPS with zVAD.  

(A) Western blot analysis of NP40 soluble and NP40 insoluble fractions probed for TRIF, CYLD, 

and Caspase-8 in wild type BMDMs treated with LPS alone, LPS with zVAD or LPS with zVAD 

and Nec-1 for 4 hrs. (B) Western blot analysis of NP40 soluble and NP40 insoluble fractions in 

wild type and Mlkl-/- BMDMs treated with LPS alone, LPS with zVAD, or LPS with zVAD and 

Nec-1 for 4 hrs. (C) qRT-PCR analysis of TNFα mRNA expression in BMDMs treated for 7 hrs 

following electroporation with cJun siRNA. (D) Western blot analysis of cJun and phosphorylated 

cJun in BMDMs treated for 7 hrs in the presence of JNK inhibitor VIII. (E) qRT-PCR analysis of 

TNFα mRNA expression in wild type BMDMs treated for 7 hrs in the presence of JNK inhibitor 

VIII. (F) Silencing of cFos using targeted siRNA in BMDMs confirmed by Western blot. (G) 

Percent inhibition of mRNA expression of select inflammatory cytokines in BMDMs treated with 

LPS or LPS with zVAD for 7 hrs following electroporation with cFos siRNA,evaluated by qRT-

PCR. The data reflect the percent inhibition of cytokine mRNA expression in BMDMs 

electroporated with cFos siRNA compared to the cells electroporated with control siRNA. Data 

are the means of three biologic replicates ± SD. *p<0.05 and **p<0.005. (H) ELISA analysis of 

TNFα protein release in wild type BMDMs treated with LPS with zVAD for 7 hrs following 

electroporation with cFos siRNA. (I) Western blot analysis of changes in Erk1/2, cFos, p65 and 

IkB in wild type BMDMs treated with LPS or LPS with zVAD over a 9 hr time course. (J) 

Silencing of p65 using targeted siRNA in BMDMs confirmed by Western blot. (K) Percent 

inhibition of mRNA expression of select inflammatory cytokines in BMDMs treated with LPS or 

LPS with zVAD for 7 hrs following electroporation with p65 siRNA, evaluated by qRT-PCR. The 

data reflect the percent inhibition of cytokine mRNA expression in BMDMs electroporated with 
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p65 siRNA compared to the cells electroporated with control siRNA. Data are the means of three 

biologic replicates ± SD. *p<0.05 and **p<0.005. (L) ELISA analysis of TNFα protein release in 

wild type BMDMs treated with LPS with zVAD for 7 hrs following electroporation with p65 

siRNA. (M) Western blot analysis in BMDMs treated for 7 hrs in the presence of Erk inhibitor 

(SCH772984). (N) Western blot analysis in BMDMs treated with LPS alone or LPS with zVAD 

for 7 hrs following electroporation with cFos siRNA. (O) Western blot analysis in wild type and 

Ticam1-/- BMDMs treated with LPS alone, LPS with zVAD, or LPS with zVAD and Nec-1 for 7 

hrs. (P) Western blot analysis in wild type and Mlkl-/- BMDMs treated with LPS alone, LPS with 

zVAD, or LPS with zVAD and Nec-1 for 7 hrs. (Q) Western blot analysis in caspase-8-floxed and 

caspase-8-deficient BMDMs treated with LPS alone, LPS with zVAD, or LPS with zVAD and 

Nec-1 for 7 hrs. Caspase-8 was deleted from casp8flox/flox BMDMs by Adenoviral-Cre-GFP 

mediated excision.    For qRT-PCR and Western blots, data for one representative experiment out 

of at least three independent repeats are shown unless otherwise specified. For ELISA, combined 

data for three independent experiments are shown. Values represent Mean ± SD. BMDMs were 

treated with LPS=10 ng/ml, zVAD=50 μM, Nec-1s=30 μM, Erk inhibitor SCH772984= 0.5 μM, 

and JNK inh. VIII=10 μM.   

Contributions: Most experiments performed, data analyzed, and figures prepared by Malek Najjar 

Data generated from Necrosome isolation assays performed, analyzed, and prepared by Danish 

Saleh. Figure legends written by Danish Saleh.       
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RIPK1 and RIPK3 control LPS-induced inflammatory responses in vivo. 

Induction of necroptosis is characterized by a well-established dichotomy in activation in vitro, 

which in most cases requires inhibition of caspase-8, and in vivo, where necroptosis has been 

observed in a wide range of pathologic injuries in the absence of exogenous caspase inhibition  

(Duprez et al. 2011; Linkermann & Green 2014). This has been directly illustrated by the activity 

of the best characterized inducer of necroptosis, TNFα, which requires caspase inhibition for 

necroptosis in vitro in most cellular systems described to date, but efficiently and directly induces 

RIPK1 and RIPK3 kinase-dependent necroptosis in vivo in normal, wild type animals (Duprez et 

al. 2011). These observations suggest that the strict controls on RIPK1 and RIPK3 kinase 

activation in vitro may be less efficient in vivo and prompted us to examine whether RIPK1 and 

RIPK3 kinases may be involved in the control of inflammatory responses to LPS in vivo in the 

absence of zVAD. To address this question, we injected BALB/c mice intravenously with 30 

mg/kg of Nec-1s 15 min prior to intraperitoneal injection with a low dose of LPS (50 µg/kg). 

Multiple cytokines and chemokines, which were shown to be augmented by zVAD treatment and 

regulated in a RIPK1 and RIPK3 kinase-dependent manner in vitro (Fig. 1: TNFα, CCL3, CCL4, 

GM-CSF (CSF-2) and IL6), were induced in the circulation by LPS, 1 hr post-injection, and 

strikingly reduced ~60-80% by Nec-1s (Fig. 10A and 11A). The one hour time point corresponds 

to the time of maximal TNFα induction (Fig. 11B). Additionally, we observed that Nec-1s 

decreased mRNA of these molecules in CD11b+ myeloid precursor cells, isolated from the bone 

marrow of animals (Fig. 10B and 11C). Analysis of additional genes, which were upregulated by 

LPS with zVAD in vitro (Fig. 1), showed similar induction by LPS alone in vivo and inhibition by 

Nec-1s (Table 1). To confirm the role of RIPK1 kinase, we injected wild type and RIPK1 D138N 

mice with LPS and, similarly, found a robust decrease in circulating inflammatory mediators (Fig. 
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10C). D138N RIPK1 CD11b+ myeloid precursor cells, isolated from the bone marrow of the LPS-

injected animals, also displayed greatly reduced mRNA transcripts of inflammatory molecules 

(Fig. 10D), supporting control of inflammatory gene expression by RIPK1 kinase activity in vivo.  

To more comprehensively examine the inflammatory profile regulated by RIPK1 kinase, 

we performed RNA-Seq analysis of the mRNAs from mice treated with vehicle, LPS, and LPS 

with Nec-1s. Pathway analysis identified multiple innate immune response axes as major pathways 

induced by LPS in vivo, and notably, the same pathways were identified as key targets of Nec-1s 

in the LPS-injected animals (Table 2). We also evaluated this regulation in CD11b+ sorted 

peritoneal macrophages, a model for mature and activated myeloid cells, and found that 

intravenous administration of Nec-1s, similarly inhibited LPS-induced TNFα, CCL3 and CCL4 

mRNA upregulation 1 hr after LPS injection (Fig. 11D). Overall, these data mark the kinase 

activity of RIPK1 as an unanticipated master regulator of acute inflammatory responses to LPS in 

vivo.    

Our in vitro model also pointed to a crucial role for RIPK3 in regulating RIPK1 kinase-

dependent cytokine synthesis. Cytokine production was also diminished in the Ripk3-/- mice 

confirming an important role for RIPK3 in LPS-induced inflammation in vivo (Fig. 12A). While 

bone marrow cells provide a limited source for protein analysis, we were able to also observe 

activation of some of the same signaling pathways in vivo that we have linked to RIPK1 and RIPK3 

activation in vitro, including phosphorylation of Erk, cFos and p65 and degradation of IκB. All of 

these LPS-induced events were inhibited by Nec-1s (Fig. 12B).  

Our in vitro data strongly suggested a critical role for RIPK1 and RIPK3 kinases as 

inducers of cytokine synthesis independent of cell death. Next, we sought to evaluate whether this 

is also the case in vivo. Notably, our studies used low dose of LPS, which is <10% of what is used 
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to trigger systemic toxicity. Accordingly, we did not observe cell death in CD11b+ cells that we 

used for mRNA analysis using AQUA LIVE/DEAD staining (Fig. 11E). Similarly, we did not see 

any increase in the circulating markers of injury, such as ALT, at either 1 hr or at 7 hrs after LPS 

injection (Fig. 11F). These data support the notion that RIPK1 regulation of inflammation is not 

associated with cell death in vivo. To examine RIPK1 and RIPK3 kinase-dependent cytokine 

synthesis in the absence of necroptosis, we assessed the efficacy of Nec-1s in regulating LPS-

induced cytokine production in Mlkl-/- mice. Consistent with our hypothesis, loss of MLKL did not 

impair LPS-induced serum cytokines and mRNA expression in CD11b+ cells, and importantly, 

this induction was still blocked by Nec-1s (Figure 11G,H and 12C,D). Altogether, these data 

indicate the cell death independent control of inflammation by kinase activity of RIPK1 and RIPK3 

in vivo, analogous to our data in vitro.   

 We also considered whether TNFα upregulation due to the LPS stimulation might be a 

contributing factor to the acute RIPK1 and RIPK3 kinase-dependent inflammatory responses. 

However, administration of TNFα only led to a relatively weak inflammatory response, compared 

to LPS, and this response was not inhibited by Nec-1s (Fig. 11I). This observation was not 

surprising as previously published data showed that circulating concentrations of inflammatory 

mediators, such as IL6, were elevated only several hours after injection of TNFα and this 

inflammatory response was clearly secondary to the induction of cell death induced by the 

molecule (Duprez et al. 2011).  

Factors that may allow activation of RIPK1 and RIPK3 kinase-dependent injury without 

perturbation of caspase-8 activity in a variety of mouse models in vivo have not yet been addressed 

comprehensively. One possibility may be lower efficiency of caspase-8 activation in vivo. We 

found that Caspase-Glo caspase-8 activity assay provided a sensitive method to detect caspase-8 
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activation by LPS alone in vitro, and this was inhibited by zVAD (Fig. 11J). Notably, using the 

same assay, we did not observe caspase-8 activation in bone marrow cells in response to LPS 

challenge in vivo. Only a much higher, toxic dose of LPS was required to elicit robust caspase-8 

activation (Fig. 11K). Thus, while development of better and more sensitive tools will be useful 

for the evaluation of caspase-8 activation, our data suggests the possibility that limitations on 

caspase-8 activity may explain the direct activation of RIPK1 and RIPK3 signaling by LPS in vivo.  

Ultimately, these observations suggest that RIPK1 and RIPK3, which are controlled in 

vitro by caspase-8, play a major role in acute inflammatory responses to LPS in vivo. Our work 

revealed a mechanism for this regulation, which is mediated by Erk1/2 in a cell death-independent 

and cell-autonomous manner. 
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Figure 10. LPS-induced inflammatory cytokine synthesis requires RIPK1 kinase in vivo.  
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Figure 10: LPS-induced inflammatory cytokine synthesis requires RIPK1 kinase in vivo.  

(A) Circulating TNFα in wild type mice injected with Nec-1s (iv) 15 min prior to LPS (50μg/kg) 

(ip) by ELISA. n= 8-9 animals per group and *p<0.05. (B) TNF mRNA expression in CD11b+ 

bone marrow cells isolated from mice post-injection with LPS or LPS/Nec-1s as in (A). n=5-6 

animals per group and *p<0.05. (C) Multiplexed ELISA analysis of circulating inflammatory 

mediators in mice injected with LPS (50μg/kg) intraperitoneally. Serum samples evaluated 1 hr 

thereafter. n=3-6 animals per group and *p<0.05. (D) mRNA expression of a panel of 

inflammatory genes in CD11b+ bone marrow cells isolated from LPS-injected mice as in (C). n= 

3-6 animals per group and *p<0.05. Values represent Mean ± SD.  

Contributions: Experiments performed by Malek Najjar and Danish Saleh. Data analyzed and 

figures prepared by Malek Najjar. Figure legends written by Danish Saleh.       
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Figure 11. LPS induced inflammation requires kinase activity of RIPK1 and is independent of cell 
death in vivo. 
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Figure 11. LPS induced inflammation requires kinase activity of RIPK1 and is independent 

of cell death in vivo.  

(A) Multiplexed ELISA analysis of circulating inflammatory cytokines in wild type mice injected 

with Nec-1s (iv) 15 min prior to LPS (ip). n= 8-9 animals per group and *p<0.05. (B) Serum TNFα 

was measured 1, 2 and 7 hours after injection with 50 µg/kg LPS alone, n=3 per group. (C) qRT-

PCR analysis of mRNA expression of inflammatory genes in CD11b+ bone marrow cells isolated 

from mice post-injection with LPS or LPS/Nec-1s as in (A). (D) qRT-PCR analysis of mRNA 

expression of inflammatory genes in CD11b+ thioglycollate-elicited peritoneal macrophages from 

mice post-injection with LPS or LPS/Nec-1s as in (A). n=3 animals per group and *p<0.05. Values 

represent Mean ± SD. (E) FACS analysis of CD11b+ cells from bone marrow collected 1 hr after 

LPS injection. Cell viability was evaluated using LIVE/DEAD AQUA Dead Cell Stain Kit. Post-

isolation treatment with digitonin was used as a positive control for cell death. (F) Serum ALT 

was measured 1 hr and 7 hrs after injection with 50 µg/kg LPS alone or in combination with 800 

mg/kg D-gal, n=3-5 per group. (G) qRT-PCR analysis of mRNA expression of inflammatory genes 

in CD11b+ bone marrow cells isolated from wild type and Mlkl-/- mice injected with Nec-1 (iv) 15 

min prior to LPS (ip) or LPS (ip) alone. Cells were collected 1 hr after LPS injection. n=3 animals 

per group and *p<0.05. (H) ELISA analysis of circulating IL6 from wild type and Mlkl-/- mice 

injected with LPS or LPS/Nec-1 as in (G). n=5 animals per group and *p<0.05. (I) Multiplexed 

ELISA analysis of select circulating inflammatory cytokines after injection of wild type mice with 

human TNFα (50 µg/kg) or TNFα and Nec-1s (30 mg/kg). Samples were collected 1 hr post-

treatment, n=3 per group. (J) Caspase-8 activity assay in wild type BMDMs treated for 3 hours. 

n=3 biological replicates and *p<0.05. (K) Caspase-8 activity assay in CD11b+ cells, isolated and 

prepared as in (C and G) and (F). n=3 replicates per group and *p<0.05.  
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Contributions: Experiments performed and figures prepared by Malek Najjar. Data analyzed by 

Malek Najjar. Analysis of circulating TNFα in Mlkl-/- completed by Danish Saleh. Figure legends 

written by Danish Saleh.       
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Figure 12. LPS-induced inflammatory cytokine synthesis requires RIPK3 but not MLKL in vivo. 
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Figure 12: LPS-induced inflammatory cytokine synthesis requires RIPK3 but not MLKL in 

vivo.  

(A) Circulating inflammatory mediators in wild type and Ripk3-/- mice by ELISA. n= 4 animals 

per group, *p<0.05. (B) Western analysis in mouse CD11b+ bone marrow cells from LPS or LPS 

and Nec-1s injected animals. Samples from 3 animals per group were pooled for the analysis. (C) 

TNF mRNA expression in CD11b+ bone marrow cells isolated from wild type and Mlkl-/- mice 

injected with Nec-1 (iv) 15 min prior to LPS (ip) (50μg/kg) or LPS (ip) alone. Cells were collected 

1 hr after LPS injection. n=3 animals per group and *p<0.05. (D) Circulating TNFα from wild type 

and Mlkl-/- mice injected with LPS or LPS and Nec-1 as in (C). n=5 animals per group and *p<0.05.  

Also see figure S6.     

Contributions: Experiments performed, data analyzed, and figures prepared by Malek Najjar. 

Figure legends written by Danish Saleh.       
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Table 1. Similar genes are controlled by RIPK1 in BMDMs in vitro and in bone marrow 

CD11b+ following injection of LPS in vivo.  

 BMDMs in vitro Bone marrow CD11+ in vivo 

Gene Fold induction 

of LPS/zVAD to 

LPS alone  

Fold reduction 

by addition of 

Nec-1s to 

LPS/zVAD 

 

Fold induction 

by LPS alone 

Fold reduction 

by addition of 

Nec-1s  

Edn1 19.49 14.77 39.68 12.10 

Ifnb1 13.2 9.23 2.97 3.67 

Ccl3 11.72 12.6 319.6 9.73 

Csf1 9.6 5.85 2.08 1.91 

Csl2 8.72 5.59 47.2 3.19 

Ccl4 5.28 5.87 107.38 6.22 

Cxcl1 4.74 4.65 165.98 3.35 

Cxcl2 3.97 3.48 293.1 3.8 

Ccl7 2.34 2.09 2.87 3.87 

Il6 2.28 3.04 43.29 6.18 

Csf2 2.08 2.67 5.92 4.93 

Il1b 1.47 5.07 29.4 3.48 

Csf 1.45 2.46 3.97 2.38 

 

Table 1: Similar genes are controlled by RIPK1 in BMDMs in vitro and in bone marrow 

CD11b+ following injection of LPS in vivo. 

Gene expression changes in BMDMs and bone marrow samples were evaluated by qRT-PCR. In 

vitro, fold induction by LPS with zVAD relative to LPS alone and fold reduction by LPS with 

zVAD and Nec-1s relative to LPS with zVAD are shown. In vivo, fold induction by LPS relative 

to vehicle and fold reduction by LPS with Nec-1s relative to LPS alone are shown.  
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Contributions: Experiments performed by Malek Najjar. Data analyzed and figures prepared by 

Alexei Degterev. Figure legends written by Danish Saleh.       
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Table 2. Major pathways induced by LPS and inhibited by Nec-1s in vivo.  

Ingenuity pathways 

inhibited by Nec-1s after 

LPS injection 

p-values 

Pattern recognition of 

bacteria/viruses 

6.3X10-17 

IL10 signaling 1.2X10-13 

NFkB signaling 7.9X10-12 

Death receptor signaling 2X10-11 

Dendritic cells maturation 7.9X10-11 

Toll-like receptor signaling 1X10-10 

IL6 signaling 1.1X10-9 

Activation of IRF3 by 

cytosolic DNA 

1.5X10-12 

 

Table 2: Major pathways induced by LPS and inhibited by Nec-1s in vivo. 

Analysis of the signaling pathways attenuated by Nec-1s in LPS-injected animals. Mice were 

injected with 20 mg/kg Nec-1s (iv) 15 min prior to 50 μg/kg LPS (ip). Changes in gene expression 

were analyzed using Ingenuity software and Fisher's exact test for p-value.      

Contributions: Experiments performed by Malek Najjar. Data analyzed and figures prepared by 

Alexei Degterev. Figure legends written by Danish Saleh.       
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Discussion 

 Our observations suggest that kinase activity of RIPK1 is a critical component in negotiating acute 

inflammatory cytokine expression, unlike the role of this kinase in necroptosis, which can be by-

passed by direct engagement of RIPK3 (Dannappel et al. 2014; Dillon et al. 2014; Kaiser et al. 

2014; Kearney et al. 2015; Rickard et al. 2014; Takahashi et al. 2014; Upton et al. 2010; Upton et 

al. 2012). In the absence of kinase activity of RIPK1, LPS and LPS with zVAD-induced acute 

inflammatory changes were attenuated both in vivo and in vitro, respectively. Similarly, Ripk3-/- 

mice and BMDMs also displayed a significant defect in cytokine production induced by LPS in 

vivo or LPS with zVAD in vitro. However, RIPK3, but not RIPK1, was dispensable for 

inflammatory gene expression changes in TNFα -treated MEFs. These observations distinguish 

kinase functions of RIPK1 from RIPK3 and suggest that while RIPK3 serves as the requisite cell 

executioner, RIPK1 may serve as an essential driver of de novo cytokine synthesis. Consistent 

with this framework, recent works from other groups have elucidated additional RIPK1 kinase-

dependent inflammatory changes that do not require RIPK3. For example, RIPK1 kinase, but not 

RIPK3 was responsible for inflammation observed in Ptpn6spin mice and caspase-8 deficient 

dendritic cells (Cuda et al. 2014; Lukens et al. 2013). In another example, work by Yatim et al. 

showed that chemically enforced RIPK3 oligomerization is insufficient to drive NFκB-dependent 

cytokine synthesis without RIPK1 (Yatim et al. 2015). Together, our work and that of others 

suggest an important role for RIPK1 catalytic activity in the regulation of multiple inflammatory 

pathways.  

 The precise molecular details of inflammatory signaling by the RIPK1 and RIPK3 

necrosome will be important to further understand. Previous work established that TRIF can 

directly engage RIPK3 (Kaiser et al. 2013) and oligomerization of just RIPK3 is sufficient to 
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induce necroptosis (Cook et al. 2014; Orozco et al. 2014; Wu et al. 2014). In contrast, our data 

show that RIPK1 kinase, also a direct binding partner of TRIF (Meylan et al. 2004), is 

indispensable for TRIF-dependent cytokine synthesis. Evidence also suggests that RIPK1 and 

RIPK3 form detergent insoluble amyloid-like “necrosome” aggregates (Li et al. 2012) which serve 

as a signaling platform for MLKL activation by RIPK3. Analogous RIPK1-containing 

“ripoptosome” complexes were described as a platform for RIPK1-dependent caspase-8 activation 

(Feoktistova et al. 2011; Tenev et al. 2011). Our data suggest that similar detergent-insoluble 

RIPK1 and RIPK3 “necrosome”-like aggregates may mediate pro-inflammatory signaling through 

Erk1/2, bypassing requirement for MEK1 and/or MEK2. However, it remains to be determined 

whether a singular RIPK1 and RIPK3 complex is formed to carry out distinct pro-inflammatory 

and pro-death functions or, alternatively, physically and/or compositionally distinct “necrosome”-

like complexes are formed to differentially regulate necroptosis and pro-inflammatory gene 

expression. A comprehensive proteomics analysis of molecular interactions associated with 

RIPK1 and RIPK3 aggregate formation in BMDMs treated with LPS with zVAD will be needed 

to further reveal mechanistic details of this regulation. 

RIPK1 and RIPK3 have attracted major interest as therapeutic targets for a wide range of 

pathologies, including ischemia-reperfusion injuries, atherosclerosis, pancreatitis, retinal damage, 

multiple sclerosis and many others (Linkermann & Green 2014; Ofengeim et al. 2015). While 

inflammation is often viewed as a consequence of necroptosis (Pasparakis & Vandenabeele 2015; 

Silke et al. 2015), our findings raise the possibility that the contributions of RIPK1 and RIPK3 to 

inflammatory pathologies may also reflect cell death-independent regulation of inflammation. 

Accordingly, it will be critical to consider whether inflammatory pathologies, in which roles for 

RIPK1 and RIPK3 may not have been closely examined due to the limited influence of cell death, 
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may involve these proteins in a cell death independent capacity.  

Lastly, the dichotomy in RIPK1 and RIPK3 activation in vivo and in vitro remains to be 

fully understood. In vitro, LPS-induced RIPK1 and RIPK3 kinase-dependent inflammatory 

cytokine production requires inactivation of caspase-8. However, in vivo, LPS-induced RIPK1 and 

RIPK3 kinase-dependent inflammation proceeds without exogenous manipulation of caspase-8 

function. This paradigm is analogous to many other in vivo observations, such as the requirement 

of caspase-8 inhibition in vitro, but not in vivo for necroptosis activation by TNFα (Duprez et al. 

2011). One explanation for these differences may be a discrepancy in the activity of the regulators 

of RIPKs, such as caspase-8, CYLD, FLIPL, TAK1, and/or A20, resulting in less stringent controls 

on RIPK activation in vivo. Along these lines, while LPS induced caspase-8 activity in vitro in our 

experiments, this was not the case in vivo, consistent with the possibility of differences in caspase-

8 activation by LPS in vitro and in vivo. Notably, recent report by Ofengeim et al. similarly 

suggested deficient activation of caspase-8 in white matter lesions of multiple sclerosis patients 

are associated with changes in the regulation of RIPK1 and RIPK3 signaling (Ofengeim et al. 

2015). Nevertheless, more sensitive and specific methods, especially to assess caspase-8 activity 

in necroptosis-inhibiting caspase-8 and FLIPL heterodimeric complex (Oberst et al. 2011), are 

needed to further address this question in LPS-induced and other in vivo models of RIPK1 and 

RIPK3 kinase regulation.     
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Experimental Procedures 

Animals 

Female BALB/C (Charles River Labs) or C57BL/6 mice 6-8 weeks of age were used for LPS 

experiments. Ripk3-/- (on C57BL/6 background) and matched controls were previously described 

(Newton et al., 2004) and provided to us by Dr. Vishva Dixit (Genentech). Ticam1-/- (C57BL/6J-

Ticam1Lps2/J) mice, Myd88-/- (B6.129-Myd88tm1.1Defr/J), Mapk3-/- (B6.129-Mapk3tm1Gela/J) mice 

and corresponding control mice (C57BL/6J, B6.129) were purchased from Jackson labs. Tnfr1-/- 

mice (C56BL/6-Tnfrsf1tm1lmx/J) on a C57BL/6 background were obtained from Jackson labs.  

Floxed caspase-8 (Casp8fl/fl) mice were generated on FVB/N background and were a generous gift 

of Dr. Stan Krajewski (Burnham institute) (Krajewska et al. 2011). RIPK1 D138N and RIPK3 

K51A (Ripk1D138N/D138N and Ripk3K51A/K51A) mice were previously described (Polykratis et al. 2014; 

Moriwaki et al. 2015). All use of animals was approved by the Tufts University, UMASS and Fox 

Chase Cancer Center Institutional Animal Care and Use Committees. Mice were maintained in 

animal facilities in cages with light/dark cycle and experiments were performed according to the 

protocol with all efforts to minimize the number and suffering of the animals. 

Reagents  

Lipopolysaccharide (LPS) (Escherichia coli 0111:B4) was purchased from Sigma and Mouse 

TNFα was purchased from Peprotech. Optimized Necrostatin-1 (5-[(7-chloro-1H-indol-3-yl) 

methyl]-3-methyl-2,4-imidazolidinedione or Nec-1s) was synthesized as previously described 

(Teng et al. 2005). For in vivo administration, Nec-1s was dissolved in PBS containing 25% 

Polyethylene Glycol 400 (Spectrum labs). Endotoxin free recombinant Human TNFα was 

purified in Dr. Sergei Nedospasov’s lab and injected at 50 μg/kg intra-peritoneal. D-(+)-

Galactosamine hydrochloride (D-gal) was purchased from sigma and injected at 800 mg/kg dose 
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intraperitoneal after dissolved in PBS.  RIPK3 inhibitor, GSK872, was also previously described 

(Mandal et al. 2014). Other inhibitors (and their final concentrations) were as follows: Erk 

inhibitor, SCH772984 (0.5 μM, Selleck Chemicals), JNK inhibitor VIII (10 μM, Calbiohem), 

Akt inhibitor VIII (10 μM, Calbiochem), MEK1/2 inhibitors (CL1040, 1 μM, Selleck 

Chemicals), SM164 (5μM, Apex Bio), pan-caspase inhibitor z-Val-Ala-Asp-FMK (zVAD.fmk, 

50 μM, Apex Bio).  

Cells 

Immortalized C57Bl/6J bone marrow derived macrophages (iBMMs) were a generous gift of Dr. 

Katherine Fitzgerald (UMASS Medical School). Cells were maintained in DMEM supplemented 

with 10% fetal bovine serum (FBS) and 1% antibiotic-antimycotic mixture (Invitrogen). 1 X 106 

iBMMs were seeded for mRNA and western blot experiments into 35 mm2 dishes and 20,000 cells 

per well were seeded into 96 well plates for viability. Bone marrow derived macrophages 

(BMDMs) were prepared from bone marrow cells collected from femurs and tibias of mice. Bone 

marrow cells were differentiated over 7 days in the presence of conditioned media from L929 cells 

(30% L929 conditioned media, 20% FBS and 1% antibiotics in RPMI1640) in petri dishes. Media 

was replenished on day 3. On day 7, adherent cells were collected and reseeded in tissue-culture 

treated plates for experimentation. After reseeding, cells were maintained in media containing 10% 

L929 conditioned media, 20% FBS, and 1% antibiotics for 48 hours prior to carrying out 

experiments. For mRNA and Western blot experiments, 2X106 BMDMs were seeded into 35 mm2 

dishes. For cell viability experiments, 50,000 cells per well were seeded in 96-well plates. 

Thioglycolate-elicited peritoneal macrophages were prepared by priming mice with 1 mL 

thioglycolate (Remel) intra-peritoneally using an insulin syringe. Mice were euthanized 3 to 4 days 

after injection, the abdomen was cleaned with 70% ethanol, and the peritoneal cavity was washed 
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with 5 mL PBS using 18-gauge needle. The wash was added to a 15 ml tube containing 

DMEM+10%FBS and antibiotics. The contents were  spun for 10 minutes at 430g, the supernatant 

aspirated, the pellet was resuspended in a fresh volume of DMEM+10%FBS+ 1% antibiotics and 

seeded. Cells were treated for experiments 24 hours post-seeding. For mRNA and Western blot 

experiments, 2 X 106 peritoneal macrophages were seeded into 35 mm2 dishes. For cell viability 

experiments, 50,000 cells per well were seeded in 96 well plates. WT, RIPK1-/-, and RIPK3-/- 

MEFs (Cho et al. 2009; Kelliher et al. 1998) were maintained in DMEM, 10% FBS and 1% 

antibiotics. Cells were seeded in a similar format to BMDMs for experiments. 

Western Analysis 

For Western analysis data, one representative experiment out of at least three independent 

replicates are shown. Cells were lysed and harvested in RIPA buffer (Cell Signaling) supplemented 

with Phenymethanesulfonylfluoride (PMSF) (5 μg/ml, Sigma), leupeptine (1μg/ml), pepstatin 

(1μg/ml) and aproprotinin (1μg/ml). The protein concentrations were determined using the Pierce 

660 nM Protein Assay reagent (Thermo Scientific), and equal amounts of protein were subjected 

to Western blotting. Samples were separated by SDS/PAGE and transferred to PVDF membranes. 

Membranes were blocked in Protein-free T20 (TBS) blocking buffer (Fisher Scientific) at room 

temperature for 1 h, and incubated at 4 °C overnight with primary antibodies (1:1000 dilution in 

blocking reagent). The following day, membranes were washed and incubated with secondary 

antibody (1:5000 dilution) at room temperature for 1 h. Signals were developed using Luminata 

Classico or Forte HRP substrates (Millipore). 

Antibodies 

The following antibodies acquired from Cell Signaling Technologies were used: NF-κB p65, p-

NF- κB p65 (phospho-Ser536), IκB- , p44/42 MAPK (Erk1/2), p-p44/42 MAPK (p-
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Erk1/2)(phospho-Thr202/Tyr204), cFos, p-cFos (phospho-Ser32), caspase-8 mouse specific, 

MEK1/2, p-MEK1/2(phospho-S217/221), α-Tubulin, anti-mouse IgG HRP-linked antibody, anti-

rabbit IgG HRP-linked antibody  and RIPK1. RIPK3 antibody was purchased from Prosci, MLKL 

antibody was purchased from Biorbyt, p-MLKL (pospho-Ser345) antibody was purchased from 

abcam.  p44/42 (Erk1/2) MAP Kinase assay kit # 9800 was purchased from Cell Signaling. CYLD 

antibody was purchased from Thermo Fisher Scientific. TRIF antibody was purchased from Novus 

Biologicals. Immunoprecipitation of RIPK1 was carried out using a RIPK1 antibody purchased 

from BD transduction laboratories. Primary antibodies were used at a dilution of 1:1000 and 

secondary antibodies were used at a dilution of 1:5000.  

Cell Viability Assays 

Cells were seeded as described above in 100 μL of media. Typically, cells were treated with 10 

ng/ml LPS and 50 M zVAD for 24 hours. Cell viability was determined using CellTiter-Glo 

viability assay kit (Promega). Each independent experiment was performed in duplicate and 

repeated three times. Data shown is a combination of three independent replicates unless otherwise 

stated.  Viability of the cells was analyzed relative to an untreated control. 

Measurement of inflammatory molecules by ELISA 

Meso Scale Discovery’s (MSD) 96-Well MULTI-SPOT mouse multiplex assay was performed 

according to the manufacturer’s instructions to determine the concentrations of TNFα, CCL3, 

CCL4, GMCSF and IL6 in the serum or cell culture media. Plates were read on MSD sector image 

2400.  Mouse TNFα was also measured using colorimetric ELISA assay (R&D Systems) according 

to manufacturer’s protocol. Mouse interferon beta (IFN-β) was measured using colorimetric 

ELISA as following: 96 well plate was kept overnight in 40C after coating the wells with 50 µL of 

monoclonal rat anti-mouse IFN-β (Santa Cruz) captured antibody that was diluted 1:500 in 
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carbonate buffer (PH 9.5, 1.6 g/L Na2CO3 and 2.9 g/L NaHCO3). The following day, 200 µL of 

blocking agent with the diluent buffer (10% FBS in PBS) was added for two hours at 370C. Fifty 

µL of standard and samples were added to the wells and incubated overnight at 40C. Fifty µL of 

polyclonal rabbit anti-mouse IFN-  detecting antibody (R&D Systems) diluted 1:2000 in 10% 

FBS diluted in PBS was added to the wells and kept again overnight at 40C. Fifty µL of goat anti-

rabbit-HRP secondary antibody (Cell Signaling) diluted 1:2000 was added to the wells. Plates were 

incubated for 2-3 hours at room temperature. Subsequently, 50 µL of the TMB substrate was 

added. The reaction was stopped by the addition of 50 µL 2N H2SO4. Absorbance was measured 

at 450 nm. Blank values were subtracted. A washing step with buffer (PBS 0.05% TWEEN) was 

performed after each step and before the addition the substrate and stopping the reaction. 

Phospho-RIPK1 ELISA 

Lysates were prepared from 3 X 106 BMDMs and phospho-RIPK1 ELISAs were performed using 

multi-array 96 well plates from (Meso Scale Discovery) per the manufacturers guidelines: Capture 

antibody (anti-RIPK1 mAB, abcam#ab72139) was diluted to 0.5ug/ml in PBS and 35 μL/well 

were incubated overnight.  Plates were blocked in 100μL/well blocker buffer (5% BSA diluted in 

PBS) while shaking for 2 hours at room temperature (RT). Twenty-five μL of each lysate sample 

or standard samples (RIPK1 protein, abcam, ab#135220) were added and incubated for 1.5 hour 

while shaking at RT. Standards were serially diluted 1:2 from 500 pg/μL to 0.122 pg/μg along with 

a blank. Detection antibody diluted in antibody dilution buffer (1% blocker BSA and 0.1%NP-40) 

was added at 1μg/mL concentration (either cell signaling RIPK1 or GSK RIPK1 p-Ser166) and 

incubated for 1.5 hour with shaking at RT. Secondary detection antibody (goat anti-rabbit 

antibody, sulfo-TAG labeled, Meso Scale Discovery, R32AB-1) diluted in antibody dilution buffer 

at 1μg/ml was added for 1 hour at RT with shaking Assay was developed using 150μL of MSD 
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read buffer (R92TC-2) and plates were read on an MSD sector imager 2400. 

Stable infection of iBMM cells with shRNAs 

To generate retroviral shRNA constructs, shRNAs targeting mouse RIPK3 and MLKL, previously 

reported by Sun et al. were cloned into pLV-H1-EF1a (Biosettia) according to manufacturer’s 

recommendations. As a control, vector encoding a shRNA against bacterial LacZ was used 

(Biosettia). Lentiviruses were generated by co-transfecting LentiX 293 cells  in 35 mm2 dishes 

with 1.28 g of LP1, 0.64 g LP2 and 0.8 g LP3 constructs (Invitrogen) with 1.28 g pLV 

vectors using lipofectamine 2000 transfection reagent (Invitrogen). Media (supernatants) were 

collected three times each 48 hr, filtered through a 0.45 um filter (Millipore) and used to infect 

macrophages in the presence of 8 g/ml polybrene. Cells were selected in 1 g/ml puromycin to 

create the stable shRNA cell lines.  

shRNA sequences: 

RIPK1 shRNA: 5’-

AAAAGCATTGTCCTTTGGGCAATTTGGATCCAAATTGCCCAAAGGACAATGC-3’. 

RIPK3 shRNA 5’-

AAAAGCTCTCGTCTTCAACAACTTTGGATCCAAAGTTGTTGAAGACGAGAGC-3’. 

LacZ shRNA: 5’-

AAAAGCAGTTATCTGGAAGATCATTGGATCCAATGATCTTCCAGATAACTGC-3’ 

MLKL shRNA: 5’-

AAAAGCTGCTTCAGGTTTATCATTTGGATCCAAATGATAAACCTGAAGCAGC-3’. 

siRNA silencing 

RIPK1, cFos and cJun ON-TARGET PLUS siRNA SMARTpools were purchased from 

Dharmacon. Erk1, Erk2 and p65 siRNAs was purchased from Cell Signaling. siRNAs were 
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electroporated using Amaxa mouse macrophage nucleofector kit and Nucleofector II 

electroporator (Lonza) according to manufacturer’s recommendation for primary macrophages. 

Macrophages were electroporated on day 4 or 5 of culture. After 72 hours, BMDMs were treated 

with LPS and/or LPS with zVAD for 7 hours. One hundred nM siRNAs were used for RIPK1, 

cJun, cFos and Erk1/2 (each) and 200 nM for p65, based on the efficiency of silencing evaluated 

by Western blot. 

RNA extraction, cDNA synthesis and qRT-PCR 

For RNA extraction, cells were seeded as described above. Cells were stimulated with 10 ng/ml 

LPS, 50 μM zVAD and 30 μM Nec-1s or other inhibitors as indicated. Total RNA was isolated 

using RNA MiniPrep kit (ZYMO Research) according to the manufacturer’s protocol. 50 ng to 1 

g of RNA was converted to cDNA using iScript cDNA Synthesis Kit  (Bio Rad) or ProtoScript 

M-MuLV First Strand cDNA Synthesis kit (New England Biolabs). qRT-PCR reactions were 

performed in LightCycler 480 II using using VeriQuest SYBR Green master mix (Affymetrix) and 

the following program: 50°C for 2 min, 95°C for 10 min, followed by 40 cycles of amplification 

(95°C for 15 sec, 60°C for 1 min). GAPDH was analyzed as a housekeeping gene.   

The primer sequences used to amplify murine genes are as following:   

Mouse GAPDH: forward 5’-TGTGTCCGTCGTGGATCTGA-3, reverse: 5’- 

GGTCCTCAGTGTAGCCCAAG3’. 

Mouse TNF: forward 5’-CCCTCACACTCAGATCATCTTCT-3’, reverse 5’-

GCTACGACGTGGGCTACAG-3’. 

Mouse CCL3: forward 5’-TTCTCTGTACCATGACACTCTGC-3’, reverse 5’-

CGTGGAATCTTCCGGCTGTAG-3’. 
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Mouse CCL4: forward 5’-TTCCTGCTGTTTCTCTTACACCT-3’, reverse 5’-

CTGTCTGCCTCTTTTGGTCAG-3’. 

Mouse CXCL1: forward 5’-CTGGGATTCACCTCAAGAACATC-3’, reverse 5’-

CAGGGTCAAGGCAAGCCTC-3’. 

Mouse CXCL2: forward 5’-CCACCACCAGGCTAGAGG-3’, reverse 5’-

GCGTCACACTCAAGCTCTG-3’. 

Mouse GMCSF (CSF-2): forward 5’-GGCCTTGGAAGCATGTAGAGG-3’, reverse 5’-

GGAGAACTCGTTAGAGACGACTT-3’. 

Mouse IL6: forward 5’-TAGTCCTTCCTACCCCAATTTCC-3’, reverse 5’-

TTGGTCCTTAGCCACTCCTTC-3’. 

TRIF: forward 5’-GGACCTCAGCCTCTCATTATTC-3’, reverse 5’-

GGTTCTCCGAACACTCAGTC-3’. 

 Mouse CSF1: forward 5’-GGCTTGGCTTGGGATGATTCT-3’, reverse 5’-

GAGGGTCTGGCAGGTACTC-3’. 

Mouse CSF3: forward 5’-ATGGCTCAACTTTCTGCCCAG-3’, reverse 5’-

CTGACAGTGACCAGGGGAAC-3’. 

Mouse IFNb1: forward 5’-CAGCTCCAAGAAAGGACGAAC-3’, reverse 5’-

GGCAGTGTAACTCTTCTGCAT-3’. 

Mouse CCL7: forward 5’-GCTGCTTTAAGCATCCAAGTG-3’, reverse 5’-

CCAGGGACACCGACTACTG-3’. 

Microarray analysis 

For Affymetrix gene chip analysis, BMDMs were treated with 10 ng/ml LPS, 50 M zVAD and 

30 M Nec-1s for 6 hr. Total RNA was isolated using Qiagen RNeasy kit. Samples were submitted 
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to Keck DNA microarray facility (Yale University) for hybridization and analysis using GeneChip 

Mouse Gene 1.0 ST Array. Functional annotation clustering of the genes, increased ≥ 1.5-fold in 

LPS with zVAD vs. LPS treated cells, was performed using NIH DAVID. Hierarchical clustering 

of the identified cytokine and/or chemokine cluster was performed using Cluster3-TreeView 

within R platform. Red – upregulation. 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE72797 

Co-immunoprecipitation 

Co-IP of endogenous RIPK1 and Erk1/2 was performed using 1x107 BMDM cells per condition 

in 10 cm2 dishes. Cells were lysed in a buffer composed of 30mM TrisHCl (pH7.4), 150 mM NaCl, 

10%(v/v) glycerol, 10%(v/v) Triton X-100, 5 mM NaF, 10 mM sodium pyrophosphate, 175mM 

-glycerol phosphate, 50µg/ml PMSF,1µg/ml leupeptine, 1µg/ml  pepstatin and 1µg/ml  

aprotinin. Lysates were incubated overnight with 1.25 μg mouse monoclonal anti-RIPK1 antibody 

(BD Biosciences) or Erk1/2 antibody (cell signaling) at 4°C. Following, lysates were incubated 

with 20 L of protein G Dynabeads per reaction (Invitrogen) for 3-4 hours. Bead-protein-antibody 

mixtures were washed 3 times using lysis buffer with higher NaCl (500 mM). Bound proteins were 

eluted using SDS then heating up the samples for 5 min. Beads were retrieved using magnetic 

stand and solubilized protein were analyzed by Western blotting.  

Necrosome formation assay 

Isolation of NP40 soluble and insoluble fractions was performed as previously described (Moquin 

et al. 2013; Li et al. 2012). Cells were seeded into 35 cm2 dishes at 2 X 106 cells/well and stimulated 

with 10 ng/ml LPS, 50 M zVAD  and 30 M Nec-1s for up to 3 hr. Cells were lysed in 1%NP-

40 lysis buffer (150mM NaCl, 20mM Tris-Cl (pH 7.5), 1% NP-40, 1mM EDTA, 3mM Na-

fluoride, 1mM B-glycerophosphate, 1mM Sodium Orthovanadate, 5uM Idoacetamide, 2uM N-

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE72797
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ethylmaleimide and 5μg/ml  PMSF and 1μg/ml leupeptine, 1μg/ml  pepstatin and 1μg/ml  

aprotinin. Lysates were flash frozen on dry-ice, thawed on ice and vortexed for 10 sec followed by 

centrifugation at 1000g for 10 minutes to remove nuclear pellets. Supernatants were collected and 

centrifuged at 34400g for 15 minutes in the refrigerated table-top centrifuge. Resultant 

supernatants were collected (NP-40 soluble fractions) and pellets (NP-40 insoluble) were boiled 

in 1x SDS-PAGE buffer. 

Generation of Casp8-/- BMDMs using GFP-CRE adenovirus 

Recombinant adenovirus expressing Cre recombinase was purchased from SignaGen Laboratories. 

Casp8fl/fl  BMDMs were infected at 100-1000 MOI on Day 3. Amount of adenovirus required for 

complete deletion of caspase-8 (Casp8-/-) (Western blot) and 100% infection efficiency (GFP 

fluorescence) was determined in preliminary titration experiments. Media containing virus was 

then removed and fresh culture media was added. Twenty-four hours later, the second infection 

(day 5) was done. Culture media was changed again after 24 hours and cells were treated on day 

7 of BMDM differentiations. A recombinant control adenovirus expressing just GFP was used as 

a control. Detection of infected cells was monitored by manual visualization of GFP-positive cells 

using fluorescence microscopy. 

In vivo LPS challenge and Nec-1s treatment 

Mice were injected intravenously via tail vein with 100µL of 30 mg/kg optimized Nec-1s (7-Cl-

O-Nec-1), (Degterev et al. 2013) 15 min prior to intraperitoneal injection of 50 g/kg LPS (Sigma) 

dissolved  in 500µL PBS. Nec-1s was dissolved in PBS containing 25% Polyethylene Glycol 400 

by water sonication for 15 min. Blood was collected 1 hour after LPS injection and cytokines were 

measured using multiplexed ELISA assay (Meso Scale Discovery) or colorimetric ELISA assay. 

Bone marrow cells were flushed from femurs and tibias with PBS, centrifuged at 430g, 
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resuspended/blocked with 1 M EDTA and 2% BSA in PBS for 45 min at 40C, and stained using 

anti-CD11b+-PE antibody (Biolegend, clone M1/70, 1:500) for 60 min at 40C. CD11b+ cells were 

sorted by fluorescence-activated cell sorting (FACS) using MoFlo sorter (Beckman-Coulter).  

Measurement of cell death of CD11b+ cells 

 LIVE/DEAD® Fixable Aqua Dead Cell Stain Kit (Invitrogen, L34957) was used. CD11b+ cells 

were collected as described previously (see: LPS Challenge), and then aqua stain was added 

according to manufacturer’s guidelines. Cell death analysis was carried out by flow cytometry to 

quantify dye uptake by CD11b+ cells. 

Measurement of plasma alanine aminotransferase  

Serum was obtained from whole blood samples centrifuged at 16500 g for 10 minutes at room 

temperature. Serum alanine aminotransferase (ALT) was measured to assess hepatic tissue damage 

using the pointe scientific, INC kit according to the recommended protocol.  

Caspase-Glo Assay system 

Cells were seeded in 384 well plate in 40µL of media; BMDMs were seeded at 20,000 cells per 

well for BMDMs and CD11b+ cells were seeded at 200,000 cells per well. Luminescent assay was 

determined using 15 uL of Caspase-Glo reagent (Promega) after 45 min. For BMDMs, each 

independent experiment was performed in triplicate and repeated three times. CD11b+ Caspase-

Glo luminescent assay was performed with three replicates. Luminescence was analyzed relative 

to untreated controls.  

Next Generation Sequencing 

 
For RNA-Seq analysis, mice were divided into 3 groups - control (n=2), LPS (n=2) and LPS/Nec-

1s (n=2). Bone marrow cells were isolated by FACS as described for qPCR analysis. Total RNAs 

were isolated using Qiagen RNeasy kit according to the manufacturer’s protocol. Input RNA 
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samples were analyzed by an Agilent BioAnalyzer 2100 to assess the integrity and quantity of 

sample. RNA samples were then amplified using NuGen Ovation RNA System V2. The resulting 

cDNA samples were fragmented on Covaris M220 Focused Solicitor, followed by purification and 

concentration with a Qiagen MiniElulte Spin Column. Following this step, S1 Nuclease (Promega) 

was used according to the manufacture’s protocol. Resulting amplified and fragmented cDNA 

samples from RNA amplification were used as input for library preparation, using Illumina TruSeq 

DNA Sample Preparation Kit per the manufacturer’s instruction. The resultant libraries were 

quantified and pooled at equal molar concentration for sequencing. Sequencing was done on a lane 

of High Output single read 100 bases on an Illumina HiSeq 2500 using SBS V3 chemistry. The 

base calling and demultiplexing was performed with CASAVA v1.8. Resulting data were aligned 

to mouse mm10 reference genome with Tophat 2 and different gene expression analysis with 

Cuffdiff. 

Gene expression profiles were analyzed using Ingenuity pathway analysis (IPA) software to 

identify pathways regulated by LPS and Nec-1s.  

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE73836 

Statistics 

Statistics were reported for all experiments with 3 or more biological replicates, and analyzed by 

two-tailed Student t-test or one-way ANOVA, where specified.  Statistical significance was 

determined using an alpha value of 0.05. All experiments were repeated with three independent 

biological replicas. For qRT-PCR data, one representative data set is typically shown due to the 

variability in responses to LPS and/or LPS with zVAD in independent BMDM preparations. 

 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE73836
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Chapter 3 

Kinase Activities of RIPK1 and RIPK3 Can Direct IFNβ 

Synthesis Induced by Lipopolysaccharide5 

 

 

 

 

 

 

 

 

 

                                                             
5 Saleh, D., Najjar, M., Zelic, M., Shah, S., Nogusa, S., Polykartis, A., … Degterev, A. (2017). Kinase Activities of RIPK1 and 

RIPK3 Can Direct IFN-β Synthesis Induced by Lipopolysaccharide. The Journal of Immunology.198(10). 
 Reprinted here with permission of publisher.  
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Abstract 

The innate immune response is a central element of the initial defense against bacterial and 

viral pathogens. Macrophages are key innate immune cells that upon encountering pathogen 

associated molecular patterns respond by producing cytokines, including Interferon-β (IFNβ). In 

this study, we identify a novel role for RIPK1 and RIPK3, a pair of homologous serine/threonine 

kinases previously implicated in the regulation of necroptosis and pathologic tissue injury, in 

directing IFNβ production in macrophages. Using genetic and pharmacologic tools we show that 

catalytic activity of RIPK1 directs IFNβ synthesis induced by lipopolysaccharide (LPS) in mice. 

Additionally, we report that RIPK1 kinase-dependent IFNβ production may be elicited in an 

analogous fashion using LPS in bone-marrow derived macrophages (BMDMs) upon inhibition of 

caspases. Notably, this regulation requires kinase activities of both RIPK1 and RIPK3, but not the 

necroptosis effector protein, MLKL. Mechanistically, we provide evidence that a necrosome-like 

RIPK1 and RIPK3 aggregates facilitate canonical TRIF-dependent IFNβ production downstream 

of the LPS receptor TLR4. Intriguingly, we also show that RIPK1 and RIPK3 kinase-dependent 

synthesis of IFNβ is markedly induced by avirulent strains of gram-negative bacteria, Yersinia and 

Klebsiella, and less-so by their wild-type counterparts. Overall, these observations identify 

unexpected roles for RIPK1 and RIPK3 kinases in the production of IFNβ during the host 

inflammatory responses to bacterial infection and suggest that the axis in which these kinases 

operate may represent a target for bacterial virulence factors. 
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Introduction 

Receptor-Interacting Protein Kinases 1 and 3 (RIPK1 and RIPK3) are homologous 

serine/threonine kinases that are critical regulators of necroptosis, a form of necrotic cell death 

associated with pathologic tissue injury (Degterev et al. 2008; Christofferson et al. 2014; 

Kaczmarek et al. 2013; Vanden Berghe et al. 2014; Linkermann & Green 2014; Pasparakis & 

Vandenabeele 2015). RIPK1 and RIPK3 are components of the signaling machinery downstream 

of innate immune pathogen recognition receptors (PRRs), Toll-like receptors 3 and 4 (TLR3 and 

TLR4) (Cusson-Hermance et al. 2005; Meylan et al. 2004; Kaiser et al. 2013; Kaiser & Offermann 

2005; Vivarelli 2004).  Catalytic activity of these kinases, induced by activation of TLR3 or TLR4 

in the presence of pan-caspase inhibitor, zVAD.fmk (zVAD), promote necroptosis in primary 

macrophages (Schworer et al. 2014; Kaiser et al. 2013; He et al. 2011; Najjar et al. 2016). This 

regulation is dependent on the TLR3/4 Rip-Homotypic Interacting Motif (RHIM)-domain 

containing adapter protein, Toll-interleukin-receptor-domain-containing-adapter-inducing-

Interferon-β (TRIF) (Schworer et al. 2014; Kaiser et al. 2013; He et al. 2011; Najjar et al. 2016). 

Upon activation, RIPK1 and RIPK3 form insoluble cellular aggregates, termed ‘necrosomes,’ 

which function to allow phosphorylation and activate of the target pseudokinase, MLKL, by 

RIPK3 (Li et al. 2012; Cho et al. 2010; Cook et al. 2014; Orozco et al. 2014). Phosphorylation of 

MLKL promotes its oligomerization and translocation to the cell surface where it functions to 

increase membrane permeability and facilitate necrotic cell death through a mechanism that is not 

yet fully understood (Murphy et al. 2013; Cai et al. 2014; Sun et al. 2012; Wu et al. 2013; 

Hildebrand et al. 2014).  

New evidence suggests existence of direct links of RIPK1 and RIPK3 to inflammation that 

occur independently of cell death. For example, in vitro, RIPK1 kinase activation has been linked 
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to TNFα production in contexts of caspase inhibition and DNA damage (Christofferson et al. 2012; 

Biton & Ashkenazi 2011; Hitomi et al. 2008; McNamara et al. 2013). We have recently 

demonstrated the existence of a TRIF-mediated cell death-independent signaling pathway 

downstream of RIPK1 and RIPK3 that involves activation of Erk1/2 and NFᴋB and directs 

synthesis of acute inflammatory cytokines, including TNFα, following TLR4  activation (Najjar 

et al. 2016). In another example, RIPK1 kinase-dependent IL-1α expression and tissue 

inflammation, occurring in the absence of necroptosis, was reported in the Ptpn(spin) model of 

human neutrophilic dermatitis (Lukens et al. 2013). In macrophages, RIPK3 is required for 

activation of NFκB and IL-1β release both in kinase-independent and dependent manner 

conditional on caspase-8 inhibition (Moriwaki et al. 2014; Moriwaki et al. 2015; Lawlor et al. 

2015).    

Here, we report a novel role for the kinase activity of RIPK1 in directing 

lipopolysaccharide (LPS) induced IFNβ synthesis in mice and in vitro in primary mouse 

macrophages when caspases are inhibited. We report that this regulation requires TRIF and occurs 

by way of a canonical Type I interferon (IFN-I) response pathway, requiring TBK1, IKKε, and 

IRF3/7. These canonical IFN-I inducing factors co-localize to RIPK1/RIPK3 kinase containing 

detergent-insoluble cellular fractions following TLR4 activation, and this localization was 

disrupted by the selective RIPK1 kinase inhibitor, Nec-1s. Together, these data demonstrate that a 

necrosome-like RIPK1 and RIPK3 signaling platform mediates TRIF-dependent IFNβ production. 

Moreover, enhanced RIPK1 and RIPK3 kinase-dependent IFNβ synthesis was observed after 

challenge with attenuated mutant strains of Yersinia pseudotuberculosis and Klebsiella 

pneumoniae in the presence of caspase inhibition, suggesting that this pathway may represent a 

new target of bacterial virulence factors.  



130 

 

Results 

Kinase activity of RIPK1 is required for IFNβ synthesis induced by LPS in mice.  

In a previous study, we reported that kinase activity of RIPK1 was required for acute inflammatory 

cytokine production induced by LPS in mice, including TNFα, IL6, CCL3/4 and CXCL1/2, 

suggesting that the catalytic activity of RIPK1 might serve an important role in the innate immune 

response induced by TLR4 (Najjar et al. 2016). Synthesis of Type I interferons, including 

Interferon-beta (IFNβ) (Doyle et al. 2002; Sakaguchi et al. 2003; Power et al. 2007), is elicited by 

TLR4 activation and plays an important role in innate and adaptive immunity against infections 

(Ivashkiv & Donlin 2013). To inquire whether the catalytic activity of RIPK1 may also be required 

for LPS-induced IFNβ synthesis, we first tested the effect of the selective RIPK1 inhibitor, Nec-

1s, on this process. Nec-1s injection prior to the challenge with LPS abolished IFNβ mRNA 

synthesis in CD11b+ monocytic cells in vivo (Figure 1a). In addition, we observed that LPS-driven 

induction of a panel of interferon-stimulated genes (ISGs) was similarly abolished by Nec-1s in 

CD11b+ cells (Figure 1b). LPS-induced IFNβ synthesis was also attenuated in monocytic CD11b+ 

cells from D138N RIPK1 kinase-inactive mice (D138N RIPK1 or Ripk1D138N/D138N) (Figure 1c). 

Together, these pharmacologic and genetic approaches suggest that RIPK1 kinase is indeed 

required for LPS-induced upregulation of IFNβ expression in vivo.   
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Figure 1. LPS induced IFN-I production is dependent on kinase-activity of RIPK1. 

   

Figure 1: LPS induced IFN-I production is dependent on kinase-activity of RIPK1. 

(A) qRT-PCR analysis of Ifnb mRNA expression in wild type (WT) mice injected with Nec-1s 

(iv) 15 min prior to LPS (ip). n= 6 animals per group and *p<0.05. Values reflect mean ± SE. (B) 

RNA seq analysis of a panel of IFN-I response genes in CD11b+ cells isolated from mice injected 

as in (A). Values reflect mean. P values marked in parentheses. GSE73836. (C) qRT-PCR analysis 

of Ifnb mRNA expression WT and D138N mice injected with LPS (ip). n= 3-7 animals per group 

and *p<0.05.  Values reflect mean across biological variants and error bars reflect SE.  

Contributions: Experiments performed and data analyzed by Danish Saleh, Malek Najjar, and 

Alexei Degterev. Figures prepared, and figure legends written by Danish Saleh.  
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LPS with zVAD.fmk induces RIPK1 kinase-dependent IFNβ synthesis in BMDMs. 

Deletion of caspase-8 or use of pan-caspase inhibitor, zVAD, is sufficient to facilitate RIPK1 

kinase activation by LPS in vitro (Schworer et al. 2014; He et al. 2011; Kaiser et al. 2013; Najjar 

et al. 2016). Within 24 hours, LPS and zVAD treatment, but not LPS alone induced RIPK1 kinase-

dependent cell death in bone marrow derived macrophages (BMDMs) (Figure 2a and 2b). 

Requirement for caspase inhibition for RIPK1 activation in vitro is also supported by our 

previously published phopsho-RIPK1 ELISA data (Najjar et al. 2016). To address the possible role 

of RIPK1 in IFN-I production, we first examined whether zVAD promoted LPS-induced IFNβ 

synthesis in BMDMs. Indeed, LPS paired with zVAD greatly increased synthesis of IFNβ 

compared to LPS alone over an 8 hour time course (Figure 3a). Similarly, mRNA expression of 

interferon stimulated genes (ISGs), MX2 and IFIT1, was augmented by LPS with zVAD compared 

to LPS alone (Figure 3b, 3c).  

Next, to evaluate whether this regulation was dependent on the catalytic activity of RIPK1 

kinase, we examined IFNβ synthesis in BMDMs generated from two different mouse strains 

expressing kinase-dead mutants of RIPK1 (D138N RIPK1 or K45A RIPK1 (Ripk1K45A/K45A) mice 

(Berger et al. 2014; Polykratis et al. 2014). Consistent with our hypothesis, we observed that in the 

absence of the kinase activity of RIPK1, increases in IFNβ mRNA synthesis and protein release in 

response to LPS with zVAD was abolished or attenuated, respectively (Figure 3d-g). Nec-1s also 

blocked IFNβ production by LPS with zVAD (Figure 3d-g). Conversely, catalytic activity of 

RIPK1 was not essential for the responses to LPS alone, confirming that activation of RIPK1 in 

the presence of caspase inhibition greatly promotes IFNβ synthesis in BMDMs.  
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Figure 2. LPS with zVAD induces RIPK1 kinase-dependent cell death.

 

Figure 2. LPS with zVAD induces RIPK1 kinase-dependent cell death. 

(A) Cell viability of wild type (WT) and D138N RIPK1 BMDMs (D138N) treated for 24 hours 

and evaluated by ATP assay. (B) Cell viability of WT and K45A RIPK1 BMDMs (K45A) treated 

for 24 hours and evaluated by ATP assay. Presented data are representative datasets from 

experimental observations made at least 3 times. Error bars reflect SD from the mean. BMDMs 

were treated with LPS=10 ng/mL, zVAD=50 μM, and/or Nec-1s=30μM where indicated. 

Contributions: Experiments performed by Danish Saleh and Malek Najjar. Data analyzed, figures 

prepared, and figure legends written by Danish Saleh.  
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Figure 3. LPS with zVAD induces IFNβ synthesis in a RIPK1 kinase-dependent manner.  

    

Figure 3: LPS with zVAD induces IFNβ synthesis in a RIPK1 kinase-dependent manner.  

(A-C) Time course of mRNA expression changes in Ifnb (A), Mx2 (B), and Ifit1 (C) evaluated by 

qRT-PCR in wild type BMDMs. Black squares – LPS/zVAD; Grey circles – LPS. (D-E) qRT-

PCR and ELISA analysis of Ifnb mRNA expression and IFNβ protein release in WT and D138N 

BMDMs treated for 5-7 hrs. (F-G) qRT-PCR and ELISA analysis of Ifnb mRNA expression and 

IFNβ protein release in WT and K45A BMDMs treated for 5-7 hrs. Presented data are 

representative datasets from experimental observations made at least 3 times. ELISA using K45A 

RIPK BMDMs and the formal timecourse were repeated 2 times. Error bars reflect SD from the 

mean. BMDMs were treated with LPS=10 ng/mL, zVAD=50 μM, and/or Nec-1s=30μM where 

indicated. 
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Contributions: Experiments performed by Danish Saleh and Malek Najjar. Data analyzed, figures 

prepared, and figure legends written by Danish Saleh.  
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IFNβ synthesis induced by LPS with zVAD requires kinase activity of RIPK3 but not MLKL.  

RIPK3 is a central component of the necroptosis signaling cascade and is required for necroptosis 

induced by LPS with zVAD (Kim & Li 2013). Catalytic activity of RIPK3 is required for the 

formation of detergent-insoluble RIPK1-RIPK3 ‘necrosome’ complexes and consequent 

phosphorylation of MLKL, which ultimately leads to the execution of necroptosis (Murphy et al. 

2013; Cai et al. 2014; Hildebrand et al. 2014; Vanden Berghe et al. 2014; Zhao et al. 2012; Cook 

et al. 2014; Najjar et al. 2016). Consistently, we observed that K51A RIPK3 BMDMs 

(Ripk3K51/K51A), expressing low levels of a kinase-dead mutant of RIPK3 (Mandal et al. 2014), and 

RIPK3 knockout (Ripk3-/-) BMDMs were protected from cell death induced by LPS with zVAD 

(Figure 4a, Fig 4b).   

We next sought to determine whether RIPK1 kinase-dependent IFNβ production required 

these additional necroptotic factors. Stimulation of RIPK3 K51A BMDMs by LPS with zVAD 

failed to induce IFNβ production above the response by LPS alone, indicating that RIPK3 was 

required for RIPK1 kinase-dependent IFNβ production (Figure 5a). To further evaluate the role of 

catalytic activity of RIPK3, we used the specific RIPK3 kinase-inhibitor GSK’872 (Kaiser et al. 

2013; Mandal et al. 2014). We observed that GSK’872 blocked IFNβ synthesis induced by LPS 

with zVAD, confirming that the catalytic activity of RIPK3 is also required for RIPK1 kinase-

dependent IFNβ production in BMDMs (Figure 5b). In contrast, deletion of Mlkl only minimally 

impaired IFNβ mRNA synthesis induced by LPS with zVAD, even though these BMDMs were, 

expectedly, completely resistant to necroptosis (Figure 5c, 5d) (Najjar et al. 2016).  These 

observations demonstrated that RIPK1 and RIPK3 kinase-dependent IFNβ synthesis is 

independent of necroptosis pathway and that bifurcation of the respective signaling cascades 

occurs upstream of MLKL. Furthermore, given the paucity of known targets of RIPK1 and RIPK3, 
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these findings highlight the possibility of new cell death-independent enzymatic targets for these 

kinases that remain to be defined.   
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Figure 4. RIPK3 is required for cell death induced by LPS with zVAD. 

 

Figure 4. RIPK3 is required for cell death induced by LPS with zVAD.  

(A) Cell viability of wild type (WT) and RIPK3 knockout (Ripk3-/-) BMDMs treated for 24 hours 

and evaluated by ATP assay. (B) Cell viability of WT and K51A RIPK3 BMDMs (K51A) treated 

for 24 hours and evaluated by ATP assay. Presented data are representative datasets from 

experimental observations made at least 3 times. Error bars reflect SD from the mean. BMDMs 

were treated with LPS=10 ng/mL, zVAD=50 μM, and/or Nec-1s=30μM where indicated. 

Contributions: Experiments performed by Danish Saleh and Malek Najjar. Data analyzed, figures 

prepared, and figure legends written by Danish Saleh.  
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Figure 5. Kinase-activity of RIPK3, but not MLKL, is required for RIPK1 kinase-dependent IFNβ 
synthesis. 

 

Figure 5: Kinase-activity of RIPK3, but not MLKL, is required for RIPK1 kinase-dependent 

IFNβ synthesis. 

(A) qRT-PCR analysis of Ifnb mRNA expression in WT and K51A BMDMs treated for 5-7 hrs. 

(B) qRT-PCR of Ifnb mRNA expression in wild type BMDMs treated with RIPK3 kinase inhibitor 

(GSK872= 5μM) for 5-7 hrs. (C) qRT-PCR of Ifnb mRNA expression in wild type (WT), RIPK3 

knockout (Ripk3-/-) and MLKL knockout (Mlkl-/-) BMDMs treated for 7 hrs. (D) Cell viability of 

WT and Mlkl-/- BMDMs treated for 24 hours and evaluated by CellTiterGlo ATP assay. Presented 

data are representative datasets from experimental observations made at least 3 times. Error bars 

reflect SD from the mean. BMDMs were treated with LPS=10 ng/mL, zVAD=50 μM, 

GSK’872=5μM, and/or Nec-1s=30μM where indicated. 

Contributions: Experiments performed by Danish Saleh and Malek Najjar. Data analyzed, figures 

prepared, and figure legends written by Danish Saleh.  
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IFNβ production by LPS with zVAD requires TRIF, STING, TBK1/IKKε, and IRF3/7.  

IFNβ production, induced by LPS alone, is dependent on a number of key intermediaries starting 

with the adapter protein TRIF, which mediates signaling through canonical downstream IFN-I 

pathway intermediaries, including homologous kinases TANK-binding kinase (TBK1), and 

Inhibitor of Kappa b Kinase ε (IKKε); and the transcription factors, Interferon Regulatory Factors 

(IRFs) (Yamamoto et al. 2003; Solis et al. 2007; Fitzgerald et al. 2003; Gatot et al. 2007; Doyle et 

al. 2002). As TRIF (Ticam 1) is required for RIPK1 and RIPK3 dependent necroptosis (He et al. 

2011), we evaluated IFNβ mRNA synthesis in Ticam1-/- BMDMs to examine whether TRIF is 

similarly required for the RIPK1 and RIPK3 kinase-dependent IFNβ synthesis. Not surprisingly, 

in the absence of TRIF, neither LPS nor LPS with zVAD induced IFNβ mRNA synthesis (Figure 

6a). Therefore, next we sought to determine whether increased IFNβ synthesis upon RIPK1 and 

RIPK3 activation, reflects induction of the canonical IFN-I axis (TBK1, IKKε, and IRF3) or 

whether a new TRIF-dependent signaling mechanism is engaged by RIPK1 and RIPK3. Over an 

extended timecourse, we found that LPS with zVAD enhanced phosphorylation of TBK1, IKKε, 

and IRF3 compared to LPS alone, suggesting IFN-I pathway hyper-activation (Figure 6b, 7a-c). 

Additionally, TBK1, IKKε, and IRF3 phosphorylation in the cells stimulated with either LPS alone 

or LPS with zVAD was reduced in Ticam1-/- BMDMs, confirming that TRIF was required for IFN-

I pathway activation by LPS and zVAD (Figure 6c). By comparison, early TRIF-dependent 

activation of the IFN-I pathway (1 hour post-treatment) was not affected by zVAD or blocked by 

Nec-1s, suggesting that the catalytic function of RIPK1 is not required for early signaling events 

in this pathway (Figure 6d). A recent study demonstrated that TRIF directly associated with 

STING, an intracellular nucleotide sensor, and was also required for STING dependent IFN-I 

synthesis (Wang et al. 2016). Consistent with a role for STING as a co-driver for TRIF-dependent 
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IFNβ synthesis, we found that STING was also required for TRIF/RIPK1-dependent IFNβ 

synthesis by LPS with zVAD (Figure 6e).  

To test the functional roles of TBK1 and IKKε in RIPK1 and RIPK3 kinase-dependent 

IFNβ synthesis, two dual TBK1/IKKε inhibitors (MRT67307 and BX795) were used (Clark et al. 

2011; Clark et al. 2009). These inhibitors blocked both LPS and LPS with zVAD induced IFNβ 

mRNA synthesis (Figure 6f and 7d), and we confirmed that MRT67307 also blocked 

phosphorylation of IRF3 induced by LPS and LPS with zVAD (Figure 6g).  

To examine the contribution of IRFs to RIPK1 and RIPK3 kinase-dependent IFNβ 

production, we evaluated responses in Irf3-/-/Irf7-/- BMDMs. Again, IFNβ mRNA synthesis 

induced by LPS or LPS with zVAD were completely abolished in the absence of IRF3 and IRF7, 

demonstrating the IRFs are also required for RIPK1 and RIPK3 kinase-dependent IFNβ synthesis 

(Figure 6h). Altogether, these data suggest that TRIF plays a dual role in promoting both signaling 

by RIPK1 and RIPK3 kinases and TBK1/IKKε as well as allows cross-talk between the two 

pathways to enhance activation of the TBK1, IKKε, and IRF3 signaling cascade.  

Lastly, we examined whether activation of IFN-I pathway intermediaries was also 

regulated by catalytic activities of RIPK1 and RIPK3. Importantly, phosphorylation of TBK1, 

IKKε, and IRF3 was attenuated in K45A RIPK1 BMDMs and D138N RIPK1 BMDMs and 

inhibited by Nec-1s in wild-type BMDMs, confirming the requirement for RIPK1 kinase in this 

regulation (Figure 8a and 8b). Similarly, these events were abolished in K51A RIPK3 BMDMs, in 

Ripk3-/- BMDMs and by GSK’872 (Figure 8c, 8d and 9). Notably, RIPKI kinase was specifically 

required for TRIF-dependent signaling events that were augmented by LPS with zVAD as early 

activation of TBK1, IKKε, and IRF3 at 1 hour post-treatment did not require RIPK1 kinase (Figure 

4d). Together, these observations suggest that RIPK1 and RIPK3 kinase-dependent IFNβ synthesis 
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is mediated by the canonical TBK1/IKKε/IRF signaling cascade and that this regulation is also 

dependent on the adapter TRIF.  
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Figure 6. RIPK1 kinase-dependent IFNβ synthesis requires TRIF, STING, TBK1/IKKε, and IRF3/7.  

  

 

Figure 6: RIPK1 kinase-dependent IFNβ synthesis requires TRIF, STING, TBK1/IKKε, and 

IRF3/7.  

(A) qRT-PCR of Ifnb mRNA expression in WT and Ticam1-/-  BMDMs treated for 5-7 hrs. (B) 

Time course of TBK1, IKKε, and IRF3 phosphorylation evaluated by Western analysis in wild 

type BMDMs. (C) Western analysis of TBK1, IKKε, and IRF3 phosphorylation in wild type (WT) 

and Ticam1-/- BMDMs treated for 3-4 hours. (D) Western analysis of TBK1, IKKε, and IRF3 

phosphorylation in wild type (WT) and Ticam1-/- BMDMs treated for 1 hour. (E) qRT-PCR 

analysis of Ifnb mRNA expression in WT and Sting-/- BMDMs treated for 5-7 hrs. (F) qRT-PCR 

of Ifnb mRNA expression in wild type BMDMs treated with TBK1/IKKε inhibitor (MRT67307, 

2μM) for 5-7 hrs. (G) Western analysis of IRF3 phosphorylation in wild type BMDMs treated with 
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MRT67307 for 3-4 hrs. (H) qRT-PCR of Ifnb mRNA expression in WT and Irf3-/-7-/- BMDMs 

treated for 5-7 hours. Presented data are representative datasets from experimental observations 

made at least 3 times; experiments using Sting-/- BMDMs were repeated 2 times. Error bars reflect 

SD from the mean. BMDMs were treated with LPS=10 ng/mL, zVAD=50 μM, Nec-1=30μM 

and/or MRT67307=2μM where indicated.   

Contributions: Experiments performed by Danish Saleh and Malek Najjar. Data analyzed, figures 

prepared, and figure legends written by Danish Saleh.  
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Figure 7. TRIF, TBK1/IKKε, and IRF3 are important for LPS/zVAD induced IFNβ synthesis. 
 

 

Figure 7. TRIF, TBK1/IKKε, and IRF3 are important for LPS/zVAD induced IFNβ 

synthesis. 

(A-C) Densitometry analysis Western blot timecourse phosphorylation of TBK1 (A), IKKε (B), 

and IRF3 (C) in wild type BMDMs. (D) qRT-PCR of Ifnb mRNA expression in wild type BMDMs 

treated with TBK1/IKKε inhibitor (BX795) for 5-7 hrs. Presented data are representative datasets 

from experimental observations made at least 3 times. Error bars reflect SD from the mean. 

BMDMs were treated with LPS=10 ng/mL, zVAD=50 μM, Nec-1s=30μM and/or BX795=1μM 

where indicated.   

Contributions: Experiments performed by Danish Saleh and Malek Najjar. Data analyzed, figures 

prepared, and figure legends written by Danish Saleh.  
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Figure 8. IFN-I pathway activation by LPS with zVAD is RIPK1 and RIPK3 kinase-dependent. 
 

 

Figure 8: IFN-I pathway activation by LPS with zVAD is RIPK1 and RIPK3 kinase-

dependent.  

(A) Western analysis of TBK1, IKKε, and IRF3 phosphorylation in wild type (WT) and D138N 

RIPK1 (D138N) BMDMs treated for 3-4 hrs. (B) Western analysis of TBK1, IKKε, and IRF3 

phosphorylation in wild type (WT) and K45A RIPK1 (K45A) BMDMs treated for 3-4 hrs. (C) 

Western analysis of TBK1, IKKε, and IRF3 phosphorylation in wild type (WT) and K51A RIPK3 

(K51A) BMDMs treated for 3-4 hrs. (D) Western analysis of TBK1, IKKε, and IRF3 
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phosphorylation in wild type BMDMs treated with RIPK3 kinase inhibitor (GSK’872) for 3-4 hrs. 

Presented data are representative datasets from experimental observations made at least 3 times. 

BMDMs were treated with LPS=10 ng/mL, zVAD=50 μM, Nec-1=30μM and/or GSK’872=5μM 

where indicated.   

Contributions: Experiments performed by Danish Saleh and Malek Najjar. Data analyzed, figures 

prepared, and figure legends written by Danish Saleh.  
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Figure 9. IFN-I pathway activation by LPS with zVAD is dependent on RIPK3. 

 

Figure 9. IFN-I pathway activation by LPS with zVAD is dependent on RIPK3.  

Western analysis of TBK1, IKKε, and IRF3 phosphorylation in wild type (WT) and Ripk3-/- 

BMDMs treated for 3-4 hours. Presented data are representative datasets from experimental 

observations made at least 3 times. BMDMs were treated with LPS=10 ng/mL, zVAD=50 μM, 

and/or Nec-1s=30μM where indicated. 

Contributions: Experiments performed by Danish Saleh and Malek Najjar. Data analyzed, figure 

prepared, and figure legend written by Danish Saleh.  
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LPS with zVAD promotes localization and activation of TBK1, IKKε, and IRF3 in RIPK1 

and RIPK3-containing detergent-insoluble cellular fractions.  

Observing that IFN-I pathway intermediaries were required for RIPK1 and RIPK3 kinase-

dependent IFNβ synthesis, we considered the possibility that these intermediaries associate with 

RIPK1 and RIPK3 ‘necrosomes’. Activation of RIPK1 and RIPK3 kinase-dependent cell death is 

associated with post-translational modification and enrichment of the kinases in detergent 

insoluble cellular fractions, representing necrosome complexes (Li et al. 2012; Moquin et al. 2013; 

Ofengeim et al. 2015; Najjar et al. 2016). LPS and zVAD treatment of BMDMs resulted in the co-

enrichment of modified forms of RIPK1 and RIPK3 in detergent insoluble cellular fractions that 

was blocked by Nec-1s (Figure 10a), consistent with our previous report of the formation of 

detergent-insoluble necrosome-like aggregates in LPS and zVAD-treated BMDMs (Najjar et al. 

2016). We next analyzed co-enrichment of IFN-I pathway intermediaries with RIPK1 and RIPK3 

under these conditions. Notably, we observed that TBK1, IKKε, and IRF3 were enriched in 

detergent insoluble fractions (Figure 10b). Moreover, we found that phosphorylated or activated 

forms of these intermediaries were enriched in these cellular compartments (Figure 10b). This 

regulation was dependent on the catalytic function of RIPK1 and RIPK3 as enrichment of these 

factors was abolished in the presence of Nec-1s or in K51A RIPK3 BMDMs (Figure 10b,c). We 

further examined co-enrichment with RIPK1 and RIPK3 using additional high molecular weight 

protein complex fractionation by sucrose-gradient-based velocity sedimentation. These 

experiments were performed in an immortalized macrophage cell line (RAW264.7 cells), 

providing a more abundant source of material than BMDMs, using an optimized pan-caspase 

inhibitor, IDN6556 (Brumatti et al. 2016).  RIPK1 and RIPK3 were enriched in fractions 12 and 

13, indicating the formation of a high molecular weight complex, when cells were treated by LPS 
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and a pan-caspase-inhibitor that was abolished in the presence of Nec-1s (Figure 10d).  Consistent 

with the previous data, TBK1, IKKε, and IRF3 were again co-enriched in these same fractions 

(Figure 10d). Intriguingly, additional co-immunoprecipitation studies revealed that TBK1 and 

IKKε directly complexed with RIPK1, as did RIPK3, when cells were treated with LPS with IDN 

and this was abolished in the presence of Nec-1s (Figure 10e). We also found that TRIF association 

with IKKε was not modified in a RIPK1 kinase-dependent manner, suggesting that RIPK1 kinase-

dependent signaling may be mediated by post-translational modification as opposed changes in 

molecular association (Figure 10f). Lastly, to confirm that RIPK1 and RIPK3 kinase-dependent 

IFN-I pathway signaling did not also require MLKL, we examined enrichment of IFN-I pathway 

intermediaries in detergent-insoluble fractions in Mlkl-/- BMDMs. Consistent with our previous 

observation that MLKL was not required for RIPK1 and RIPK3 kinase-dependent IFNβ synthesis, 

we observed that MLKL was also dispensable for co-enrichment and activation of TBK1, IKKε, 

and IRF3 in necrosome containing cellular fractions (Figure 10g). Together, these data support the 

model that IFN-I pathway intermediaries may be recruited and directly activated by RIPK1 and 

RIPK3 necrosome complexes.  
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Figure 10. Kinase activity of RIPK1 and RIPK3 are required for localization and activation of IFN-I 
pathway intermediaries in detergent-insoluble cellular fractions. 

    

Figure 10: Kinase activity of RIPK1 and RIPK3 are required for localization and activation 

of IFN-I pathway intermediaries in detergent-insoluble cellular fractions. 

(A) Western analysis of localization and modification of RIPK1 and RIPK3 in NP40-soluble and 

NP40-insoluble fractions from wild type BMDMs treated for 3-4 hrs. (B) Western analysis of 

localization and phosphorylation of TRIF, TBK1, IKKε, IRF3 in NP40-soluble and NP40-

insoluble fractions from wild type BMDMs treated for 3-4 hrs. (C) Western analysis of RIPK1, 

RIPK3, TRIF, TBK1, IKKε, and IRF3 in NP40-insoluble fractions from wild type (WT) and K51A 

RIPK3 (K51A) BMDMs treated for 3-4 hrs.(D) Western analysis of RIPK1, RIPK3, TBK1, IKKε, 

and IRF3 in RAW264.7 macrophages treated with LPS and IDN6556 (10μM) +/- Nec-1s for 3-4 

hrs. Lysates were fractionated on a linear sucrose-gradient by velocity sedimentation and protein 
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was collected following chloroform-methanol precipitation. (E) Co-immunoprecipitation analysis 

of RIPK3, TBK1, and IKKε following immunoprecipitation of RIPK1 from RAW264.7 

macrophages treated for 3-4 hrs. (F) Co-immunoprecipitation analysis of TRIF following 

immunoprecipitation of IKKε from RAW264.7 macrophages treated for 3-4 hrs. Control=Beads 

only. (G) Western analysis of RIPK1, RIPK3, TRIF, TBK1, IKKε, and IRF3 in NP40-insoluble 

fractions from wild type (WT) and Mlkl-/- BMDMs treated for 3-4 hrs. Presented data are 

representative datasets from experimental observations made at least 3 times. TBK1 co-IP with 

RIPK1 was observed 2 times. BMDMs were treated with LPS=10 ng/mL, zVAD=50 μM, 

IDN6556=10μM, and/or Nec-1s=30μM where indicated.  

Contributions: Experiments performed, data analyzed, figures prepared, and figure legends written 

by Danish Saleh.  
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RIPK1 and RIPK3 kinase-dependent IFNβ synthesis in macrophages is induced by avirulent 

strains of gram-negative bacteria.  

Several studies have demonstrated that TRIF-dependent IFNβ production is an important feature 

of the host-response that aids in the resolution of gram negative bacterial infections (Cai et al. 

2009; Sotolongo et al. 2011; Ruiz et al. 2016). However, gram negative bacteria pathogens such 

as Yersinia and Klebsiella have evolved an armament of virulence factors to manipulate host-

responses and facilitate their pathogenesis. In case of Yersinia, Type-III Secretion System (T3SS) 

Yop proteins are injected directly into host cells (Davis et al. 2010; Viboud & Bliska 2005; Zhang 

et al. 2011). Several of these Yops impede host-cell defenses by blocking host pro-inflammatory 

signaling. Similarly, Klebsiella is equipped with an outer polysaccharide capsule that facilitates 

immune evasion and enhances bacterial virulence (Lawlor et al. 2006; Lawlor et al. 2005).  We 

evaluated whether these pathogens use their virulence factors to dampen sensing of their LPS and 

subsequent IFNβ induction by RIPK1 and RIPK3.  

 We examined IFNβ mRNA synthesis in the presence of zVAD following infection with 

WT or avirulent forms of Yersinia pseudotuberculosis (Yptb) and Klebsiella pneumonia (Kp). 

Notably, the avirulent strain of Yptb, lacking the ability to inject Yops into host cells (ΔyscF), and 

the avirulent strain of Kp (ΔcpsB), unable to produce an outer polysaccharide capsule, induced a 

robust increase in IFNβ mRNA synthesis compared to WT or pathogenic counterparts in the 

presence of zVAD (Figure 11a, 11b). To verify that IFNβ induction was dependent on RIPK1 and 

RIPK3 kinases, we also determined that the response was absent in K45A RIPK1 and K51A 

RIPK3 BMDMs (Figure 11a, 11b). Furthermore, consistent with the previous data, we again 

observed robust RIPK1 kinase activity-dependent co-accumulation of RIPK1, RIPK3 and IFN-I 

pathway components in the insoluble fractions of cells infected with ΔyscF or ΔcpsB in the 
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presence of zVAD (Figure 11c, 11d). In sum, these data provide direct demonstration that gram 

negative bacteria are capable of inducing RIPK1 and RIPK3 kinase-dependent IFNβ synthesis in 

vitro in the presence of zVAD, and that this induction may be under negative regulation by 

bacterial virulence factors. Accordingly, these data, paired with our in vivo observations of LPS-

induced RIPK1 kinase-dependent IFNβ synthesis, suggest a potential role for RIPK1 kinase-

dependent IFNβ synthesis as part of a physiologic host-response in bacterial infection. 
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Figure 11. RIPK1 and RIPK3 kinase-dependent IFNβ synthesis is augmented by attenuated strains 
of Yersinia pseudotuberculosis and Klebsiella pneumonia.  

 

 

Figure 11: RIPK1 and RIPK3 kinase-dependent IFNβ synthesis is augmented by attenuated 

strains of Yersinia pseudotuberculosis and Klebsiella pneumonia.  

(A) qRT-PCR of Ifnb mRNA expression in wild type (WT), K45A RIPK1 (K45A), and K51A 

RIPK3 (K51A) BMDMs infected with wild type Yersinia pseudotuberculosis (Yptb) or a mutant 

strain unable to inject pathogenicity factors into macrophages (ΔyscF), at an MOI of 40-60. (B) 

qRT-PCR of Ifnb mRNA expression in WT, K45A, and K51A BMDMs infected with wild type 

Klebsiella pneumonia (Kp), or a mutant strain lacking its out polysaccharide capsule virulence 

factor (ΔcpsB) at an MOI of 40-60. (C) Western analysis of localization and phosphorylation of 
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TRIF, TBK1, IKKε, IRF3 in NP40-soluble and NP40-insoluble fractions from wild type BMDMs 

treated as described in (A). (D) Western analysis of localization and phosphorylation of TRIF, 

TBK1, IKKε, IRF3 in NP40-soluble and NP40-insoluble fractions from wild type BMDMs treated 

as described in (B). Presented data are representative datasets from experimental observations 

made at least 3 times. Error bars reflect SD from the mean. BMDMs were treated with zVAD=50 

μM and/or Nec-1s=30µM where indicated. Gentamicin (100μg/mL) was added 2 hours post-

infection in each experiment.  

Contributions: Experiments performed, data analyzed, figures prepared, and figure legends written 

by Danish Saleh.  
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Discussion 

RIPK1 and RIPK3 activation and necrosis are generally believed to be associated with acute and 

pathologic injury; however, emerging evidence suggests RIPK1 and RIPK3 may play significant 

roles in physiologic host-defense responses to viral and bacterial infections (Saleh & Degterev 

2015; Sridharan & Upton 2014). To date, studies have focused on the roles of RIPK1 and RIPK3 

in the context of pathogen-induced cell death. For example, RIPK1 and caspase-8-dependent 

apoptosis has been described as a central feature of the innate immune response to gram-negative 

bacterial pathogen, Yersinia (Weng et al. 2014; Philip et al. 2014). Similarly, RIPK1 and RIPK3 

kinase-dependent necroptosis have been implicated in macrophage cell death by Salmonella and 

local-tissue damage in necrotizing pneumonia caused by Methicillin-Resistant Staphylococcus 

Aureus (MRSA) (Kitur et al. 2015; Robinson et al. 2012). However, inflammatory signaling is also 

a critical component of the initial innate immune response that has not been as closely examined 

in RIPK1 and RIPK3 biology.  

Previous work suggested that kinase activities of RIPK1 and RIPK3 may not contribute to 

cytokine synthesis downstream of TLR3 and TLR4 (Cusson-Hermance et al. 2005; Kelliher et al. 

1998; Meylan et al. 2004; Newton et al. 2004). However, these studies were performed in the 

absence of caspase inhibition, which is a requisite to elicit kinase functions of RIPK1 and RIPK3 

in vitro (Schworer et al. 2014; Kaiser et al. 2013; He et al. 2011; Najjar et al. 2016). In contrast, 

data in this study as well as other recent reports (Wong et al. 2014; Christofferson et al. 2012; 

McNamara et al. 2013; Najjar et al. 2016) describe RIPK1 and RIPK3 kinase-dependent cytokine 

responses that manifest independent of MLKL-dependent cell death signaling. In a prior study we 

reported that RIPK1 and RIPK3 kinase-dependent cytokine profile evaluated in vitro, in the 

presence of zVAD, correlated strongly with the inflammatory profile observed in vivo, in the 
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absence of exogenous caspase manipulation (Najjar et al. 2016). We observed the dichotomy 

between RIPK1 kinase regulation in vitro and in vivo was linked to limited caspase-8 activation in 

bone marrow monocytic cells collected from mice injected with LPS (Najjar et al. 2016). Similarly, 

in this study we find that exogenous inhibition of caspases is not requisite for RIPK1 and RIPK3 

kinase-dependent IFNβ synthesis in vivo following LPS challenge. These findings suggest that use 

of zVAD in vitro may aid in uncovering new pro-inflammatory roles for RIPK1 and RIPK3 in 

vivo. 

In vitro observation of detergent-insoluble, amyloid-like, RIPK1 and RIPK3 complexes, 

also known as necrosomes, have been linked to RIPK1 and RIPK3 kinase-dependent signaling (Li 

et al. 2012; Moquin et al. 2013; Najjar et al. 2016). Indeed, it is well established that caspase 

inhibition is essential the induction of necroptosis and that MLKL is recruited to necrosome 

signaling platforms (Najjar et al. 2016; Schworer et al. 2014; He et al. 2011; Kaiser et al. 2013) . 

Similarly, in the presence of caspase inhibition, we also observe enrichment and activation of IFN-

I pathway intermediaries in necrosome containing cellular fraction and, remarkably, this did not 

require MLKL. Although the necrosome was originally defined as a cell-death signaling complex, 

our data here and in our previous study suggest that the necrosome may additionally serve as a 

signaling platform for the induction of IFNβ and other cytokines (Najjar et al. 2016; Saleh et al. 

2017). It is important to note that the precise details of necrosome signaling are poorly understood 

and it remains to be determined whether a singular ‘necrosome’ platform is capable of driving 

cytokine and pro-death signaling independent of one another. Alternatively, the ‘necrosome’ might 

reflect physically and/or compositionally heterogenous RIPK1 and RIPK3 containing platforms 

that are defined and influenced by their immediate molecular context to promote cytokine 

synthesis or pro-death signaling.  
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Our data found that STING contributes to TRIF/RIPK1-dependent IFNβ synthesis (Fig. 

S4e). Recent work by Wang X. et al. suggested that TRIF is required for STING to activate IFNβ 

synthesis. Thus, it is possible that STING and TRIF may similarly cooperate in promoting RIPK1 

activation and IFNβ synthesis. STING has also been proposed to respond to damaged DNA to 

induce IFNβ synthesis. This might serve as an indirect mechanism of STING participation in 

TRIF-RIPK1 kinase-dependent events. However, we believe this latter regulation is unlikely to be 

a major mechanism contributing RIPK1 kinase-dependent IFNβ synthesis because we observe 

considerable induction in IFNβ by LPS with zVAD in Mlkl-/- BMDMs, a system without 

measurable loss in cell viability (Figure 5c, 5d). Nevertheless, further experiments are needed to 

further clarify the mechanism of STING involvement. 

Protective host defenses mediated specifically by TRIF have been described in response to 

several gram-negative bacterial pathogens (Cai et al. 2009; Sotolongo et al. 2011; Ruiz et al. 2016). 

For instance, pulmonary infection by Klebsiella has been found to become significantly more 

deadly in TRIF-deficient mice (Cai et al. 2009). Conversely, pre-administration of TLR3 agonist, 

poly(I:C), which engages TRIF-dependent signaling exclusively, has been shown to promote 

clearance of gram negative bacterial pathogens (Ruiz et al. 2016). Given these observations, our 

data raise the question as to whether previously described TRIF-dependent protective host 

responses are mediated by RIPK1/RIPK3 in vivo. Furthermore, our studies in macrophages suggest 

that TRIF/RIPK1/RIPK3-dependent responses may be either broadly or specifically targeted by 

bacterial virulence factors. While this has been addressed in various viral infections (Huang et al. 

2015; Xing Wang et al. 2014; Guo et al. 2015; Upton et al. 2012; Omoto et al. 2015), the regulation 

of RIPK1 and RIPK3 signaling by gram negative bacterial pathogen virulence factors is still poorly 

understood.   
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Accordingly, to our knowledge, our work is the first to demonstrate the capacity of RIPK1 

and RIPK3 kinases to induce cytokine synthesis in response to gram negative bacteria. We report 

activation of RIPK1 and RIPK3 kinase-dependent IFNβ synthesis by Klebsiella and Yersinia 

mutants in vitro in the presence of zVAD. This observation is analogous to the regulation of RIPK1 

previously noted in viral-induced RIG-I signaling in which caspase-8-dependent cleavage of 

RIPK1 attenuated IRF3 activation and IFN-I production (Rajput et al. 2011). However, 

significantly, our data additionally reveals the propensity of avirulent bacterial strains to promote 

more efficient RIPK1 and RIPK3 kinase-dependent IFNβ induction compared to their wild type 

pathogenic counterparts in vitro.  

Data by Nogusa et al. showed that RIPK3 was dispensable for the IFN-I transcriptional 

response induced by RIG-like receptor (RLR) activation or Influenza virus infection in mouse 

embryonic fibroblasts (Nogusa, Slifker, et al. 2016), in contrast to the central role of this protein 

in cell-death induction during influenza infection in the same cell types (Nogusa, Thapa, et al. 

2016).  These data suggest that there may be important differences in the activation and 

consequence of the RIPK1 and RIPK3 kinase-dependent cytokine responses in cases of gram-

negative bacterial infections, which often occur extracellularly, versus intracellular viral 

infections, where cell death may be necessary to eliminate infected host cells and prevent viral 

replication. However, broader sets of pathogens and the roles of cell type specific factors remain 

to be examined. 

 In this study we describe a novel role for RIPK1 kinase in directing IFNβ synthesis in 

response to LPS in vivo. We find that RIPK1 kinase-dependent IFNβ synthesis may be elicited in 

analogous fashion in BMDMs using LPS with zVAD. Notably, we observed that RIPK1 kinase-

dependent IFNβ synthesis in BMDMs also required RIPK3 kinase but not MLKL, a requisite 
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executioner of necroptosis pathway. Conversely, RIPK1 kinase-dependent IFNβ synthesis 

required the TLR4 adapter protein, TRIF, and downstream canonical IFN-I pathway 

intermediaries, including TBK1, IKKε and IRF3. It is important to note that RIPK1 and RIPK3 

kinase-dependent IFN-I pathway activation in vitro was a delayed feature of TRIF-dependent 

signaling, suggesting that RIPK1 and RIPK3 kinases are not required for early endosomal 

translocation of TLR4 (Kagan et al. 2008) (Figure 12). Interestingly, we also noted that the 

intracellular nucleotide sensor, STING, likely participates in this regulation. Examination of 

detergent-insoluble cellular fractions or ‘necrosome’-like fractions in RIPK1 kinase-activating 

conditions suggested that the ‘necrosome’ may represent a scaffold for the TRIF-IRF3 signaling 

axis, and/or that one or multiple IFN-I pathway intermediaries might be direct targets of RIPK1 

and/or RIPK3. These data were further supported by co-immunoprecipitation studies. Finally, our 

observation that avirulent bacteria are capable of inducing RIPK1 and RIPK3 kinase-dependent 

IFNβ synthesis to a greater extent than their pathogenic counterparts in vitro, prompts further 

examination of the role that RIPK1 and RIPK3 kinase-dependent IFNβ synthesis may play in the 

host response against bacterial infection.  
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Figure 12. RIPK1 and RIPK3 kinases engage the IFN-I pathway downstream of the adapter protein 
TRIF. 
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Experimental Procedures 

Animals 

Female Balb/c mice at 6-8 weeks of age were used for LPS experiments (Charles River Labs). 

Ripk3-/- (on C57BL/6 background) and matched controls were previously described (Newton et 

al., 2004) and provided to us by Dr. Vishva Dixit (Genentech). Sting-/- mice were a gift from Dr. 

Alexander Poltorak. TRIF-/- (Ticam1-/-) (C57BL/6J-Ticam1Lps2/J) mice and corresponding 

control mice (C57BL/6J, B6.129P2) were purchased from Jackson labs. D138N RIPK1, K45A 

RIPK1, K51A RIPK3, and Mlkl-/- mice were previously described (Berger et al. 2014; Polykratis 

et al. 2014; Moriwaki et al. 2015; Nogusa, Thapa, et al. 2016). 

All use of animals was approved by the Tufts University, UMASS, and Fox Chase Cancer Center 

Institutional Animal Care and Use Committees. Mice were maintained in Tufts animal facility in 

cages with light/dark cycle and experiments performed according to the protocol with all efforts 

to minimize the number and suffering of the animals.  

Bacteria 

Yersinia strains (Yptb and ΔyscF) were on the IP2666 background and have been previously 

described (Davis & Mecsas 2007). Yersinia bacteria were cultured overnight in 2XYT at 26C. On 

the day of infection, cultures were diluted 1:40 in 5mM CaCl2 containing 2XYT for 2 hours and 

then moved to 37C for two hours prior to infection. Klebsiella strains (Kp and ΔcpsB) were on the 

Kp ATCC 43816 background.  ΔcpsB was generated and gifted by Michelle Paczosa and will be 

reported in a future publication. Klebsiella bacteria were grown overnight at 37C in L broth.  

Infections 

Macrophages were infected in antibiotic free media (10% L929 conditioned media + 10% FBS in 

RPMI) bacteria at an MOI of 40-60 and bacterial were spun down at 300g for 3 minutes. Two 
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hours post-infection, 100μg/mL Gentamicin was administered and macrophages were harvested 6 

hours post-infection. Prior to infection, bacterial counts were estimated using an optical density 

read-out and confirmed by colony-forming unit assay.   

In vivo LPS challenge and Nec-1s treatment 

Mice were injected intravenously or intraperitoneally with 30 mg/kg optimized Nec-1s (7-Cl-O-

Nec-1) (Degterev et al. 2013), 15 min prior to intraperitoneal injection of 50 µg/kg LPS (Sigma). 

CD11b+ bone marrow cells were collected 1 hour post-injection from femurs and stained at a 

dilution of 1:300 using PE conjugated anti-mouse/human CD11b+ (BioLegend, 101207) for 1 hour 

in FACS buffer (2% FBS and 1μM EDTA in PBS). 20-40% of total cells were CD11b+ and these 

were sorted by FACS. Sorted cells were used for qRT-PCR or RNA-Seq.  

Reagents  

Lipopolysaccharide (LPS) (Escherichia coli 0111:B4) was purchased from Sigma. Optimized 

Necrostatin-1s (Nec-1s) (5-[(7-chloro-1H-indol-3-yl) methyl]-3-methyl-2,4-imidazolidinedione) 

was synthesized as previously described (Teng et al., 2005). For in vivo administration, Nec-1s 

was dissolved in PBS containing 25% Polyethylene Glycol 400 (Spectrum labs). RIPK3 inhibitor, 

GSK’872, was also previously described (Mandal et al. 2014; Kaiser et al. 2013). TBK1/IKKε 

inhibitors, MRT67307 and BX795 were previously described (Clark et al. 2011; Clark et al. 2009). 

IDN6556 was previously described (Brumatti et al. 2016). zVAD.fmk was purchased from 

ApexBio.   

Cells 

Bone marrow derived macrophages (BMDMs) were prepared by flushing bone marrows from 

femurs and tibias. BMDMs were allowed to differentiate for 7 days in the presence of conditioned 

media from L929 cells, containing Macrophage Colony Stimulating Factor (M-CSF) - 30% L929 
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media, 20% FBS and 1% PSA (penicillin/streptomycin/antimycotic solution) in RPMI1640. 

Medium was replenished on day 3. 48 hours before treating the cells, the medium was exchanged 

to 10% L929 media, 10% FBS and 1% PSA in RPMI1640. On day 7, the adherent cells were 

collected using PBS and centrifuged at 430 g for 5 min and replated for the experiments. For 

mRNA and Western blot experiments, 2 X 106 BMDMs were seeded into 35 mm2 dishes. For cell 

viability experiments, 50,000 cells per well were seeded in 96 well plates. RAW cells (RAW264.7) 

were grown in DMEM containing 10% FBS and 1% PSA. For experiments, cells were treated with 

all reagents (stimulants and inhibitors) simultaneously. For example, inhibitors (ie: Nec-1s) were 

added to cells with LPS and zVAD or IDN at time zero.  

Western blotting 

Cells were lysed and harvested in RIPA buffer (Cell Signaling) supplemented with 

Phenymethanesulfonylfluoride (PMSF) (5 μg/ml, Sigma), leupeptine (1μg/ml), pepstatin (1μg/ml) 

and aproprotinin (1μg/ml). The protein concentrations were determined using Bio-Rad Protein 

Assay reagent, and equal amounts of protein were subjected to Western blotting. Samples were 

separated by SDS/PAGE and transferred to PVDF membranes. After being blocking in Protein-

free T20 (TBS) blocking buffer (Fisher Scientific) at room temperature for 1 h, the membranes 

were rinsed with TBST (0.1%) and incubated at 4 °C overnight with primary antibodies (1:1000 

dilution). The membranes were washed and incubated with secondary antibody (1:5000 dilution) 

at room temperature for 1 h. Signals were developed using Luminata Classico or Forte HRP 

substrates (Millipore). 

Antibodies 

The following antibodies acquired from Cell Signaling Technologies were used: TBK1 (#3504), 

p-TBK1 (#5483), IKKε (#3416), p-IKKε (#8766), IRF3 (#4302), and p-IRF3 (4947), RIPK1 
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(#3493), αTubulin (#3873), anti-mouse IgG HRP-linked antibody, and anti-rabbit IgG HRP-linked 

antibody. RIPK3 antibody was purchased from Prosci (#2283). Primary antibodies were used at a 

dilution of 1:1000 and secondary antibodies were used at a dilution of 1:5000. 

Cell Viability Assays 

 The cells were seeded as described above in 100 μL of media.   Typically, cells were treated with 

10 ng/ml LPS and 50 µM zVAD for 24 hours. Cell viability was determined using CellTiter-Glo 

viability assay kit (Promega). Each independent experiment was performed in duplicate and 

repeated three times. Viability of the cells, relative to an untreated control, was determined and 

plotted. 

Measurement of IFNβ by ELISA 

Mouse interferon beta (IFNβ) was measured using colorimetric ELISA. 96 well plate was 

incubated at 4C overnight after coating wells with 50 µL of monoclonal rat anti-mouse IFNβ (Santa 

Cruz, SC-57201) diluted 1:500 (final concentration: 0.2μg/mL) in 0.1M carbonate buffer. The 

following day, wells were incubated with 200 µL of blocking buffer (10% FBS in PBS) for 2 hours 

at 37C. After blocking, wells were incubated with 50µL of standard or sample (diluted 1:1, 1:5, 

and/or 1:25 in blocking buffer) and incubated overnight at 4C. Interferon-beta protein purchased 

from PBL (product number: 12400) and standard curves were generated using concentrations 0-

1000IU/mL (0-2ng/mL). The following day, wells were incubated with 50µL of polyclonal rabbit 

anti-mouse IFN-β detecting antibody from PBL (product number: 32400) diluted 1:2000 (final 

concentration: 0.5μg/mL) in blocking buffer and incubated overnight at 4C. The following day, 

50µL of goat anti-rabbit-HRP secondary antibody (Cell Signaling) diluted 1:2000 was added to 

the wells. Plates were incubated for 2-3 hours at room temperature. Subsequently, 50 µL of the 

TMB substrate was added. The reaction was stopped by the addition of 50 µL 2N H2SO4. 
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Absorbance was measured at 450 nM. A washing step with buffer (PBS 0.05% TWEEN) was 

performed after each step and before the addition the substrate.  

RNA extraction, cDNA synthesis and qRT-PCR 

For RNA extraction, cells were seeded as described above. Cells were stimulated with 10 ng/ml 

LPS, 50 µM zVAD and 30 µM Nec-1s or other inhibitors as indicated. Total RNA was isolated 

using RNA MiniPrep kit (ZYMO Research) according to the manufacturer’s protocol. 50 ng to 1 

µg of RNA was converted to cDNA using iScript cDNA Synthesis kit (BioRad). 1 µL of cDNA 

was used with 500 pM primers in 20 µL qPCR reactions using VeriQuest SYBR Green master mix 

(Affymetrix). qRT-PCR reactions were performed in LightCycler 480 II using the following 

program: 50°C for 2 min, 95°C for 10 min, followed by 40 cycles of amplification (95°C for 15 

sec, 60°C for 1 min). GAPDH was analyzed as a housekeeping gene.   

The primer sequences used to amplify murine genes are as following:   

Mouse GAPDH: forward 5’-TGTGTCCGTCGTGGATCTGA-3’, reverse: 5’- 

GGTCCTCAGTGTAGCCCAAG3’. 

Mouse IFNb1: forward 5’-CAGCTCCAAGAAAGGACGAAC-3’, reverse 5’-

GGCAGTGTAACTCTTCTGCAT-3’. 

Mouse MX2: forward 5’-GAGGCTCTTCAGAATGAGCAA -3’, reverse 5’-CTC 

TGCGGTCAGTCTCTCT-3’. 

Mouse IFIT1: forward 5’- CTGAGATGTCACTTCACATGG AA -3’, reverse 5’-

GTGCATCCCCAATGGGTTCT -3’. 

Necrosome formation assay 

Isolation of NP40 soluble and insoluble fractions was performed as previously described (Li et al. 

2012; Moquin et al. 2013). Cells were seeded into 35 cm2 dishes at 2 X 106 cells/well and 
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stimulated with 10 ng/ml LPS, 50 µM zVAD  and 30 µM Nec-1s for up to 3 hr. Cells were lysed 

in 1%TritonX100 or 1%NP-40 lysis buffer (150mM NaCl, 20mM Tris-Cl (pH 7.5), 1% 

TritonX100 or 1%NP-40, 1mM EDTA, 3mM Na-fluoride, 1mM B-glycerophosphate, 1mM 

Sodium Orthovanadate, 5uM Idoacetamide, 2uM N-ethylmaleimide and Phosphatase and 5μg/ml  

PMSF and 1μg/ml leupeptine, 1μg/ml  pepstatin and 1μg/ml  aprotinin. Lysates were flash frozen 

on dry-ice, thawed on ice and vortexed for 10 sec followed by centrifugation at 1000g for 15 

minutes in the refrigerated table-top centrifuge to remove nuclei. Supernatants were collected and 

centrifuged at 34,400g for 15 minutes to precipitate detergent-insoluble cellular fraction (NP40 or 

Triton insoluble). Supernatants were collected (NP40 or Triton soluble fractions) and pellets were 

boiled in 1x SDS-PAGE buffer. 

Sucrose-gradient velocity sedimentation 

RAW264.7 macrophages were treated for 3-4 hrs and lysates collected as in the necrosome 

formation assay. Samples were flash frozen, thawed, and nuclei were precipitated and discarded 

as in necrosome formation assay. Protein concentration normalized, and placed upon a 10-50% 

linear sucrose gradient. Samples were subject to velocity sedimentation at ~250,000g for 2.5-3 

hours and samples were collected in 13-14 x 1 mL aliquots. Samples were subjected to 

Chloroform/Methanol protein precipitation to eliminate sucrose and/or concentrate protein 

samples prior resuspension in Laemmli buffer for Western Analysis. 

Co-immunoprecipitation studies 

RAW264.7 macrophages were treated for 3-4 hrs and lysates collected as in the necrosome 

formation assay. Samples were vortexed and incubated on ice prior to precipitating nuclei. Lysate 

protein concentration was normalized to 2mg/mL across samples and lysates were incubated 

overnight with Rabbit anti-RIPK1 or Rabbit anti-IKKε antibody. Antibody bound protein was 
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captured using Protein A-conjugated magnetic beads per sample (ThermoFisher Scientific, Pierce 

Protein A Magnetic Beads #88845) and eluted by boiling in 1x Laemmli buffer for 5 min.  

RNA Sequencing 

For RNA-Seq analysis, mice were divided intro 3 groups - control (n=2), LPS (n=2) and LPS/Nec-

1s (n=2). Bone marrow cells were isolated by FACS as described for qPCR analysis. Total RNAs 

were isolated using Qiagen RNeasy kit according to the manufacturer’s protocol. Input RNA 

samples were first analysis by Agilent BioAnalyzer 2100 to asset the integrity and quantity. The 

RNA samples were then amplified using NuGen Ovation RNA System V2. The resulting cDNA 

samples were fragmented on Covaris M220 Focused Solicitor, followed by purification and 

concentration with a Qiagen MiniElulte Spin Column. Following this step, S1 Nuclease (Promega) 

was used according to the manufacture’s protocol. Then, the amplified and fragmented cDNA 

samples from RNA amplification was used as input for library preparation, using Illumina TruSeq 

DNA Sample Preparation Kit per the manufacturer’s instruction. The resulted libraries were 

quantified and pooled at equal molar concentration for sequencing. The sequencing was done on 

a lane of High Output single read 100 bases on an Illumina HiSeq 2500 using SBS V3 chemistry. 

The base calling and demultiplexing was performed with CASAVA v1.8. The resulting data were 

then aligned to mouse mm10 reference genome with Tophat 2 and different gene expression 

analysis with Cuffdiff. Gene expression profiles were analyzed using Ingenuity pathway analysis 

(IPA) software to identify pathways regulated by LPS and Nec-1s.  

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE73836 

Statistics 

For in vivo studies, statistics were analyzed by two-tailed Student t-test and significance was 

determined using an alpha value of 0.05. Error bars reflect standard error (SE) from the mean. For 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE73836
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in vitro studies, experiments were repeated with at least 2, but in most cases 3 biological replicates. 

In each figure, one representative dataset is shown due to the variability in the general 

responsiveness to LPS in independent cell preparations. Error bars reflect standard deviation (SD) 

from the mean with measurements made in duplicate.  
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Chapter 4 

Discussion 
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4.1 Summary 

Data presented in the preceding chapters suggest a novel role for the catalytic functions of RIPK1 and 

RIPK3 in directing innate immune cytokine production by mechanisms distinct from their previously 

described roles in directing cell death. In vivo studies utilizing pharmacologic and genetic tools establish 

the kinase function of RIPK1 and RIPK3 as mediators of the cytokine profile induced by LPS. In vitro, 

this observation is examined closely using LPS in the context of caspase inhibition to delineate two novel 

TRIF-dependent signaling axes (Erk1/2-cFos/p65 and TBK1/IKKε-IRF3) that operate downstream of the 

‘necrosome’ to promote synthesis of acute inflammatory cytokines (TNFα, IL6, CCL3, CCL4, CXCL1, 

and CXCL2) and IFNβ. This 

regulation likely manifests 

independent of necroptosis 

pathway as cytokine 

synthesis can be elicited in a 

RIPK1 kinase-dependent 

manner in vivo in the 

absence of MLKL. 

Similarly, in vitro, RIPK1 

and RIPK3 kinase-dependent 

cytokine synthesis and 

necrosome formation occur 

in the absence of MLKL 

(Figure 1).  

4.2 The RIPK1 and RIPK3 signaling platform 

Intracellular molecular complexes by which RIPK1 and RIPK3 execute their regulation have long been 

characterized as detergent-insoluble, filamentous, amyloid-like, protein aggregates also termed 

Figure 1. RIPK1 and RIPK3 kinase-dependent cytokine synthesis 
pathways.  

*Figure Prepared by Danish Saleh 
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‘necrosomes’ (Li et al. 2012). In this description, the necrosome is defined by chemical and physical 

properties; however, the molecular composition of this signaling platform is poorly understood. In 

general, the ‘necrosome’ refers to the RIPK1 and RIPK3 signaling platform that engages downstream 

pathways, historically marked by the phosphorylation and activation of MLKL exclusively. Our work 

identifies additional putative downstream kinases, including Erk1/2 and TBK1/IKKε, as phosphorylation 

and activation of these molecules is mediated in a RIPK1 and RIPK3 kinase-dependent manner. We 

applied detergent-based cellular fractionation to examine detergent-insoluble cellular compartments to 

further delineate signaling associated with RIPK1 and RIPK3 kinase activation (Moquin et al. 2013; 

Ofengeim et al. 2015). Indeed, we observed that our putative targets (Erk1/2 and TBK1/IKKε) and their 

phosphorylated or activated forms, were enriched in detergent-insoluble cellular fractions in a RIPK1 and 

RIPK3 kinase-dependent manner. To verify these initial observations, we examined RIPK1 and RIPK3 

signaling complexes applying different approaches, including velocity-sedimentation and sucrose-

gradient fractionation as well as RIPK1 co-immunoprecipitation (Saleh and Degterev, Unpublished). The 

application of velocity-sedimentation and sucrose-gradient fractionation revealed that modified forms of 

RIPK1 and RIPK3 were enriched in molecular weight fractions alone with downstream signaling proteins 

(Erk1/2 (not shown), TBK1, IKKε, and IRF3) and this regulation manifested in a RIPK1 kinase-

dependent manner. Co-immunoprecipitation studies also found that kinases Erk1/2, TBK1, and IKKε, 

specifically associated with RIPK1 in RIPK1 and RIPK3 activating conditions in vitro.  

The physical organization, stoichiometry, and kinetics of the RIPK1 and RIPK3 signaling platform 

remain to be understood. Specifically, it is unclear if the term ‘necrosome’ identifies a single molecular 

complex that engages diverse downstream signaling axes independent of one another. Alternatively, the 

‘necrosome’ might refer to a series of heterogeneous molecular complexes that share similar chemical and 

physical properties, attributable to a common RIPK1 and RIPK3 molecular core. According to this latter 

model, the capacity for RIPK1 and RIPK3 to promote pro-death versus cytokine synthesis pathways may 

be defined by upstream signaling and the immediate molecular environment. The latter is also supported 
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by studies demonstrating that homodimerization or oligomerization of RIPK3 is sufficient to induce cell 

death, whereas, Yatim et al. demonstrated that forced oligomerization of RIPK3 required RIPK1 in order 

to also promote NFᴋB-dependent cytokine production in CD8+ T cells (Yatim et al. 2015; Wu et al. 

2014). Similarly, over expression of RIPK1 in target cells can induce cell death that is either apoptotic or 

necroptotic – cellular processes that are likely defined by molecular target availability (Cook et al. 2014). 

4.3 RIPK1 and RIPK3 kinase-dependent cytokine synthesis in bacterial infection 

Preliminary attempts at examining this regulation in gram-negative bacterial infection models yielded 

promising results. RIPK1 and RIPK3 kinase-dependent IFNβ synthesis has reliably been elicited in 

Yersinia and/or Klebsiella infection of primary macrophages using the pan-caspase inhibitor zVAD. 

Notably, this induction of IFNβ was more pronounced by attenuated strains of these species, suggesting 

that the TRIF-RIPK1-RIPK3 signaling pathway might be a targeted and/or suppressed by gram-negative 

bacterial species to facilitate their pathogenesis. Moreover, these are not the only gram-negative bacterial 

species primed to disengage RIPK1 kinase-dependent signaling. Recent work has shown that 

Porphorymonas gingivalis directly cleaves RIPK1 kinase and thereby dampens TNFα-induced production 

of inflammatory cytokines (Barth & Genco 2016; Madrigal et al. 2012).  

In vivo experiments using RIPK1 and RIPK3 kinase-inactive double knock-in mice, carrying targeted 

mutations rendering both kinases catalytically inactive, revealed that induction of circulating TNFα in 

mice infected with the attenuated capsular-deficient (ΔcpsB) of Klebsiella was regulated in a RIPK1 and 

RIPK3 kinase-dependent manner. By comparison, the wild-type strain (Kp) induced circulating TNFα to a 

lower level and this was not dependent on RIPK1 and RIPK3 kinases (Figure 2). These data are 

consistent with our hypothesis that RIPK1 and RIPK3 kinase-dependent cytokine synthesis might be 

selectively targeted or suppressed by pathogens in order to subvert the host-response and facilitate 

pathogenesis.  
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Nevertheless, we have failed 

to reliably observe RIPK1 and 

RIPK3 kinase-dependent 

acute inflammatory cytokine 

production (TNFα, IL6, 

CCL3, CCL4, CXCL1, 

CXCL2) in our in vitro 

infection models using 

Yersinia and/or Klebsiella 

(data not shown). This stands 

in marked contrast to our in 

vitro experiments performed 

using LPS. Specifically, it is peculiar that we observe acute inflammatory cytokine synthesis as well as 

IFNβ synthesis induced by LPS with zVAD in vitro, but only RIPK1 and RIPK3 kinase-dependent IFNβ 

synthesis can be detected upon infection with bacteria in the presence of zVAD. In reconciling this 

difference, one might consider that bacteria are complex organisms that engage and activate multiple 

pathogen-recognition patterns receptors during infection. From this vantage point, one might speculate 

that bacterial induced TRIF-dependent acute inflammatory cytokine synthesis is small compared to the 

aggregate of TRIF-independent cytokine production. Consider the relatively meager induction of TRIF-

RIPK1-RIPK3 kinase dependent TNFα synthesis by LPS (~2-4 fold comparing LPS+zVAD to LPS 

alone) to the substantially more pronounced effect on IFNβ synthesis by the TRIF-RIPK1-RIPK3 kinase 

pathway (~100-1000-fold comparing LPS+zVAD to LPS alone). It follows that in the context of bacterial 

infection, where multiple TRIF-RIPK1-RIPK3 kinase-independent cytokine synthesis pathways are 

activated, the fold induction in RIPK1 and RIPK3 kinase-dependent IFNβ might still be appreciated 

whereas the induction of RIPK1 and RIPK3 kinase-dependent TNFα synthesis might be obscured.  

Figure 2. Attenuated Klebsiella pneumonia (ΔcpsB) induces 

circulating levels of TNFα in a manner that is dependent on kinase 

activities of RIPK1 and RIPK3 in vivo. (A) Body weights and (B) Circulating TNFα 

from wild-type (WT) and double kinase-inaction (dKI; K45A RIPK1 and K51A RIPK3 kinase 

inactive) mice infected with an attenuated mutant of Klebsiella pneumonia (ΔcpsB), unable to 

produce an outer polysaccharide capsule virulence factor, or wild-type Klebsiella pneumonia 

(Kp), with 107 colony forming units intraperitoneally. *signifies p<0.05 by 2-tailed student T-

test. ^signifies p<0.05 by One-way ANOVA. 

*Experiments performed, data analyzed, and figures prepared by Danish Saleh.  

A B 
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4.4 RIPK1 and RIPK3 in Host Immunity 

Emerging evidence presented throughout this thesis illuminate roles for RIPK1 and RIPK3 in fortifying 

host-immune responses against microbial pathogens. The introduction to this thesis included a literature 

review on the subject of RIPK1 and RIPK3 dependent cell death in host-immune cells to mitigate viral 

dissemination and promote host-survival during viral infection. Additionally, a summary of roles for 

RIPK1 and RIPK3 cell death in bacterial pathogenesis were also examined. And lastly, the introduction 

summarized evidence marking these kinases as important drivers of cytokine production and 

inflammation in kinase-independent pathways as well as kinase-dependent pathways.  

Nevertheless, the roles of RIPK1 and RIPK3 in host-immunity may not exclusively be limited to cell 

death and inflammation of host-immune cells. Regulation of cell death and inflammation that is 

dependent on RIPK1 and RIPK3 have also been found to play critical roles in epithelial integrity and 

barrier function, an important first-line defense against microbial pathogens.  

4.4.1 Epithelial Barrier Function6 

The intestinal epithelia and skin are first line defenses against infection by commensal and pathogenic 

microbial flora (Kumar et al. 2010; Bonnet et al. 2011; Kaser et al. 2010; Macdonald & Monteleone 

2005). Destruction of critical epithelial barriers predispose to microbial-induced infection and the 

generation of tissue-inflammation. The literature has illuminated crucial roles for RIPK1 and RIPK3 in 

maintaining barrier tissues. For example, kinase-independent function of RIPK1 has been found to be 

essential in preserving intestinal epithelial integrity and skin homeostasis. Conversely, kinase-activity of 

RIPK1 and activation of RIPK3-dependent necroptosis have been associated with epithelial tissue 

destruction. The following discussion explores these opposing roles of RIPK1 and RIPK3 in barrier tissue 

biology. 

                                                             
6 Reprinted from (Saleh and Degterev 2015, pages 17-22) with permission from publisher. 
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4.4.1.1. Intestinal Epithelia 

4.4.1.1.1 Kinase-independent functions of RIPK1 

Two groups have reported roles for RIPK1 in maintaining epithelial integrity using independently 

generated mouse models of RIPK1 deletion in intestinal epithelial cells (RIPK1IEC). Grossly, weight-loss 

and diminished survival was observed in mice lacking epithelial-specific RIPK1. Histological evaluation 

of gastrointestinal tissue revealed atypical cell death of intestinal epithelial cells, and features of 

inflammatory injury, including, leukocyte infiltration and abnormal tissue architecture (Dannappel et al. 

2014; Takahashi et al. 2014). 

Loss of RIPK1 in intestinal epithelia sensitized mice to microbial injury. Takahashi and colleagues 

reported that broad-spectrum antibiotic treatment prevented weight-loss and improved survival in 

animals. Antibiotics treatment also protected against cellular apoptosis in intestinal tissue as well as signs 

of local tissue and systemic inflammation, shortened colon length and splenic enlargement, respectively. 

Conversely, Dannappel and colleagues found antibiotic treatment was ineffective at reversing histological 

findings of cellular apoptosis; however, these differences may be attributed to variations in antibiotic 

regimens and treatment schedules.  

RIPK1 deletion in intestinal epithelia was associated with increased sensitivity to inflammation-

associated cell death. TNFα treatment resulted in increased apoptosis of RIPK1IEC organoids (Takahashi 

et al. 2014). In addition, deletion RIPK1 associated with increased death induced by innate immune 

ligand, polyinosinic:polycytidylic acid (Poly(I:C)), as well as the cytokines, interferon-β (IFNβ) and 

interferon-γ (IFNγ) (Kaiser et al. 2014; Dillon et al. 2014). Similarly, deletion of TNF Receptor (Tnfr-/-) 

prolonged survival and ameliorated intestinal apoptosis in RIPK1IEC mice. Although Takahashi and 

colleagues appreciated improved survival in RIPK1IEC mice upon deletion of MYD88, a key adaptor in 

innate-immune inflammatory signaling and downstream of multiple Toll-like receptor family members, 

these findings could not be affirmed by Dannappel et al. Nevertheless, together, these observations 
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suggest that deletion of RIPK1 in intestinal epithelia increased tissue sensitivity to death by innate-

immune signals and cytokines. 

Whole-body RIPK1 deletion results in unbridled postnatal inflammation and lethality. Notably, 

embryonic development is unaffected by RIPK1 deletion, highlighting the importance of RIPK1 in post-

embryonic life, when the body is exposed to a variety of external factors, in particular, skin and gut 

colonization by microbial flora (Takahashi et al. 2014; Dannappel et al. 2014; Polykratis et al. 2014; 

Berger et al. 2014). 

The role for RIPK1 is not exclusively limited to early development as acute deletion of RIPK1 in 

intestinal epithelia of adult mice also resulted in rapid death associated with apoptosis of intestinal 

epithelia (Takahashi et al. 2014). Moreover, the protective role of RIPK1 in intestinal epithelia was 

credited to its kinase-independent function or scaffold function because mouse models of RIPK1 kinase-

inactivation have normal survival and fail to exhibit pathologic features associated with RIPK1 deletion 

(Takahashi et al. 2014; Dannappel et al. 2014; Polykratis et al. 2014; Berger et al. 2014).  

RIPK1 was previously thought to regulate pro-inflammatory and pro-survival signaling by regulation of 

downstream transcription factor NFκB (Cusson-Hermance et al. 2005; Meylan et al. 2004). However, 

counter to the dogma, Takahashi and Dannappel both reported that NFκB signaling was not impaired in 

RIPK1IEC epithelia. Specifically, inhibitor of kappa-B (IκB) degradation was unchanged in RIPK1IEC 

organoids stimulated with TNFα.  

Epithelial cell death and inflammatory sequelae were attributed to caspase-8 and FADD-dependent 

apoptosis and or RIPK3-dependent necroptosis. These insights were gleaned using intestinal epithelia 

specific knock-outs of caspase-8 (Casp8IEC) or FADD (FADDIEC) and RIPK3 deletion mutant mice in 

conjunction with RIPK1IEC mice. Caspase-8IEC/RIPK1IEC mice were completely protected against early 

lethality and histological features of intestinal pathology (Takahashi et al. 2014). By comparison, 

FADDIEC/RIPK1IEC mice has increased cleaved-caspase 3 negative dying cells and exhibited altered 
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intestinal pathology that resembled necroptotic intestinal disease observed in FADDIEC mice (Dannappel 

et al. 2014). RIPK1IEC /Ripk3-/- were also not protected from inflammatory changes in the intestinal tissue 

and had diminished survival.  Nevertheless, inflammatory histopathology and survival were completely 

rescued in RIPK1IEC/FADDIEC/Ripk3-/- indicating that both FADD (apoptosis) and RIPK3 (necroptosis) 

were important for pathologic changes in the tissue in the absence of RIPK1 (Dannappel et al. 2014).  

Dannappel and colleagues also suggested that RIPK1 maintained intestinal epithelial integrity by 

preserving the pro-survival or anti-apoptotic proteins, cIAP1, TRAF-2, and c-FLIP. In MEFs, TNFα 

stimulation resulted in rapid degradation of cIAP1, TRAF-2, and c-FLIP in RIPK1 knockout (Ripk1-/-) but 

not RIPK1 kinase-inactive cells. Moreover, tamoxifen-induced deletion of RIPK1 in organoid cultures 

was associated with reduced expression of these anti-apoptotic proteins and rapid organoid death 

(Dannappel et al. 2014).  

4.4.1.1.2. Kinase-dependent regulation by RIPK1 and the role of RIPK3 

Loss of caspase-8 or death-receptor adaptor protein, Fas-associated death domain (FADD), has been 

shown to sensitize cells to necroptotic cell death (Zhang et al. 2009; He et al. 2009; Osborn et al. 2010; 

Vandenabeele, Galluzzi, et al. 2010; Kim & Li 2013). Several groups analyzed the consequences of 

genetic deletion of these factors on the integrity of the intestinal epithelium.  

In 2011, Welz et al. reported that RIPK3 was required for intestinal-epithelial cell loss and intestinal 

disease in FADDIEC mice which exhibited diminished survival, reduced weight, and diarrhea (Welz et al. 

2011). Evaluation of gastrointestinal tissue revealed necrotic loss of intestinal epithelia or enterocytes, 

enteric and colonic inflammation, and destruction of antimicrobial Paneth cells of crypts found in the 

small intestine. Conspicuously, FADDIEC/Ripk3-/- mice developed normally and were protected from 

intestinal epithelial cell loss, Paneth cell loss, and signs of inflammation, affirming an important role for 

RIPK3-dependent intestinal epithelial cell loss in the generation of gastrointestinal inflammatory disease 

(Welz et al. 2011). Moreover, the same group also observed that intestinal-epithelial inactivation of 
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CYLD, a cellular deubiquitinase reported to promote RIPK1 and RIPK3-dependent necroptosis, protected 

animals from developing gastrointestinal inflammation (Moquin et al. 2013). Significantly, antibiotic 

treatment, germ-free rearing, or concomitant deletion of MYD88 or TNF, ameliorated or abolished signs 

of intestinal inflammatory disease, emphasizing the importance of gut flora and innate immune responses 

in the development of gastrointestinal disease upon loss of intestinal epithelia (Welz et al. 2011). 

Collectively, these observations suggest that activation of RIPK3-dependent necroptosis may promote 

intestinal epithelial cell loss and bacterial-associated gastrointestinal inflammation. 

RIPK3-dependent intestinal tissue damage was also observed upon the genetic deletion of caspase-8. 

Weinlich and colleagues administered oral tamoxifen gavage to Rosa-CRE expressing mice that were 

crossed to Caspase-8 floxed (Casp8fl/fl) mice to generate mice lacking caspase-8 in adult gastrointestinal 

tissue (Casp8GI) (Weinlich et al. 2013). In an alternative approach, Günther and colleagues generated 

mice lacking caspase-8 in intestinal epithelial cells (Casp8IEC) by breeding Casp8fl/fl mice with mice 

expressing CRE-recombinase under the regulation of intestinal epithelial-specific villin promoter.  

Acute deletion of caspase-8 in Casp8GI mice treated with tamoxifen promoted rapid weight-loss and 

diminished survival (Weinlich et al. 2013). These mice also manifested with histological features of 

intestinal inflammation, marked by cell death of enterocytes, tissue inflammation, and infiltration of 

immune cells. Importantly, concomitant deletion of RIPK3 protected mice from intestinal disease noted in 

Casp8GI mice. Casp8GI/Ripk3-/- mice maintained body weight, had normal survival, fewer dying 

enterocytes, and intact gastrointestinal tissue architecture, indicating that intestinal damage was likely a 

consequence of RIPK3-dependent enterocyte death in Casp8GI mice (Weinlich et al. 2013). Similarly, 

Casp8IEC mice were found to have spontaneous inflammatory lesions in the terminal ileum, marked by 

bowel wall thickening, loss of intestinal crypts, and increased cellularity, suggesting immune cell 

infiltration. Notably, Casp8IEC mice had increased epithelial cell death associated with necrotic features. 

The authors also observed loss of specialized epithelial cells, specifically goblet and Paneth cells, which 

protect enteric epithelia and aid immunity by producing mucus and secreting antimicrobial peptides, 
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respectively (Günther et al. 2011). Not surprisingly, intestinal epithelia of these mice had increased 

sensitivity to TNFα-induced necroptosis. Intravenous TNFα resulted in high lethality associated with 

severe destruction of the small-bowel and an increased number of dying epithelial cells that were negative 

for cleaved caspase-3. Significantly, inhibition of RIPK1 kinase-dependent cell death using Nec-1 

blocked TNFα-induced lethality and destruction of the small bowel (Günther et al. 2011).   

Together, these studies demonstrate that activation of necroptosis in intestinal epithelia leads to loss of 

intestinal barrier integrity and induction of tissue inflammation. These phenotypes may be associated with 

commensal bacterial-induced innate immune responses. The data also suggest that inappropriate 

activation of RIPK3-dependent signaling in human intestinal epithelia may be linked to chronic 

inflammatory diseases of the bowel, namely, Crohn’s disease. Immunohistochemical analysis of tissue 

samples from human patients revealed increased RIPK3 expression in Paneth cells of the distal small 

bowel. Diseased tissue specimens also had decreased numbers of Paneth cells and increased Paneth cell 

death with necrotic features as determined by electron microscopy. Moreover, Paneth cells from the tissue 

biopsies of the patients with Crohn’s disease were susceptible to TNFα-induced cell death that could be 

blocked with Nec-1 (Günther et al. 2011). These data suggest that aberrant activation of necroptosis and 

subsequent loss of barrier function may be an important factor underlying chronic inflammation in the 

gut.    

4.4.1.2. Skin 

4.4.1.2.1. Kinase-independent functions of RIPK1 

Similar to the intestinal epithelia, RIPK1 in keratinocytes and epidermal tissue is important for 

homeostasis of the skin. RIPK1 deficient primary keratinocytes have increased susceptibility to TNFα-

induced apoptosis; however, injury in vivo appears entirely dependent on necroptosis as RIPK3 deletion 

protects against pathological features of skin inflammation. Moreover, ablation of RIPK1 in epithelia 

(RIPK1E) results in a pro-inflammatory phenotype with increased epidermal thickness and inflammation 



183 

 

(Dannappel et al. 2014). Localized inflammation of the skin may disrupt integrity of the organ, thereby 

increasing susceptibility to infection and exacerbating inflammatory pathology. This theory is supported 

by the observation that RIPK1E mice also lacking the Toll-like receptor adaptor protein, TRIF, were 

partially protected from inflammatory injury of the skin, likely due to decreased activation of innate-

immune pathways by microbial flora (Dannappel et al. 2014). Additionally, much of the inflammatory 

injury observed in epithelial deletion of RIPK1 may be attributed to increased sensitivity to TNFα 

signaling similar to observations made in the intestinal epithelia. RIPK1E/Tnfr-/- mice are protected from 

inflammation of the skin, including epidermal thickness (Dannappel et al. 2014). Analogous to 

observations made in intestinal epithelia, anti-apoptotic ubiquitin-ligase, cIAP1, is rapidly diminished 

following TNFα exposure to RIPK1E to primary keratinocytes (Dannappel et al. 2014). Lastly, 

inflammatory phenotypes associated with RIPK1 deletion in the epithelia appear to be independent of 

kinase-activity of RIPK1 as kinase-inactive models of RIPK1 have not been found to manifest with 

spontaneous inflammation of the skin (Berger et al. 2014; Polykratis et al. 2014).  

4.4.1.2.2. The role of RIPK3 

Deletion of FADD in epidermal keratinocytes resulted in development of RIPK3-dependent skin lesions 

and early death (Bonnet et al. 2011). Histologically, these mice displayed patchy pathologic skin signs, 

marked by epidermal hyperplasia and thickening, keratinocyte death, and immune cell accumulation. 

Importantly, keratinocyte death appeared to be caspase-independent, as a large fraction of dying 

keratinocytes did not contain active caspase-3 but showed necrotic morphology by electron microscopy. 

Similar to FADD deficiency in intestinal epithelium, FADDE/Ripk3-/- mice neither exhibited early 

lethality nor developed skin lesions during development and into adulthood. In fact, FADDE/Ripk3-/- mice 

had normal skin, with normal epidermal thickness and an absence of dying keratinocytes and pathologic 

inflammatory infiltrates, indicating that inflammatory disease observed in FADDE mice was dependent on 

RIPK3-mediated cell death. Concordantly, FADDE mice with concomitant deletion of TNFα-receptor, 

MYD88, or an inactivating mutation of CYLD, had delayed onset of inflammatory skin lesions, stressing 
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that compromise of barrier function and microbial-associated innate-immune activation may be 

responsible for the disease pathogenesis (Bonnet et al. 2011).  

Constitutive loss caspase-8 in epidermal keratinocytes produced an inflammatory skin disorder with 

epidermal hyperplasia, dermal inflammatory cell infiltration, and premature lethality in mice (Kovalenko 

et al. 2009). These findings were corroborated by studies in which acute deletion of caspase-8 in adult 

murine skin by application 4-hydroxytamoxifen to Rosa-CRE, Casp8fl/fl mice, resulted in local tissue 

inflammation and damage (Welz et al. 2011). Importantly, 4-hydroxytamoxofen treatment of Rosa-CRE, 

Casp8fl/fl, Ripk3-/- mice resulted in minimal dermal inflammation, epidermal hyperplasia, and keratinocyte 

death (Welz et al. 2011). In accord, it becomes apparent that RIPK3-dependent signaling promoted skin 

inflammation and injury upon deletion of caspase-8 in epidermal tissue. The role of RIPK1 has not been 

specifically established in these studies; however, it might be hypothesized that RIPK1 kinase activity 

may be important as an inducer of RIPK3-dependent cell death. 

4.4.1.3. Summary of Roles of RIPK1 and RIPK3 in epithelial barrier function 

Loss of essential barrier cells lends the organism to infection by commensal microbiological flora, tissue 

injury, and diminished survival. The studies described above highlight an important role for kinase-

independent function of RIPK1 in maintaining epithelial homeostasis of the intestinal tract as well as in 

the skin. RIPK1 serves this function by two apparent means that may be fundamentally intertwined. First 

off, the presence of RIPK1 directly prevents uncontrolled activation of caspase 8-FADD associated 

apoptosis and RIPK3-dependent necroptosis at the epithelial surface. Secondly, RIPK1 promotes a 

survival-like state in the presence of pro-inflammatory and pro-injury signals such as TNFα, IFNβ, and 

other ligands associated with infection. Indeed, dual roles of RIPK1 in both activating and inhibiting 

necroptotic cell death has been described in the literature (Kearney et al. 2014; Orozco et al. 2014). 

Furthermore, evidence reported here also demonstrates that aberrant or inappropriate activation of 

necroptosis, driven by RIPK1-kinase function or RIPK3, can result in loss of barrier function in the skin 
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and intestinal epithelia. Deletion of caspase-8 or FADD in barrier tissue sensitizes cells to necrotic death 

and chronic inflammatory disease that may be attributed to microbial activation of the innate immune 

host-response. 

4.5. Significance and Future Directions 

Initial interest in pathophysiologic roles for RIPK1 and RIPK3 stemmed from the close association of cell 

death with inflammation in disease. Available evidence defines critical roles for these proteins in driving 

inflammation associated pathology in a variety of disease models, including dermatitis, colitis, multiple 

sclerosis, amylotropic lateral sclerosis (ALS), ischemia-reperfusion injury, neoplastic disease, stroke, 

cortical injury, and many others (Linkermann & Green 2014; Ito et al. 2016; Ofengeim et al. 2015; 

Kovalenko et al. 2009; Lukens et al. 2013; Degterev et al. 2005; You et al. 2008; Günther et al. 2011; 

Seifert et al. 2016).  Although the novelty of the work presented in this thesis is contextualized as a 

physiologic process that manifests as a feature of the host-response against invading pathogens, the 

precedent of cell-death independent cytokine production by RIPK1 and RIPK3 and associated 

mechanisms have implications for the understanding of these two kinases in clinical pathophysiology as 

well. For example, RIPK1 and RIPK3 necrosome formation and necroptosis in a model of pancreatic 

ductal adenocarcinoma (PDA) is associated with CXCL1 expression that promotes an immuno-

suppressive tumor environment (Seifert et al. 2016). Evidence presented here suggests that necrosome-

associated CXCL1 expression may be selectively targeted and separated, therapeutically, from RIPK1 and 

RIPK3 kinase-dependent necroptosis, to minimize tumor-suppressive processes and control tumor growth 

by cell death processes for the management of PDA. Inhibitors of Erk1/2 pathway might be an 

appropriate tool to diminish production of CXCL1 while leaving cell death regulation unperturbed. In 

another example, RIPK1 kinase-dependent necroptosis has also been reported in models of ischemic 

injury and stroke (Degterev et al. 2005; Kaczmarek et al. 2013). Controlling the loss of cellular mass is an 

important goal in the management of ischemic disease to preserve tissue function. However, cytokine 

production and pro-inflammatory ligands released from damaged cells may be important in resolving 
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tissue loss and promoting tissue repair in a timely manner. With our expanded understanding of 

necroptosis and RIPK1 and RIPK3 kinase-dependent cytokine production, in lieu of targeting RIPK1 and 

RIPK3 directly to control limit necrotic injury, one might propose therapeutic regimens that block death 

signaling downstream of RIPK1 and RIPK3 (ie: MLKL), to preserve pro-inflammatory signaling driven 

by these proteins during injury.  

The current dogma professes that cell death or necroptosis associated inflammation stems from the release 

of intracellular DAMPs that activate inflammatory cells and promote tissue infiltration (Kaczmarek et al. 

2013). However, this model fails to consider the possibility of cell-intrinsic cytokine production by cell 

death machinery in driving inflammation and ultimately cell death. For example, this thesis describes a 

cell autonomous axis by which RIPK1 and RIPK3 kinases drive the production of TNFα, a pro-

inflammatory cytokine well-described as a driver of apoptosis and/or necroptosis in target cells. This 

raises an interesting question of whether inflammation is preceding and driving cell death or whether cell 

death is the underlying pathologic factor. We can examine this possibility by considering Multiple 

Sclerosis, a chronic inflammatory disease of the central nervous system (CNS) that has been associated 

with upregulation of RIPK1 and RIPK3 as well has hyperactivation of necroptosis (Ofengeim & Yuan 

2013). Examination of disease progression in mouse models of CNS inflammation have demonstrated 

that inhibition of RIPK1 or ablation of RIPK3 serve to attenuate pathology and cell death. Additionally, it 

is worth noting that treatment of mice with Nec-1s prior to clinical disease onset conferred greater benefit 

over the disease course than late treatment (Ofengeim et al. 2015). Accordingly, one might be compelled 

to inquire whether early disease is marked by subclinical inflammation that may be driven RIPK1 and 

RIPK3 prior to the induction of tissue injury, death, and clinical disease onset. Indeed, a similar 

hypothesis has been proposed to account for disease progression in Alzheimer’s disease, another 

degenerative disease of the central nervous system that manifests with cell death and inflammation (Vom 

Berg et al. 2012). In a second example, You et al., report that Nec-1 attenuates neuronal cell death and 

inflammation following controlled cortical impact. Here, administration of Nec-1 also serves to confer a 
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functional benefit in memory as mice perform better in the Morris Water Maze test with Nec-1. In this 

model, as others, it remains to be determined how and to what extent pro-inflammatory cytokine 

expression, independent of RIPK1 kinase-dependent cell death, contributes to tissue injury and long-term 

behavioral outcomes (You et al. 2008). Our findings suggest that inflammation ought to be examined 

more closely as RIPK1 kinase-dependent cytokine production exacerbates cell death in the brain in this 

injury model.  

In addition to reporting a new role for the catalytic functions of RIPK1 and RIPK3, this work provides a 

summary of the available literature highlighting roles for RIPK1 and RIPK3 in regulating inflammatory 

pathways in response to cytokine signals, innate immune ligands, and microbial species. Similar to the 

inquiry of roles of RIPK1 and RIPK3 kinases in the pathophysiology of disease discussed above, it 

remains to be understood how cell-autonomous RIPK1 and RIPK3 kinase-dependent cytokine synthesis 

pathways influence infection models and the host-response to microbial pathogens, independent of their 

roles in cell death. To date, many of the available studies fail to employ the appropriate tools to 

discriminate cell-death dependent processes from those that are cell-death independent. Understandably, 

scientists may shy away from these ventures because of the specter of underlying cell death in 

experimental models and the clearly established pro-inflammatory nature of cell death processes; 

however, these confounding factors can be addressed experimentally. For example, evaluating RIPK1 and 

RIPK3 dependent inflammation on a Mlkl-/- background may provide interesting insights into necroptosis-

independent functions of RIPK1 and RIPK3. Alternatively, infection-associated RIPK1 and RIPK3 

activity may be evaluated in models of cytokine depletion and inflammatory attenuation. Indeed, efforts 

are underway to discriminate RIPK1 and RIPK3 dependent inflammation from cell death (Kang et al. 

2014). Importantly, it is necessary to recognize that these answers will be important in ultimately 

addressing the significance of RIPK1 and RIPK3 kinase-dependent inflammation in the host-response.  

Moreover, as described above for other pathophysiologic states, this knowledge will inform management 

strategies for patients being treated for infections ranging in severity from mild-acute cases to chronic 
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infection and sepsis. For example, from a therapeutic standpoint, it might seem worthwhile to permit 

RIPK1 and RIPK3 kinase-dependent cytokine synthesis while impeding RIPK1 and RIPK3 kinase-

dependent cell death in innate immune cells to expedite the clearance of certain infections.  

4.6. TRIF-RIPK1-RIPK3 axis as a therapeutic target in infection  

Emerging roles of RIPK1 and RIPK3 kinases in innate immunity need to be considered when evaluating 

the therapeutic potential of these targets. Certainly, involvement of RIPK1 and RIPK3 in response to 

pathogens per se should enhance enthusiasm for developing therapeutic strategies which target RIPK1 

and RIPK3 signaling. While our data suggests that RIPK1 and RIPK3 might regulate the robustness of 

innate immune responses, it is unclear whether inhibition of this axis may truly change the outcome of 

infection as opposed to just changing the kinetics of cell death and, ultimately, the death of the organism. 

Theoretically, the TRIF-RIPK1-RIPK3 signaling axis may be engaged by pharmacologic tools for the 

purposes of enhancing host-responses and aiding in the resolution of infection. This may be employed 

prophylactically by using ligands that activate TRIF-dependent pathways specifically, such as Poly(I:C) 

or RIPK1 and RIPK3 activators such as SMAC-mimetics. On the other hand, in cases of patients with 

acute-bacterial infection who are at risk for sepsis, when cell death and inflammation are the reason for 

high mortality, these pathways may be pharmacologically dampened to transiently attenuate the intensity 

of the host-responses, thereby, improving patient outcomes. This strategy may be particularly useful when 

alternative therapeutic options, such as antibiotics, are available to ultimately eradicate pathogens. 

Needless to say, before these therapeutic strategies can be examined in earnest, precedents clearly 

demonstrating the importance of RIPK1 and RIPK3 kinase-dependent inflammation in microbial 

infection will be required.  
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