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Neurons are post-mitotic, non-regenerative cells that have evolved fine-tuned immunological 

responses to maintain life-long cellular integrity; this includes resistance to common programmed 

cell death (PCD) pathways, including apoptosis and necroptosis. We have previously demonstrated 

a necroptosis-independent role for the key necroptotic kinase RIPK3 in host defense against 

neurotropic flavivirus infection. While this work showed that neuronal RIPK3 expression is 

essential for chemokine production and recruitment of peripheral immune cells to the infected 

CNS, the full RIPK3-dependent transcriptional signature and molecular mechanism underlying 

RIPK3-dependent transcription in neurons are incompletely understood. It also remains unclear 

what factors govern differential RIPK3 effector functions in different cell types. Here, we show 

that RIPK3 activation has distinct outcomes in primary cortical neurons and mouse embryonic 

fibroblasts (MEFs) during Zika virus (ZIKV) infection and sterile activation. We found that RIPK3 

activation does not induce death in neurons; in these cells, RIPK3 is the dominant driver of 

antiviral gene transcription following ZIKV infection. While RIPK3 activation in MEF cells 

induces cell death, ablation of downstream cell death effectors unveils a RIPK3-dependent 
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transcriptional program which largely overlaps with that observed in ZIKV-infected neurons. 

Using death resistant MEFs as a model to study RIPK3 signaling revealed that RIPK3 transcription 

relied on interactions with the RHIM domain-containing proteins RIPK1 and TRIF, effects 

mirrored in the RIPK3-dependent antiviral transcriptional signature observed in ZIKV-infected 

neurons. These findings suggest the pleotropic functions of RIPK3 are largely context dependent 

and that in cells that are resistant to cell death, RIPK3 acts as a mediator of inflammatory 

transcription. 
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Chapter 1: Introduction 

1.1 Innate immune defenses 

Humans and vertebrates are in contact with a myriad of microorganisms, yet this exposure 

rarely leads to infection and disease as a result of the innate immune response1. The innate immune 

system is one of two arms of immunity and the first line defense in vertebrates, whose ultimate 

goal is rapid clearance of pathogens. Elimination of pathogens by the innate immune system occurs 

through several mechanisms, first being anatomical barriers like skin, lungs and intestines, which 

not only act as physical barriers but also contain anti-microbial peptides to prevent microbial 

replication1. Pathogens can also be directly engulfed and degraded by a process termed 

phagocytosis that is carried out by innate immune cells like macrophages, dendritic cells and 

neutrophils1. Finally, sensing of foreign antigens can induce the production of inflammatory genes, 

creating an anti-microbial environment and potentiating the surrounding immune response1,2.  

Innate immune sensing predominately occurs via genetically encoded pathogen-

recognition receptors (PRRs) that bind to pathogen-associated molecular patterns (PAMPs)—

conserved motifs expressed by pathogens but not expressed by the host. PRRs are strategically 

localized to sense PAMPs at different cellular compartments like the cell surface, endosomes and 

cytosol, preventing immune escape2. Once activated, PRR-signal transduction leads to the 

activation of the NFkB or interferon regulatory factor (IRF) family of transcription factors that 

induce the expression of a host of inflammatory genes and anti-viral genes2. In addition to 

inflammatory genes, NFkB also induces the expression of pro-survival genes like the inhibitors of 

apoptosis (IAPs) family and cflar (c-FLIP) that prevent the activation of apoptotic cell death3,4.  
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While maintaining a homeostatic cellular state is a priority, a function of some antiviral 

genes is to inhibit host transcription and translation to inhibit viruses that hijack host replication 

machinery5,6. Since many anti-apoptotic proteins are transcriptionally regulated, a prolonged anti-

viral state can lead to apoptosis and destruction of the replicative niche. This mechanism likely 

evolved as a means to ensure pathogen clearance as interruption of normal cellular functions can 

be indicative of poor cellular health. Unsurprisingly, viruses have evolved mechanisms to 

antagonize apoptosis by encoding cFLIP-homologues or caspase inhibitors7. Because caspase-8 

additionally serves to inhibit necroptotic cell death, necroptosis is triggered as a “back-up” death 

mechanism upon viral inhibition of caspases, ensuring destruction of the replicative niche8,9. 

1.2 An overview of necroptosis 

Necroptosis is an inflammatory form of programmed cell death10,11. Unlike apoptosis and 

pyroptosis, necroptosis functions independently of caspases and instead is coordinated by the 

receptor-interacting protein kinases 3 (RIPK3)10,11. Once activated by auto- and 

transphosphorylation, RIPK3 phosphorylates the executioner of necroptosis, mixed lineage kinase 

domain-like pseudokinase (MLKL)12,13. Activated, oligomerized MLKL then translocates to and 

inserts itself into the cell membrane leading to membrane disruption, cellular swelling and 

bursting12,13. Rupture of the cell membrane releases danger associated molecular patterns 

(DAMPs), including HMGB1, DNA and ATP, which act as danger molecules that signal to and 

activate immune cells14,15.  

RIPK3 is centrally positioned within the cell and can be activated by a variety of different 

upstream receptors and sensors, namely by death-receptors via RIPK1, the nucleotide sensor Z-

DNA binding protein 1 (ZBP1) and by TLR3 and TLR4 via TIR domain adaptor molecule 1 

(Ticam or TRIF). RIPK1, ZBP1 and TRIF bind to RIPK3 by their RIP homotypic interaction motif 
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(RHIM) domain, which is required for hetero-oligomerization and induction of necroptosis10. The 

RHIM domain is 18-22 amino acids in length containing a conserved core tetrad amongst these 

four proteins (RIPK3, RIPK1, ZBP1 and TRIF)16.  The significance of the RHIM domain is 

underscored by the presence of viral and bacterial encoded RHIM domain inhibitors that can block 

the induction of necroptosis9,16. Consequently, evolutionary analysis reveals the RHIM domain of 

primate RIPK3 is under rapid positive selection17.  

MLKL activation and subsequent membrane disruption was initially assumed to be a 

singular event, however research over the last several years has shed light on the intricate biology 

of MLKL. From RIPK3-mediated phosphorylation to cell lysis, MLKL activity can be broken up 

into four major steps: (1) activation, (2) oligomerization, (3) membrane translocation and (4) 

membrane permeabilization13,18. MLKL is composed of an N-terminal four-helix bundle (4HB) 

domain that is responsible for membrane binding, a brace region, and a C-terminal pseudokinase 

domain. At homeostasis, the 4HB domain is in an autoinhibited confirmation, and is relieved from 

this state upon RIPK3 phosphorylation of the pseudokinase domain13. The transition from 

activation to oligomerization is in part mediated by inositol phosphate (IP) kinases, specifically 

IPMK and ITPK1, which phosphorylate higher ordered IPs19. IPs facilitate the derepression of the 

4HB region to allow subsequent oligomerization. Oligomerized MLKL can translocate to several 

membrane bound organelles, but only translocation and insertion into the cell membrane can 

induce cell death13. The mechanism by which MLKL induces plasma membrane disruption 

remains unclear. Several mechanisms have been proposed, including MLKL pore formation 

leading to osmolysis, insertion of MLKL into the membrane causing membrane damage or 

formation or activation of cation channels13. Regardless, all studies confirm MLKL as the final 

executor of necroptosis.  



 8 

How necroptosis is regulated remains an active area of research. At steady state, RIPK3 

and RIPK1 are continuously degraded by the Caspase-8-cFLIP-FADD complex20. The 

degradation complex is recruited to RIPK1-RIPK3 heterodimers via RIPK1’s death domain. This 

hypothesis is largely supported by genetic mouse models and chemical inhibitors that show 

spontaneous necroptosis in the absence or inhibition of these proteins20,21. Once necrosome 

formation has occurred, regulation of necroptosis is less understood. One study suggests RHIM-

domain complexes are regulated by autophagy, as genetic deletion of key autophagic proteins 

resulted in a significant accumulation of RHIM-amyloid complexes22. Death can also be delayed 

or even prevented in some cases by the ESCRT-III pathway23. Here, ESCRT-III machinery can 

secrete broken or damaged plasma membrane regions out of the cell  and induce membrane repair23. 

The authors of this study hypothesize the purpose of temporary membrane repair is to prolong the 

production of RIPK3-dependent inflammatory genes—a function that we and others have shown 

to be an intrinsic part of RIPK3 activity. 

1.3 Transcriptional potential of necroptosis  

In addition to the release of DAMPs, necroptotic signaling can also potentiate inflammation 

through the production of chemokines and cytokines. Like cell death, necroptotic gene expression 

can be initiated by TNF, detection of cytosolic virus by ZBP1 and by TLR3/424–29. Zhu and 

colleagues first demonstrated treatment with TNF plus the pan-caspase inhibitor zVAD and SMAC 

mimetic (a common cocktail to induce necroptosis) induced NFkB signaling via RIPK1, RIPK3 

and to a lesser extent MLKL25. The authors suggest the necrosome is responsible for the second 

wave of TNF-dependent cytokine production to sustain inflammation and use several CXCL 

chemokines as a readout for NFkB activation via quantitative PCR (qPCR)25. ZBP1 was also 

shown to activate NFkB via RIPK1 and RIPK3 by Rebsamen and colleagues24. Here, the authors 
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show ZBP1-dependent activation of NFkB using an NFkB reporter cell line and western blot (WB) 

analysis, without assessing the modulation of any genes or gene signature24. The transcriptional 

potential of ZBP1 was also recently described in the human cell line HT-29 by Peng and 

colleagues27. In contrast to ZBP1 activation in murine cells, ZBP1 activation in HT-29s did not 

concurrently induce necroptotic cell death, and the cell death that was observed was attributed to 

apoptosis, highlighting a difference between murine and human cell lines27. Finally, Najjar and 

colleagues demonstrated treatment with the TLR4 agonist, LPS, plus zVAD, induced ERK/cFOS 

and NFkB transcription that required TRIF, RIPK1 and RIPK3 in cultured macrophages26. The 

authors assessed transcription in this model by qPCR and microarray analysis of several 

inflammatory genes. RIPK1 and RIPK3 were also shown to be required for LPS-dependent 

transcription in vivo, notably in the absence of caspase-8 inhibition26. 

The immunogenic potential of necroptotic transcription has been demonstrated in vivo 

primarily in the context of cancer models. For example, Yatim and colleagues discovered that 

injection of RIPK3-activated NIH-3T3 cells into mice resulted in dendritic cell activation and 

cross-presentation to CD8+ T cells, which potentiated anti-tumor immunity30. The authors 

attributed this immunogenicity not to the passive release of DAMPs but rather to RIPK3-RIPK1-

dependent NFkB activation30. A subsequent study by Snyder and colleagues largely corroborated 

these findings in multiple flank tumor models and additionally uncovered that exposure to 

necroptotic cells increased antigen uptake in tumor-associated antigen presentation cells (APCs)31. 

Furthermore, they showed that co-administration of necroptotic cells and the immune checkpoint 

blockade inhibitor, ⍺PD1, enhanced tumor clearance, displaying the therapeutic potential of 

necroptotic transcription31.  
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The idea that RIPK-dependent transcription is mechanistically independent from MLKL-

mediated cell death in mice is well supported, nonetheless, necroptosis still occurs upon RIPK3-

activation in all the aforementioned studies. The exception to this co-occurrence was discovered 

in neurons which induce RIPK transcription in the complete absence of cell death28,32.  

1.4 Necroptotic signaling in neurons 

Neurons maintain an unwavering pro-survival state as one of the longest living cells in 

vertebrates. Once fully mature, post-mitotic neurons actively suppress and prevent apoptosis33,34. 

Some of these anti-apoptotic mechanisms include decreased expression of APAF-1 and caspase-

3, an activator and executioner of apoptosis, respectively33. Neurons also increase the expression 

of the apoptotic suppressor, XIAP33. Likewise, neurons do not engage the cell death arm of RIPK3 

function. This cell type specific phenotype was first observed upon West Nile virus (WNV) and 

Zika virus (ZIKV) infection of primary murine cortical neurons28,32. 

Flaviviruses have been the cause of numerous worldwide epidemics over the last century, 

leading to ongoing public health concerns35.  The neurotropic potential of flaviviruses, especially 

WNV, has led to a small but significant proportion of infected adults to experience encephalitis, 

paralysis and memory loss35. More recently, ZIKV outbreaks have revealed a host of ZIKV-

induced pathologies including microcephaly and intrauterine growth restriction in infants as well 

as encephalitis and cognitive sequalae in adults36–38. As such, there has been an intense effort in 

understanding the neuron-intrinsic immune response against flaviviruses in the central nervous 

system (CNS).  

Using a model of flavivirus encephalitis, Daniels and colleagues reported that Ripk3-/- mice 

were significantly more susceptible to WNV and ZIKV infection compared to wildtype (WT) 

mice28,32. Notably, this phenotype was independent of MLKL or Caspase-8 activity28,32. While the 
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underlying mechanisms leading to increased susceptibility were distinct amongst viruses, both 

relied on neuron-intrinsic RIPK3 transcription that occurred in the absence of necroptosis. In the 

context of WNV infection, the authors found that neuronal RIPK3 induced the expression of the 

chemokines CCL2 and CXCL10 which were necessary to recruit anti-viral immune cells into the 

CNS32. Upon ZIKV infection, neuronal RIPK3, via IRF1, induced the expression of the 

mitochondrial enzyme immune response gene 1 (IRG1) which promoted an antiviral metabolic 

state to limit viral replication28.  

The crucial role of RIPK3 in anti-flavivirus CNS immunity was further shown in a model 

of Langat virus (LGTV) of the tick-borne flavivirus group39. As seen with WNV and ZIKV 

infection, mice lacking Ripk3 were significantly more susceptible to LGTV compared to littermate 

controls39. Viral control was similarly independent of MLKL involvement. However, unlike WNV 

and ZIKV, which primarily target the cerebral cortex and hippocampus, LGTV associated strongly 

with the cerebellum39. Here, RIPK3 promoted the expression of several interferon stimulated genes 

(ISGs) in cerebellar granule cell neurons both in vitro and in vivo, but not cortical neurons upon 

LGTV infection39. The unexpected region-specific potential of RIPK3 function in the brain likely 

implies RIPK3 biology in the CNS is much more intricate and specialized than previously 

anticipated. Even so, central to all these studies is the importance and impact of neuron-intrinsic 

RIPK3 transcriptional signaling in CNS immunity against flavivirus infection.  

1.5 Dissertation objectives 

The above-mentioned studies have been invaluable for our understanding of necroptotic 

transcription. These studies have provided an established framework of RIPK3 transcriptional 

signaling that includes initiation by the same stimuli as necroptosis, the central involvement of 

RIPK1 and RIPK3, and lastly, the capacity to activate multiple transcription factors. With this 
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understanding in mind, we can now begin to ask several outstanding questions about RIPK3. A 

major gap in our knowledge that has remained is the full RIPK3 transcriptional potential and 

signature. Readouts for necroptotic transcription have primarily been through qPCR, microarray 

or reporter cell line analysis and there has yet to be an unbiased approach implemented to assess 

RIPK3-transcription. We also know that neuronal and non-neuronal cells can induce RIPK3-

dependent transcription but whether this transcription overlaps in gene signature or function is 

unknown. Furthermore, the complete absence of cell death in neurons upon RIPK3 activation 

warrants the question regarding the cellular factors that govern the pleiotropic functions of RIPK3 

such as cell fate, cell type or effector protein landscape in the given cell. The final question that 

arises concerns to the mechanism which underlies RIPK3-mediated transcription and whether this 

mechanism is conserved throughout different cell types.  

In chapter 2, we begin to explore these questions using primary murine cortical neurons 

and mouse embryonic fibroblasts (MEFs). We utilize both infectious and sterile models, and two 

distinct cell types to understand RIPK3 transcriptional characteristics in a context specific manner 

and deduce what factors are conserved during RIPK3 signaling. Novel to this work is the use of 

unbiased RNA sequencing and bioinformatic analysis to investigate RIPK3-dependent 

transcription in different cell types. This approach revealed how the cell death field has been 

underestimating the transcriptional power of RIPK3. Importantly, our work links together findings 

from previous studies and proposes one centralized RIPK3-transcriptional mechanism. We 

conclude by taking an evolutionary lens to our results in chapter 3.  
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Chapter 2: RIPK3 coordinates RHIM domain-dependent 

inflammatory transcription in neurons 

 

 

 

 

This chapter is adapted from the following manuscript: 
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A. (2024). RIPK3 coordinates RHIM domain-dependent inflammatory transcription in neurons. 

bioRxiv, 2024.2002.2029.582857. 10.1101/2024.02.29.582857. 
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2.1 Introduction 

 

 Neurons of the central nervous system are post-mitotic, display limited replicative 

potential, and may persist for the life of the organism33.  As such, neurons have evolved 

mechanisms to maintain cellular integrity both at homeostasis and in response to infection or stress. 

For example, neurons have been shown to implement neuron-specific, replication-independent 

genome repair mechanisms40. It has also been theorized that CNS neurons have limited 

regenerative capacity to preserve complex neuronal networks, as improper addition of synapses 

could be detrimental41,42. Importantly, as a component of this specialization and longevity, neurons 

have developed immunological responses that control early cell-intrinsic infection, thereby 

restricting antigen dissemination to limit the magnitude of peripheral inflammatory responses and 

prevent cellular damage43,44. Among these specialized immunological responses is reduced 

susceptibility to programmed cell death (PCD), including both apoptosis and necroptosis. 

 Necroptosis is a form of inflammatory PCD mediated by the adapter kinase RIPK38,10,11. 

Once activated, RIPK3 phosphorylates the executioner of necroptosis, mixed lineage kinase 

domain-like protein (MLKL), leading to MLKL oligomerization and translocation to the cell 

membrane and subsequent membrane rupture12,13. RIPK3 activation occurs via formation of a 

cytosolic complex termed the “necrosome”; this can be initiated by a variety of upstream proteins 

and sensors, including TNF-family receptors acting via RIPK1, TLR3 or TLR4 acting via TIR-

domain-containing adapter-inducing interferon-B (TRIF), and self- or viral nucleic acids, acting 

via Z-DNA binding protein 1 (ZBP1).These four proteins (RIPK3, RIPK1, TRIF and ZBP1) 

interact via RIP Homotypic Interaction Motifs (RHIMs), and are the only four mammalian proteins 

described to encode these domains10. The RHIM domain is essential for binding and hetero-
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oligomerization of RIPK1, ZBP1, and TRIF to RIPK3 to induce necroptotic cell death and 

transcription16,24,45,46. Moreover, as RIPK1, TRIF and ZBP1 are each activated by specific stimuli, 

it has generally been assumed these necroptotic signaling pathways are linear, with limited 

pathway crosstalk8,47,48.  

 While most cells undergo necroptotic cell death upon RIPK3 activation, we recently 

described a novel, cell death-independent role for RIPK3 in primary cortical neurons28,32. Our 

studies showed that West Nile virus (WNV)- or Zika virus (ZIKV)-infected neurons activate 

RIPK3 and induce RIPK3-dependent inflammatory gene transcription, including induction of anti-

viral chemokines and interferon stimulated genes (ISGs), in the absence of cell death28,32. 

However, the full RIPK3-transcriptional signature and the molecular mechanism governing 

transcription driven by the necroptotic pathway is not well understood. Moreover, using a mouse 

model of flavivirus-encephalitis we also showed that RIPK3 restricted WNV and ZIKV replication 

independent of MLKL, and as such, the role of MLKL in neurons and the factors that determine 

whether RIPK3 activation leads to cell death or transcriptional outcomes (or both concurrently), 

remain unclear49. 

 Here, we define the RHIM-containing-protein signaling network nucleated by RIPK3 in 

neurons. To elucidate RIPK3 signaling we carried out RNAseq analysis on Zika virus-infected 

wildtype (WT) and Ripk3-/- neurons or MEF cells and found that RIPK3 is required for an anti-

viral gene response only in neurons. Moreover, a similar functional inflammatory signature was 

also observed in sequencing analysis carried out using a RIPK3-activatable system, in which 

necrosome formation can be directly induced in cells, implying that RIPK3 activation is both 

necessary and sufficient for antiviral transcriptional responses in neurons. Surprisingly, blocking 

downstream cell death effectors in MEFs, which typically undergo rapid necroptosis, revealed a 
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RIPK3-dependent transcriptional program that phenocopied RIPK3 signaling in neurons. This 

transcriptional response is dependent on contributions from both RIPK1 and TRIF downstream of 

RIPK3 oligomerization. This mechanism largely modeled RIPK3-dependent transcriptional 

signaling in ZIKV-infected neurons, which we found to also depend on concurrent activation of 

TRIF and RIPK1, in a complex initiated by ZBP1 and nucleated by RIPK3. Together, these 

findings suggest that RHIM-containing proteins form a signaling network defined by extensive 

crosstalk, that RHIM-dependent signaling is a prime driver of transcriptional responses in ZIKV-

infected neurons, and that in this setting the primary output of this pathway is transcription, not 

death. 

2.2 Results 

 

RIPK3-dependent inflammatory gene transcription during flavivirus infection is neuron-

specific 

 To investigate RIPK3-dependent, cell-type specific responses to ZIKV infection, we 

derived primary MEFs and cortical neurons from embryonic Ripk3-/- and congenic control 

C57BL/6J (WT) mice. First, we infected neurons with the African lineage strain ZIKV-MR766 

(Uganda, 1947) MOI 0.1 for 24 hours and harvested total RNA for RNA sequencing analysis to 

assess the full transcriptional response, and to define RIPK3-dependent genes, induced by ZIKV 

infection. Principal component analysis showed clustering among mock samples and distinct 

separation between infected WT and Ripk3-/- samples (Fig. S1A), suggestive of RIPK3-dependent 

transcriptional differences. While ZIKV-infection induced the expression of characteristic anti-

viral genes in WT neurons, this signature was virtually absent in Ripk3-/- neurons (Fig. 1A, B, and 

C). Very few differences in gene expression were observed between mock samples (Fig. S1B). 

The RIPK3-dependent gene signature was heavily enriched in prototypic interferon stimulated 
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genes (ISGs) and gene ontology (GO) analysis confirmed ZIKV-induced, RIPK3-depenendent 

genes in neurons had innate immune and anti-viral functions as well as being significantly over-

represented in inflammatory signaling pathways by gene set enrichment analysis (GSEA) (Fig. 1D 

and E).  

 We next carried out transcriptional analysis on ZIKV-infected primary MEFs to determine 

whether anti-viral gene expression was RIPK3 dependent in this cell type. WT and Ripk3-/- MEFs 

were infected with ZIKV-MR766 MOI 0.1 for 24 hours, and RNA lysates were subsequently 

analyzed. As expected, ZIKV-infected MEFs significantly upregulated anti-viral genes but unlike 

neurons, gene expression was RIPK3-independent (Fig. 1F). Although we did not observe RIPK3-

mediated induction of the genes we assessed in ZIKV-infected MEFs, we wondered whether 

RIPK3 was instead playing a canonical role as a cell death inducer in this setting. To address this 

question, we analyzed cell death kinetics in ZIKV-infected MEFs and neurons. While ZIKV alone 

did not induce necroptosis, de-repression of the necroptotic pathway via addition of the pan-

caspase inhibitor zVAD induced cell death in a RIPK3-dependent manner in ZIKV-infected MEFs. 

However, ZIKV alone, in combination with zVAD, or in combination with both zVAD and the 

IAP inhibitor BV6 did not induce necroptosis in primary cortical neurons (Fig. 1G and H). 

Together, these data demonstrate distinct ZIKV-induced, RIPK3-dependent outcomes in neurons 

and MEFs, with RIPK3 acting as an essential transcriptional mediator but failing to induce 

necroptosis in neurons.  

 

RIPK3 activation leads to inflammatory transcription independent of cell death in neurons 

 We next sought to better understand the effects of RIPK3 activation in neurons. To do this, 

we took advantage of a system we previously developed in which RIPK3 is fused to tandem, 
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inducibly-dimerizable FKBPF36V domains to form a construct we term “RIPK3-2xFV50,51.” In cells 

expressing this chimeric protein, treatment with the cell permeable ligand “B/B homodimerizer” 

(hereafter referred to as “B/B”) leads to rapid RIPK3-2xFV oligomerization and activation of 

RIPK3. Here, we made use of mice expressing RIPK3-2xFV in the Rosa26 locus, downstream of 

a lox-STOP-lox cassette (Fig. 2A). By crossing these mice to animals expressing the ubiquitous 

Mox2-Cre, we were able to generate primary neuron or MEF cells expressing RIPK3-2xFV.  As 

expected, B/B-induced RIPK3-2xFV activation in primary MEFs led to robust cell death. 

However, direct RIPK3 activation using this system did not induce cell death in primary neurons, 

suggesting that these cells are resistant to necroptosis (Fig. 2B). Consistent with this possibility, 

RIPK3 activation via the canonical stimuli TNFa, zVAD and the IAP inhibitor BV6 also led to 

cell death in MEFs but not neurons (Fig. 2C).  

 To understand whether neurons were simply resistant to necroptosis or if RIPK3 activation 

had alternative functions in neurons in a sterile setting, we next carried out RNA sequencing 

analysis on RIPK3-2xFVneurons. Sequencing analysis revealed that by 24 hours of B/B treatment, 

RIPK3 activation induced the expression of dozens of genes involved in leukocyte migration and 

innate immune functions, as characterized by GO analysis (Fig. 2D and 2E). Interestingly, while 

a core set of highly upregulated genes were expressed in both a RIPK3-dependent manner upon 

ZIKV infection and upon RIPK3-2xFV activation, other aspects of the RIPK3-2xFV gene 

signature were distinct from that observed upon infection (Fig. 2F). This suggested that other 

signals associated with infection, such as IFN priming and innate immune sensor activation, may 

influence the RIPK3-dependent gene expression program in neurons.    

We then considered whether cell fate impacted transcriptional kinetics upon RIPK3 activation 

between MEFs and neurons. Both acRIPK3 MEFs and neurons expressed significant levels of 
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CXCL10 mRNA at 4hours post B/B treatment. However, transcript levels quickly declined in 

MEFs but were sustained in neurons (Fig. 2G and 2H, left panels). In addition, CXCL10 protein 

level kinetics also differed between MEFs and neurons (Fig. 2G and 2H, right panels), with 

CXCL10 protein levels in cultured MEFs plateauing 4 hours after B/B treatment while levels of 

this cytokine in neuronal cultures were slower to rise but demonstrated continued and robust 

increases 24h after B/B treatment. These findings are consistent with necroptotic cell death 

attenuating transcription and eventually reducing translation in cultured primary MEF, but not 

neuronal, cells49. Collectively, these results suggest that RIPK3 activation drives inflammatory 

transcription, rather than necroptosis, in neurons.  

 

Exogenous MLKL is not sufficient to sensitize primary neurons to necroptosis 

 To understand why RIPK3 activation was not sufficient to kill neurons, we focused on 

neuronal expression of MLKL, as MLKL is phosphorylated by RIPK3 to drive the membrane lysis 

characteristic of necroptosis.  Western blot analysis revealed that while MEF cells expressed 

MLKL as expected, MLKL protein was undetectable (3H1 antibody clone) at steady state, upon 

RIPK3 activation or following ZIKV infection in neurons (Fig. 3A). This observation led us to 

wonder whether the apparent lack of MLKL expression was sufficient to explain the failure of 

neurons to undergo necroptosis upon RIPK3 activation. To test this, we created adeno-associated 

viral particles (AAVs) encoding murine MLKL and used these reagents to exogenously express 

MLKL in primary neurons (or, as a control, MEF cells). AAV-mediated delivery of MLKL to 

wild-type neurons or MLKL-deficient MEFs was successful in inducing MLKL protein expression 

in both cell types as measured by Western blot, and exogenous MLKL expression in neurons was 

further confirmed by immunofluorescent staining (Fig. 3B, C and D). To assess whether 
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exogenous MLKL was sufficient to induce necroptosis in MEFs, we utilized an immortalized 

tamoxifen-inducible RIPK3-2xFV-expressing MEF cell line, Mlkl-/-Ripk3-2xFVLSLUbcErt2cre+, 

which we will refer to as acR3M cells for brevity (Fig. S2A). To induce expression of RIPK3-

2xFV, acR3M iMEFs were pulsed twice with 5uM of 4-hydroxytamoxifen (4OHT) and Cre-

mediated excision of the stop cassette was confirmed via PCR (Fig. S2B). To confirm death 

resistance in acR3M iMEFs when cell death effectors are blocked or absent, we analyzed cell death 

kinetics in acR3M iMEFs treated with B/B homodimerizer alone or B/B homodimerizer and qVD, 

a pan caspase inhibitor. In these experiments, we elected to use qVD rather than zVAD because 

the former does not efficiently block the caspase-8/cFLIP complex, and therefore does not 

sensitize cells to RIPK3 activation in the manner observed with zVAD treatment52. As expected, 

acR3M iMEFs treated with B/B and qVD were completely cell death resistant, while iMEFs 

treated with B/B alone displayed modest levels of RIPK3-mediated apoptosis, a form of cell death 

observed upon RIPK3 activation when MLKL is absent (Fig. S2C)53. No cell death was observed 

upon B/B treatment of 4OHT-naïve acR3M iMEFs, as expected (Fig. S2C).  

AAV-delivered exogenous MLKL was sufficient to rescue the necroptotic effects of RIPK3 

activation in Mlkl-/-Ripk3-2xFVLSLUbcErt2cre+ MEF cells following treatment with TNF+zVAD 

or upon RIPK3 activation with B/B treatment (Fig. 3E and F), confirming that AAV-mediated 

gene delivery results in expression of functional MLKL protein. Surprisingly however, when we 

tested death kinetics in AAV:MND:MLKL expressing Ripk3-2xFV neurons upon RIPK3 

activation with B/B homodimerizer, we did not observe additional cell death over the course of 24 

hours of B/B treatment in AAV-MLKL transduced acRIPK3 neurons, suggesting that exogenous 

MLKL expression was not sufficient to allow RIPK3 activation to induce necroptotic cell death 

(Fig. 3G). Together, these findings indicate that primary cortical neurons express little or no 
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MLKL, but that even in the presence of exogenous MLKL, primary neurons resist RIPK3-

dependent cell death via additional mechanisms. 

 

Blocking downstream cell death effectors reveals a RIPK3-dependent transcriptional 

program in MEFs 

 Since RIPK3 activation in neurons failed to induce MLKL-mediated cell death and instead 

drove transcriptional signaling, we wondered if ablating cell death signaling in MEFs would reveal 

a RIPK3-dependent transcriptional program similar to that observed in neurons. To test this, we 

assessed the transcriptional outputs of RIPK3 activation in acR3M cells.  

To do this, we compared transcriptional and translational kinetics between acR3M cells, which 

succumb to RIPK3-dependent apoptosis, and the same cells co-treated with qVD to eliminate cell 

death responses. While death susceptible acR3M iMEFs expressed transient levels of CXCL10 

mRNA similarly to acRIPK3 MEFs, addition of qVD to acR3M iMEFs phenocopied RIPK3-

transcriptional kinetics seen in neurons (Fig. 4A, Left), with consistently increased levels of 

CXCL10 transcript up to 24 hours after RIPK3 activation. Similar results were observed upon 

assessment of CXCL10 protein levels (Fig. 4A, Right), together implying that cell fate rather than 

cell type impacts RIPK3-dependent transcription. To determine whether acR3M cells in which cell 

death is blocked shared a similar RIPK3-dependent transcriptional signature to that we observed 

in neurons, we performed RNA sequencing on acR3M iMEFs treated with B/B or B/B + qVD for 

4 or 24 hours. RIPK3 activation in the absence of cell death induced robust gene expression at 4 

hours which was sustained and amplified by 24 hours in iMEFs (Fig. 4B). The effect of cell death 

inhibition on RIPK3 transcriptional output was further emphasized when comparing gene 

expression magnitude between B/B alone and B/B + qVD samples 24 hours after treatment. Here, 
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acR3M iMEFs treated with B/B + qVD upregulated significantly more genes than cells treated 

with B/B alone (Fig. 4C). GO analysis also ascribed R3M regulated genes with anti-viral and 

innate immune functions (Fig. 4D). Lastly, comparison of genes induced in a RIPK3-dependent 

manner upon ZIKV infection in neurons and upon RIPK3-2xFV activation in iMEFs showed 

considerable overlap in gene expression, though overall LFC was generally lower in MEF cells, 

as well as overlap in enriched pathways assessed by GSEA (Fig. 4E and 4F). These findings 

suggest that elimination of downstream cell death effectors unveils a RIPK3-dependent 

transcriptional program in MEFs that shares many features with the RIPK3-dependent program 

induced by ZIKV infection of neurons. 

 

Cytosolic RIPK3 activation drives RIPK1- and TRIF-transcriptional programs when cell 

death is blocked 

 As cell death resistant iMEFs phenocopied RIPK3-dependent transcription seen in 

neurons, we reasoned these cells could be used as a model to understand the mechanism underlying 

the RIPK3 transcriptional program. TRIF and RIPK1 are well established signaling mediators that 

drive death receptor-mediated NF-B activation or TLR3/4-mediated IRF3 signaling, 

respectively11,54,55. Moreover, RIPK1 and TRIF are RHIM domain-containing proteins that can 

directly bind to RIPK3. We therefore hypothesized that RIPK3 activation could directly recruit 

RIPK1 and/or TRIF to drive transcriptional responses. To test this idea, we transiently suppressed 

expression of Ripk1, Ticam1 (the gene encoding TRIF), as well as Zbp1 (to include all RHIM 

domain containing proteins in our study) via siRNA in acR3M iMEFs, then performed RNA 

sequencing analysis on RNA samples after 4 hours of B/B and qVD treatment. We chose to carry 

out this experiment using transient siRNA transfection rather than CRISPR or germline knockout 
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because we have observed that sustained ablation of RHIM proteins can alter basal transcriptional 

state and cellular behavior. Non-targeting siRNA pool (siScr) was used as a transfection reagent 

control and knockdown efficacy was determined by qRT-PCR (Fig. S3A and B). Cells receiving 

siZbp1 displayed largely unperturbed RIPK3 transcriptional signaling; this was not unexpected, 

since ZBP1 is expressed at low basal levels and is primarily interferon-inducible (Fig. 5B)56. 

Conversely, knockdown of Ripk1 or Ticam1 significantly reduced expression of RIPK3 transcripts 

(Fig. 5C, D). These findings suggested that both RIPK1 and TRIF contribute to transcriptional 

activation upon RIPK3 oligomerization. To test this idea directly, we performed RNA sequencing 

on acR3M cells in which both Ticam1 and Ripk1 were knocked down, following 4 hours of B/B 

and qVD treatment. Strikingly, we found that RIPK3-dependent transcription was completely 

ablated upon knockdown of Ticam1 and Ripk1, indicating that both TRIF and RIPK1 are necessary 

to drive RIPK3-dependent transcription (Fig. 5E and F). Gene set enrichment analysis (GSEA) 

revealed that RIPK3 activation upon siRNA-mediated knockdown of TRIF led to an enrichment 

of genes activated by NF-kB, while siRNA-mediated knockdown of RIPK1 caused enrichment of 

STAT5-associated genes as well as subsets of NF-kB-dependent genes (Fig. 5G). Together, these 

findings suggest that the RIPK3-dependent transcriptional signature is defined by TRIF and 

RIPK1-mediated transcription, and that each of these mediators drives a distinct component of the 

RIPK3-dependent transcriptional program. 

 To corroborate our RNA sequencing results, we carried out immunoprecipitation analysis 

to confirm that RIPK3 complexed with RIPK1 and TRIF. AcR3M iMEFs were treated with B/B 

and qVD for 4 and 24 hours, after which protein lysates were harvested and FKBP12 protein (the 

FV domain appended to RIPK3) was immunoprecipitated. As expected, RIPK1 bound to RIPK3 

at 4 and 24hrs (Fig. 5H). Interestingly, we observed robust induction of ZBP1 expression in MEFs 
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by 24 hours of RIPK3 activation (Fig. 4E), suggesting a positive feedback loop in which RIPK3 

activation drives ZBP1 upregulation. Consistent with this observation, we found that ZBP1 

interacted with RIPK3 only at later timepoints after RIPK3 oligomerization.  Despite extensive 

testing, we were unable to identify a valid antibody for murine TRIF and were therefore unable to 

probe for TRIF. However, our data suggest that a cytosolic TRIF-RIPK3 complex is likely 

responsible for the striking transcriptional phenotype observed when Ticam1 (TRIF) was knocked 

down (Fig. 5E). 

Since RIPK3 has both a kinase domain and RHIM domain, we next sought to determine whether 

RIPK3-RIPK1 and RIPK3-TRIF signaling was driven by kinase activity or RHIM domain 

heterooligomerization. We thus blocked RIPK3 kinase activity with the RIPK3 inhibitor GSK843 

and analyzed gene expression after 4 hours of B/B and qVD treatment in acR3M iMEFs. Inhibition 

of RIPK3-kinase activity moderately but significantly reduced gene expression suggesting that 

RIPK3 interaction with TRIF and RIPK1 is primarily RHIM domain-dependent (Fig. 5I). Together 

these data indicate cytosolic RIPK3 initiates transcription via TRIF and RIPK1 through RHIM 

domain heterooligomerization to induce the production of inflammatory proteins (Fig. 5J).  

 

RHIM domain proteins are required for inflammatory gene transcription in ZIKV-infected 

neurons 

 We next sought to assess the role of the RHIM domain-containing proteins in the RIPK3-

dependent transcriptional program we previously observed in ZIKV-infected neurons (Fig. 1). To 

do this, we carried out siRNA-mediated knock-down of Ripk3, Zbp1, Ripk1 and Ticam1 in WT 

primary cortical neurons which were subsequently infected with ZIKV MR766 MOI 0.1 for 24 

hours. Non-targeting siRNA pool (siScr) was used as a transfection reagent control and 
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comparisons between all mock samples was carried out to assure transcriptional baselines were 

comparable amongst different siRNA conditions (Fig. S4A, B, and C). RNA sequencing analysis 

was then carried out on total RNA from neuronal samples. As previously observed in RIPK3 

knockout neurons, ZIKV-induced transcription was primarily RIPK3 dependent in siRNA treated 

samples (Fig. 6A and B). Neurons treated with siZbp1 closely phenocopied the loss of gene 

upregulation observed in siRipk3-treated cells, supporting our previously published findings that 

ZIKV is sensed by ZBP1 during infection (Fig. 6A and B). Knocking down Ticam1 also 

significantly reduced ZIKV-induced gene expression in neurons (Fig. 6A and B).  

 Unlike MEFs, we observed that neurons sustained significant changes to basal transcription 

upon knockdown of RIPK1, changes which were further magnified upon ZIKV-infection (Fig. 

S4D and E). These results were not completely unexpected, as RIPK1 has a complex and 

multifaceted role as both an enhancer and a suppressor of transcriptional and cell death responses 

and is the only RHIM-containing protein whose germline ablation is embryonically lethal55. To 

circumvent this issue and isolate the RHIM-dependent effects of RIPK1 from its other functions, 

we generated neurons from mice that were either heterozygous (Ripk1WT/mutRHIM) or homozygous 

(Ripk1mutRHIM/mutRHIM) for an inactivating mutation in the RIPK1 RHIM domain57. Because siRNA 

transfection modestly suppresses global gene expression, we treated these neurons with a scramble 

siRNA to allow direct comparison to the conditions described in (Fig. 6A).  As expected, upon 

ZIKV-infection, Ripk1mutRHIM/mutRHIM neurons displayed a significant reduction in gene expression 

compared to infected Ripk1WT/mutRHIM (Fig. 6C and D).  Collectively these results identify ZBP1 as 

the predominant initiator of innate immune transcriptional signaling in ZIKV-infected neurons and 

suggest that ZBP1 activation by ZIKV can drive transcriptional signaling via a complex nucleated 

by RIPK3 and containing both TRIF and RIPK1.  
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2.3 Discussion  

 Since its discovery, necroptotic cell death has been associated with inflammation. 

However, the source and consequences of the inflammatory response to necroptosis has remained 

incompletely understood. We and others have highlighted the connection between activation of 

the “necroptotic” pathway and concurrent inflammatory transcription programs and suggested that 

the latter is a primary driver of the immune response induced by activation of this pathway24–

27,30,31. Our previous work has also indicated that in some cell types—notably neurons—the cell 

death activity of the “necroptotic” pathway is curtailed, while its transcriptional signaling remains 

intact32. However, the mechanism and breadth of this transcriptional signaling has not previously 

been defined. Here, we show that RIPK3 activation has distinct outcomes in primary MEFs and 

cortical neurons during infection and sterile inflammation. RIPK3 activation primarily induces 

canonical necroptotic cell death in MEFs but fails to do so in neurons. Rather, RIPK3 is an essential 

driver of inflammatory transcription in neurons, with RNA sequencing analysis uncovering genes 

for which RIPK3 is necessary as well as those for which its activation is sufficient to drive 

expression upon infection or sterile RIPK3 oligomerization.     

 Our group has previously shown that ZBP1 contributes to viral restriction following ZIKV 

infection in neurons, but the near absence of a transcriptional response upon knockdown of ZBP1 

or RIPK3—a finding suggesting that ZBP1 is the predominant innate immune sensor activated in 

this setting—was unexpected28. Moreover, the discrepancy in transcript LFC in siTrif treated 

neurons compared to siZbp1 and siRipk3 implies that ZBP1 is the apical sensor in ZIKV-infected 

neurons, leading to activation of RIPK3 which then recruits RIPK1 and TRIF via RHIM-RHIM 

interactions, instead of signal initiation from other nucleic acid sensors. This finding further 
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supports our hypothesis that transcriptional responses initiated by RHIM domain-containing 

proteins is a dominant response to ZIKV infection in neurons.  

 Our sequencing analysis revealed RIPK3 to be a crucial anti-viral transcriptional mediator 

in neurons during ZIKV-infection and sterile inflammation; notably however, we did not observe 

a central role for RIPK3-dependent transcription upon ZIKV infection of MEF cells, which likely 

rely on RIG-I-like or Toll-like receptors to drive the inflammatory response to ZIKV58–60. The 

evolutionary pressures that have led to the centrality of the ZBP1-RIPK3 pathway in sensing viral 

infection in neurons remain unclear, but the long co-evolution of neurotropic herpesviruses with 

the mammalian immune system seems a likely driver. Indeed, murine cytomegalovirus (MCMV) 

and herpes simplex virus 1 (HSV-1) contain viral RHIM-domains that inhibit RIPK-mediated cell 

death9,61. The degree to which these viral effectors also alter RHIM-dependent inflammation is not 

well understood. Interestingly, recent studies suggest that HCMV blocks necroptotic signaling 

downstream of necrosome formation, an effect we would predict to leave the inflammatory 

pathways driven by RHIM-RHIM interactions intact62,63. As many herpesviruses take advantage 

of host cell inflammatory transcription for their own propagation, blocking cell death while leaving 

inflammation intact could represent a beneficial adaptation by HCMV64. 

 Our finding that MLKL protein cannot be detected in primary cortical neurons but is 

detected in MEFs can partially explain the differential effector functions of RIPK3 activation in 

each cell type. However, re-expressing MLKL via AAV gene delivery was not sufficient to render 

neurons sensitive to RIPK3-initiated necroptosis, implying that neurons resist necroptosis via 

additional means. Recent studies have shed light on the mechanisms that regulate MLKL 

trafficking and membrane rupture, including ESCRT-III which can delay necroptotic cell death by 

facilitating pMLKL exocytosis and promoting membrane repair23. It has also been shown that 
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pMLKL requires phosphorylated inositol phosphate (IP) rich membrane regions to translocate to 

the plasma membrane and induce cell lysis19. It is therefore possible that ESCRT-III or differential 

expression of the IP kinases, IPMK and ITPK1, contribute to MLKL-dependent cell death 

resistance in our neuronal culture system and that neurons maintain stricter control over these 

MLKL checkpoints, although we have not directly investigated this hypothesis in our studies. It is 

important to note that several studies have pointed to a deleterious role of necroptosis and MLKL 

in neurodegenerative disease (NDD) in mice and humans, while others have suggested that 

necroptotic signaling is dispensable for the development of NDD65–70. Interestingly, humans with 

an MLKL-deficiency unexpectedly develop progressive NDD, suggesting that the upregulation 

and activity of MLKL in neurons may therefore be context and species dependent71,72.  

 While we were unable to induce necroptotic cell death in neurons,  blocking cell death 

effectors in MEFs unveiled a RIPK3-dependent transcriptional program that was largely absent in 

death-susceptible MEFs. Consistent with our neuronal RNAseq data, RIPK3 induced genes 

involved in anti-viral and immune defense in MEFs. These findings imply a key factor in the 

magnitude and duration of RIPK3 transcription is the presence or absence of downstream effector 

proteins, like MLKL and caspase-8, and support the idea that necroptotic cell death may curtail, 

rather than contribute to, inflammation73. This concept is also supported by work showing that 

cells can continue to translate protein after “death” for a limited window, suggesting that RIPK3-

mediated cytokine production is inextricably tied to its role as a cell death inducer49.   

 Using our activatable RIPK3 system in MEFs, we found that cytosolic oligomerization of 

RIPK3 can activate both TRIF and RIPK1. This revealed that RHIM-domain proteins can 

aggregate independently of upstream stimuli and induce inflammatory transcription as an inherent 

function of this complex. We posit that RIPK1 and TRIF control different inflammatory sub-
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programs downstream of RHIM complex formation, given the well-described roles of RIPK1 and 

TRIF in promoting NF-kB and IRF-3-mediated transcription, respectively. While we observed 

some overlap between NF-kB and IRF gene signatures, initiating multiple defense programs is a 

beneficial strategy for pathogen clearance.  Consistent with our results in MEFs, we also found 

that ZIKV-induced anti-viral transcription was RHIM-domain dependent in neurons, positioning 

RHIM-domain signaling as a conserved network capable of inducing inflammatory transcription 

when death effectors are absent.    

 Previous studies have demonstrated the capacity of RHIM-domain protein complexes to 

induce cell death and inflammation. Specifically, ZBP1 was recently shown to be required for 

TRIF-dependent pyroptosis and inflammatory transcription by translocating RIPK1 to the 

“TRIFosome” during infection and sterile inflammation29,74. These findings, along with our data 

indicating that all four RHIM-domain containing proteins complex together, suggest that RHIM-

domain proteins function as a network that can integrate multiple inputs (via ZBP1, TRIF or 

RIPK1) and mediate several effector functions including IRF- and NF-kB-dependent transcription 

and various cell death modalities depending on the landscape of protein constituents and 

downstream effectors (Fig. 6E).  This concept underscores the pleiotropic and redundant responses 

to infection that have been driven by host-pathogen evolutionary competition and helps to explain 

why disruption of RHIM signaling is an evasion strategy favored by both bacteria and viruses.  

 We also suggest that the propensity to die by necroptosis and the regenerative potential of 

a given cell type may vary inversely with one another. It has been previously shown that liver-

specific Caspase-8 deletion is well tolerated in mice, but that in livers lacking caspase-8 recovery 

after partial hepatectomy is accompanied by supraphysiological levels of cellular proliferation as 

well as chronic inflammation75. These results suggest that fully differentiated hepatocytes do not 
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activate the necroptotic pathway upon Caspase-8 deletion, but regenerating cells do. CNS neurons 

are largely non-regenerative cells whose widespread death would be detrimental to the host. Our 

studies compare two distinct cell types, but our understanding of the necroptotic potential of other 

fully differentiated cell types is limited. The inverse relationship between susceptibility to PCD 

and regeneration capacity could be further tested by studying the effects of RIPK3 activation in 

neuronal progenitor cells (NPCs) and glial progenitor cells (GPCs) compared to fully differentiated 

neurons or glial cells such as astrocytes or oligodendrocytes, which could display a more subtle 

relationship between cell death and transcription. 
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2.4 Materials and Methods 

Experimental Model and Subject Details 

Mice 

C57BL/6J, Ripk3-/-, Ripk1mutRHIM/mutRHIM, and RIPK3-2xFVfl/flMox2-cre+ in this study were bred 

and housed under specific-pathogen free conditions at the University of Washington. All mouse 

strains were congenic to C57BL/6J background; in all cases wild-type controls of appropriate sub-

strain were used. Genotyping for RIPK3-2xFV transgene and Mox2-cre expression was carried 

out as previously described32. 

 

Cell culture and infections 

Primary cultures of cerebral cortical neurons and embryonic fibroblasts (MEFs) were generated 

and maintained using E15.5 embryos, as described32. Primary cortical neuron cultures were 

infected with ZIKV MR766 MOI 0.1. Immortalized Ubc-ERT2cre+:Ripk3-2xFVfl/fl:Mlkl-/-  MEFs 

were generated in our lab and maintained in DMEM supplemented with 10% FBS, sodium 

pyruvate and HEPES. To induce deletion of stop cassette and expression of RIPK3-2xFV 

transgene, iMEFs were pulsed twice with 5uM of 4-hydroxytamoxifen (4OHT) over 5 days. 

Confirmation of stop cassette deletion was accomplished by PCR amplification of the Rosa26 

locus (Supplemental Figure 2A).  

 

Viruses and virological assays 

ZIKV strain MR766 was provided by the World Reference Center for Emerging Viruses and 

Arborviruses (WRCEVA). Viral stocks were generated by infecting Vero cells (MOI 0.01) and 

harvesting supernatants at 72hrs. 
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Method Details 

Cell death assays 

Cell death was measured and analyzed using an Incucyte imaging system. Briefly, cell death was 

determined by the intracellular presence of the cell-impermeable DNA-intercalating dye SYTOX 

Green in cultured cells. Cell death was quantified as a percentage of SYTOX Green positive cells 

with respect to total cell number (SYTO Green positive cells).  

 

siRNA Transfection and gene knockdown 

Genetic knockdown was achieved using DharmaFECT transfection reagents and siRNA 

transfection protocol. Primary cortical neurons and iMEFs were treated with 25nM of SMARTpool 

siRNA cocktails and DhamaFECT reagent for 48hrs. After 48hrs, cells were replaced in fresh 

media and subsequent experiments were carried out. Efficiency of genetic knockdown was 

assessed via qRT-PCR.  

 

Adeno-associated virus (AAV) production 

Briefly, HEK 293T cells were transfected with adenoviral helper HgT1, serotype pRepCap6, 

vector plasmid of interest and PEI transfection reagent for 48hrs. After 48hrs, cells were collected 

and resuspended in cell lysis buffer and lysed in three freeze-thaw cycles using LN2 and 37°C 

water bath. Cell lysates were treated with Thermo Universal Nuclease at 100U/ml for 30 minutes 

at 37°C. Cell lysates were subsequently spun down and virus was isolated using an iodixanol 

gradient (67,000 RPM for 1hr at 18°C). Vector stocks were aliquoted and stored at -80°C.  

 

Western blot and immunoprecipitation 
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Primary cortical neurons, pMEFs, and iMEFs were washed with ice cold 1XPBS and lysed with 

ice cold 1XRIPA lysis buffer (10mM Tris-HCL pH 8.0, 1mM EGTA, 2mM MgCl2, 0.5% Triton 

X-100, 0.1% NaDOC, 0.5% SDS, 90mM NaCl) supplemented with Roche cOmplete Mini protease 

inhibitor cocktail and Roche PhosSTOP, for 30 minutes on ice. Samples were then boiled in 

4XLaemli buffer (8% SDS, 240mM Tris pH 6.8, 40% glycerol 

0.04% Bromophenol Blue) and freshly added 10% BME at 95C for 15 minutes. 30 micrograms of 

protein were run on Bolt 4-12% Bis-Tris Plus gels with Bolt™ MOPS SDS running buffer for 45 

minutes at 180V/90mAMPs and transferred onto PVDF membrane at 400mAmps for 

approximately 1hr in Bolt transfer buffer. PVDF membranes were blocked with 5% BSA or dry 

milk in TBS+1%Tween-20 (TBST) for 1hr at room temperature. Membranes were stained 

overnight at 4C with primary antibody in 5% BSA or dry milk in TBST. Membranes were then 

washed three times with TBST and stained with HRP-conjugated secondary antibody for 1hr at 

room temperature. Membranes were treated and developed with Pierce ECL Western Blotting 

Substrate or SuperSignal West Femto Maximum Sensitivity Substrate.  

 

For immunoprecipitations (IP), FKBP12 antibody was conjugated to Protein G DynaBeads at a 

ratio of 1ug of antibody to 6ul of Protein G DynaBeads in IP lysis buffer (25mM Tris-HCL pH 

8.0, 150mM NaCl, 1% v/v Triton X-100, 10% v/v glycerol, 0.01% w/v SDS) overnight at 4C.  

iMEFs were washed in ice cold 1XPBS and lysed with ice cold IP lysis buffer for 30 minutes on 

ice. 300ug of protein lysate was treated with conjugated FKBP12 (1ug antibody/50ug protein) and 

incubated on tabletop shaker overnight at 4C. Concurrently, 30ug of “pre-IP” sample were boiled 

in 4XLaemli buffer and 10% BME and stored in -80C until all samples were run. IP samples were 

then washed three times with IP lysis buffer and subsequently boiled in 4XLaemli buffer and 10% 
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BME. All samples were run, transferred, and developed as previously described using the Bolt 

western blot reagents.  

 

ELISA for protein analysis  

CXCL10 expression in cell culture supernatants was measured using Invitrogen IP-10 (CXCL10) 

mouse ELISA kit and carried out per manufacturers instructions. ELISA plates were read on 

BioTek Synergy HT plate reader using Gen5 software.  

 

Immunofluorescence staining and analysis 

After treatment, cells were washed with ice-cold PBS and fixed with 100% methanol for 30 

minutes. Cells were blocked and permeabilized for one hour in ice-cold TBS (20nM Tris, 150nM 

NaCl, pH 7.6) + 0.05% v/v Triton-X100 and 10% donkey serum and subsequently incubated with 

rat-MLKL (Millipore MABC604 clone 3H1 1:1000) overnight. Cells were incubated in secondary 

antibody donkey anti-rat 488 (ThermoFischer Scientific A21208) for three hours. Nuclei were 

visualized using Vectashield mounting media with DAPI. Images were analyzed with FIJI 

software.  

 

RNA isolation and gene expression analysis 

Total RNA from cell cultures was isolated using a Macherey-Nagel NucleoSpin RNA kit. cDNA 

was synthesized using Invitrogen SuperScript III Reverse Transcriptase and gene expression was 

analyzed via quantitative reverse transcriptase (qRT-PCR) using Sybr Green reagents and a ViiA 

7 Real-Time PCR system. Delta cycle threshold (CT) values were quantified by normalizing to 
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the CT value of housekeeping gene GAPDH (CTtarget-CTGAPDH). Data was further normalized to 

baseline controls of respective genotypes (delta CTtarget(genotype x) – delta CTcontrol (genotype x)).  

 

RNA-sequencing analysis  

Primary cortical neuron and iMEF cultures were sequenced at the Benaroya Research Institute 

Genomics Core Laboratory. Quality of RNA was determined on a TapeStation, and libraries were 

prepared using NexteraXT library preparation kit. Samples were run on an Illumina NextSeq2000, 

to generate 59 base-pair, paired-end reads with a depth of approximately 5 million reads per sample. 

Sequencing data were analyzed using the DIY.transcriptomics (diytranscriptomics.com) pipeline 

using R and Rstudio programming. Briefly, raw reads were mapped to the Genome Reference 

Consortium Mus musculus 39 using Kallisto. Quality of reads was assessed with FASTqc and 

Multiqc. Transcripts were annotated using Ensembl database Mus musculus version 79. Samples 

were filtered to exclude genes with counts per million = 0 in 6 or more samples (iMEFs) or 4 or 

more samples (neurons), and log2 counts per million were subsequently normalized using EdgeR. 

The Voom function in the LIMMA package was used to variant stabilize our data. LIMMA was 

used to apply a linear model to our data and Bayesian statistics were used to determine significantly 

up- or down-regulated genes by a log fold change of 1 and false-discovery-rate of 0.01. The open-

source gene ontology analysis platform, “REVIGO: reduce + visualize gene ontology” source was 

used to create semantic space plots (Supek F, Bošnjak M, Škunca N, Šmuc T. "REVIGO 

summarizes and visualizes long lists of Gene Ontology terms" PLoS ONE 2011. 

doi:10.1371/journal.pone.0021800). Enriched pathways identified via Gene Set Enrichment 

Analysis (GSEA) were abbreviated for clarity. The key is as follows: 

WP_TOLLLIKE_RECEPTOR_SIGNALING_PATHWAY (TLR signaling), 
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HINATA_NFKB_TARGETS_KERATINOCYTE_UP (NFKB signaling), 

GRANDVAUX_IRF3_TARGETS_UP (IRF3 Signaling), 

BOSCO_INTEFERON_INDUCED_ANTIVIRAL_MODULE (Antiviral Signaling), 

REACTOME_INTERFERON_SIGNALING (Interferon Signaling). 

 

Statistical Analysis 

Statistical analysis was completed using GraphPad Prism 10. Experimental data was compared 

using parametric testing, including 2-tailed student’s t test, 1 or 2-way ANOVA with appropriate 

multiple comparisons test. All data points represent biological replicates unless noted otherwise.  
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Fig. 1: RIPK3-dependent inflammatory gene transcription during flavivirus infection is 

neuron-specific 

(A) Volcano plot depicting differentially expressed genes in WT neurons 24 hours after ZIKV-

MR766 (MOI 0.1) infection as compared to WT mock samples (N=3 biological replicates). (B) 

Volcano plot depicting differentially expressed genes in Ripk3-/- neurons 24 hours after ZIKV-

MR766 (MOI 0.1) infection as compared to Ripk3-/- mock samples (N=3 biological replicates). (C) 
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Volcano plot depicting differentially expressed genes in WT neurons 24 hours after ZIKV-MR766 

(MOI 0.1) infection as compared to Ripk3-/- ZIKV samples (N=3 biological replicates). (D) GO 

analysis displaying proposed biological functions of genes in Figure 1D. Bubble color represents 

adj.p.val and log_size represents number of annotations associated with each GO ID. The x and y 

axes represent “semantic space”. (E) GSEA displaying enriched pathways in ZIKV-infected WT 

versus Ripk3-/- infected neurons. GSEA based on MsigDb canonical pathways collection 2 

(Curated gene sets). (F) mRNA expression measured by qRT-PCR in primary MEFs derived from 

WT and Ripk3-/- mice 24 hours after ZIKV-MR766 (MOI 0.1) infection (N=3 biological 

replicates). (G) Percent cell death in WT and Ripk3-/- MEFs after ZIKV infection or ZIKV plus 

zVAD (N=3 biological replicates). (H) Percent cell death in WT and Ripk3-/- neurons after ZIKV 

infection or ZIKV plus zVAD and BV6 (N=2 Representative of 3 separate experiments). ns, not 

significant. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Error bars represent SD.  
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Fig. 2: RIPK3 activation leads to inflammatory transcription independent of cell death in 

neurons 

(A) Schematic for RIPK3 activatable system in mice. (B) Percent cell death in primary MEFs and 

cortical neurons derived from Mox2cre-Ripk3-2xFVLSL and Mox2cre+Ripk3-2xFVLSL mice 24 hours 

treatment with B/B homodimerizer (N=2 Representative of 3 separate experiments). (C) Percent 

cell death in primary MEFs and cortical neurons derived from WT and Ripk3-/-  mice 24 hours after 

treatment with zVAD, BV6, TNFa, or zVAD + BV6 + TNFa (N=2 Representative of 2 separate 

experiments). (D) Heat map depicting row Z-scores of coordinately expressed genes in B/B treated 

Mox2cre+Ripk3-2xFVLSL neurons (N=6 biological replicates). (E) GO analysis displaying 
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proposed biological functions of genes in Figure 2C. Bubble color represents adj.p.val and log_size 

represents number of annotations associated with each GO ID. The x and y axes represent 

“semantic space”. (F) Scatter plot comparing LFC values between B/B treated Mox2cre+Ripk3-

2xFVLSL and ZIKV-infected primary neurons. Genes in purple are significantly upregulated in both 

conditions. (G) CXCL10 mRNA and protein expression measured by qRT-PCR (left) and ELISA 

(right), respectively, in primary Mox2cre+Ripk3-2xFVLSL MEFs (N=3 biological replicates). (H) 

CXCL10 mRNA and protein expression measured by  

qRT-PCR (left) and ELISA (right), respectively, in primary Mox2cre+Ripk3-2xFVLSL neurons 

(N=3 biological replicates). ns, not significant. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

Error bars represent SD.  
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Fig. 3: Exogenous MLKL is not sufficient to sensitize neurons to necroptotic cell death 

(A) Detection of MLKL protein by western blot in primary Mox2cre+Ripk3-2xFVLSL MEFs and 

neurons after treatment or infection with B/B or ZIKV-MR766, respectively. b-actin used as a 

loading control (Representative of 2 separate experiments). (B) Detection of MLKL protein by 

western blot in acR3M iMEFs and primary Mox2cre+Ripk3-2xFVLSL neurons after 48 hours after 

AAV treatment. b-actin used as a loading control (Representative of 2 separate experiments). (C) 

Detection of MLKL protein by immunofluorescent staining and analysis in untransduced or 
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AAV6-MND-MLKL transduced Mox2cre+Ripk3-2xFVLSL neurons 24 hours after B/B treatment 

(Representative of 2 separate experiments). (D) Fluorescent intensity quantification is depicted by 

normalizing green pixels (MLKL) to blue pixels (DAPI). (N=5 separate images). (E) Cell death 

kinetics of untransduced or AAV6-MND-MLKL transduced naïve acR3M MEFs treated TNFa 

and zVAD for 24 hours (Representative of 1 experiment). (F) Cell death kinetics of untransduced 

or AAV6-MND-MLKL transduced 4OHT acR3M MEFs treated TNFa B/B for 24 hours 

(Representative of 2 separate experiments). (G) Cell death kinetics of untransduced or AAV6-

MND-MLKL transduced 4OHT Mox2cre+Ripk3-2xFVLSL neurons B/B for 24 hours 

(Representative of 2 separate experiments).  
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Fig. 4: Blocking downstream cell death effectors reveals a RIPK3-dependent transcriptional 

program in MEFs 

(A) CXCL10 mRNA and protein expression measured by qRT-PCR in acR3M iMEFs treated with 

B/B or B/B and qVD. Fold change calculated based on each condition’s mock values (Left) . 

CXCL10 mRNA and protein expression measured by ELISA in acR3M iMEFs treated with B/B 

or B/B and qVD. Fold change calculated based on each condition’s mock values (Right) (N=3 
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biological replicates). (B) Heat map depicting row Z-scores of coordinately expressed genes in 

acR3M iMEFs 4 or 24 hours after B/B or B/B and qVD treatment (N=6 biological replicates). (C) 

Normalized and filtered Log2 CPM gene count comparison between B/B alone or B/B and qVD 

treated acR3M MEFs (N=6 biological replicates). (D) GO analysis displaying proposed biological 

functions of genes in Figure 4D. Bubble color represents adj.p.val and log_size represents number 

of annotations associated with each GO ID. The x and y axes represent “semantic space”. (E) 

Scatter plot comparing LFC values between B/B and qVD treated acR3M MEFs and ZIKV-

infected primary neurons. Genes in purple are significantly upregulated in both conditions. (F) 

GSEA displaying overlap in enriched pathways between acR3M iMEFs treated with B/B and qVD 

and ZIKV-infected neurons. GSEA based on MsigDb canonical pathways collection 2 (Curated 

gene sets). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Error bars represent SD.  
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Fig. 5: Cytosolic RIPK3 activation drives RIPK1- and TRIF-transcriptional programs when 

cell death is blocked 

(A-E) Volcano plot depicting differentially expressed genes in (A) siScr (B) siZbp1 (C) siTicam1 

(D) siRipk1 and (E) siTicam1 and Ripk1 acR3M iMEFs 4 hours after B/B and qVD treatment as 

compared to each condition’s respective mock samples (N=3 biological replicates). (F) 

Normalized and filtered Log2 CPM gene count comparison between siRNA treated acR3M iMEFs 

4 hours after B/B and qVD treatment as compared to each condition’s respective mock samples 

(N=3 biological replicates). (G) GSEA displaying enriched pathways in siTicam1 (Left) and 

siRipk1 (Right) acR3M iMEFs 4 hours after treatment with B/B and qVD. GSEA based on MsigDb 
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canonical pathways collection 3 (Curated gene sets). (H) Detection of RIPK1 and ZBP1 protein 

via western blot before and after FKBP12 immunoprecipitation (Representative image of 3 

separate experiments). (I) mRNA expression measured by qRT-PCR in MEFs 4 hours after 

treatment with B/B and qVD or B/B, qVD and GSK843 (N=3 biological replicates). (J) Schematic 

depicting RHIM-protein complex formation after cytosolic RIPK3 activation. *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. Error bars represent SD.  
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Fig. 6: RHIM-domain proteins are required for inflammatory gene transcription in ZIKV-

infected neurons 

(A) Volcano plot depicting differentially expressed genes in siScr, siRipk3, siZbp1 and siTicam1 

treated, ZIKV-infected neurons as compared to each condition’s respective mock control after 24 

hours (N=4 biological replicates). (B) Normalized and filtered Log2 CPM gene count comparison 

between siRNA treated, ZIKV-infected neurons as compared to each condition’s respective mock 

samples (N=4 biological replicates). (C) Volcano plot depicting differentially expressed genes in 

siScr treated Ripk1WT/mutRHIM or Ripk1mutRHIM/mutRHIM ZIKV-infected neurons as 

compared to each respective mock control after 24 hours (N=4 biological replicates). (D) 
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Normalized and filtered Log2 CPM gene count comparison between siScr treated, ZIKV-infected 

Ripk1WT/mutRHIM and Ripk1mutRHIM/mutRHIM neurons as compared to each condition’s 

respective mock samples (N=3 biological replicates). (E) Schematic depicting RHIM-protein 

signaling complex and possible outcomes. ns, not significant. *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. Error bars represent SD.  
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Supplemental Figure 1: RNA sequencing analysis of ZIKV-infected WT and Ripk3-/- neurons 

(A) Principal component analysis following RNA sequencing of WT (B6J) and Ripk3-/- neurons 

24 hours after ZIKV-MR766 (MOI 0.1) or mock infection (N=3 biological replicates). (B) Volcano 

plot depicting differentially expressed genes in WT mock infected samples  

as compared to Ripk3-/- mock neuronal samples at 24 hours (N=3 biological replicates).  
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Supplemental Figure 2: Confirmation of stop cassette deletion in acR3M iMEFs 

(A) Schematic for tamoxifen-inducble RIPK3 activatable system in MEFs. (B) Successful 

recombination and confirmation of stop cassette deletion was accomplished by PCR amplification 

of the Rosa26 locus in acR3M MEFs. WT and Mox2cre+Ripk3-2xFVLSL mouse ear snip  

lysates were used as a negative and positive control, respectively. (C) Percent cell death in acR3M 

iMEFs 24 hours after treatment with B/ B, qVD or B/B and qVD (N=2, representative of 3 separate 

experiments). not significant. ****p<0.0001. Error bars represent SD.  
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Supplemental Figure 3: RNA sequencing analysis of siRNA treated acR3M iMEFs 

(A) siRNA efficacy was assessed by qRT-PCR in acR3M iMEFs. All samples are normalized to 

siScr mock values (N=3 biological replicates). (B) Volcano plot depicting differentially expressed 

genes in siScr mock infected samples as compared to siZbp1 mock acR3M iMEF samples at 24 

hours (N=3 biological replicates). (C) Volcano plot depicting differentially expressed genes in 

siRipk1 mock infected samples as compared to siScr mock acR3M iMEF samples at 24 hours (N=3 

biological replicates). (D) Volcano plot  

depicting differentially expressed genes in siTicam1 mock infected samples as compared to siScr 

mock acR3M iMEF samples at 24 hours (N=3 biological replicates).  
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Supplemental Figure 4: RNA sequencing analysis of siRNA treated, ZIKV-infected WT 

neurons 

(A) Volcano plot depicting differentially expressed genes in siZbp1 mock infected samples as 

compared to siScr mock neuronal samples at 24 hours (N=4 biological replicates). (B) Volcano 

plot depicting differentially expressed genes in siTicam1 mock infected samples as compared to 

siScr mock neuronal samples at 24 hours (N=4 biological replicates). (C) Volcano plot depicting 

differentially expressed genes in siRipk1 mock infected samples as compared to siScr mock 

neuronal samples at 24 hours (N=4 biological replicates). (D) Volcano plot depicting differentially 

expressed genes in siScr mock infected samples as compared to sRipk1 mock neuronal samples at 
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24 hours (N=4 biological replicates). (E) Volcano plot depicting differentially expressed genes in 

siRipk1 ZIKV infected samples as compared to siRipk1 mock neuronal samples at 24 hours (N=4 

biological replicates).  
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Chapter 3: An evolutionary perspective of RIPK3 in transcription 

and necroptosis 

 

3.1 Inflammatory origins of the RIP kinases: Why are all cells capable of inducing full 

RIPK3-transcriptional potential? 

 Although RIPK3-activation leads to necroptotic cell death in MEFs, our data show that 

MEFs, similarly to primary cortical neurons, have the potential to induce the full RIPK3-

transcriptional signature. In MEFs, the transcriptional magnitude is curtailed by death, yet 

transcription remains a primary response to RIPK3-activation concurrently with cell death. Why 

this is the case could be explained by the proposed ancestral function of RIPK3, and other RIP 

kinases. A recent paper by Fay and colleagues found that NFkB induction is a conserved function 

of RIPK1-476. Moreover, RIPK1-RIPK3-mediated NFkB induction via RHIM-domain interactions 

was shown to be conserved amongst an array of vertebrates and corroborate previous findings 

describing the RHIM domain as an evolutionarily “old” motif, spanning over 500 million years of 

evolution16,76.  As such, the authors propose the ancestral function of the RIPKs is induction of 

inflammatory transcription and this signaling pathway was then coopted as an alternative cell death 

mechanism in response to viral inhibition of apoptosis. Thus, two distinct cell types like MEFs and 

neurons are equally capable of inducing the full RIPK3-transcriptional potential.  

3.2 Cellular discrepancies of RIPK3 functions: Why don’t neurons die upon RIPK3 

activation?  

 It is widely accepted that necroptotic cell death arose as a “back-up” mechanism to viral 

inhibition of apoptosis, thus ensuring the destruction of the replicative niche even when the first 
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lines of defense are compromised8,9. As most cell types have some capacity for regeneration, 

utilizing an alternative cell death mechanism is viable and ultimately beneficial to the host if it 

supports pathogen clearance. Unlike most cells, mature CNS neurons are post-mitotic, non-

regenerative cells and employ mechanisms to maintain cellular integrity throughout a host’s 

lifetime, including resistance to apoptotic cell death.  Specifically, mature neurons actively 

suppress pro-apoptotic genes while also upregulating anti-apoptotic proteins33. While this anti-

apoptotic landscape might change upon viral infection, it is possible that neurons are under less 

evolutionary pressure to develop alternative cell death mechanisms compared to non-neuronal 

cells upon infection, resulting in RIPK3 maintaining its “ancestral” role as an inflammatory 

transcriptional inducer, and not as the obligate activator of MLKL, in neurons.  

 Recent immunohistochemical analysis of the necroptotic proteins (RIPK1, RIPK3, MLKL 

and Caspase-8) in mice has supported theories of why there are cellular discrepancies in 

susceptibility to necroptosis77. In a recent study, Chiou and colleagues systemically surveyed 

necroptotic proteins in mice and found that protein expression levels vary greatly amongst organs 

and within tissues at steady state. For example, murine brain, heart and kidney displayed little to 

no expression of the necroptotic proteins, while the small intestine, colon, liver and spleen were 

abundant in protein expression, at steady state77. Unequal distribution of proteins was also evident 

within tissue, like the ileum, where RIPK3 was highly expressed in fast-cycling epithelial 

progenitors but low in differentiated Paneth cells. Overall, the authors suggest the necroptotic 

proteins are abundant in short-lived immune barrier sites (small intestine, colon) but nearly absent 

in terminally differentiated or slow cycling cells (cardiomyocytes, neurons, renal epithelial cells)77. 

These results help corroborate why we see resistance to necroptosis in cortical neurons and 

susceptibility in MEFs as these cell types have distinct regenerative capacities. Furthermore, these 



 56 

findings highlight the evolutionary advantage of multicellularity, such that multicellular organisms 

can employ PCD mechanisms while still maintaining overall host integrity. Here, multicellular 

organisms display a range of “necroptotic phenotypes” within a single host to induce a potent 

immune response while also protecting non-regenerative tissues. 

3.3 The intricate biology of MLKL: Why is exogenous MLKL insufficient to sensitize 

neurons to cell death?   

 Evolutionary analysis of MLKL promoted understanding of MLKL activity (activation, 

oligomerization, membrane translocation, and membrane permeabilization) and the history of 

necroptosis. For example, Palmer and colleagues found evidence of rapid positive selection of 

RIPK3 and MLKL, indicated by the rate of nonsynonymous amino acid changes over time17. There 

is also evidence for rapid positive selection of the RIPK3:MLKL interface, likely a result of viral 

or bacterial pseudo substrates, collectively suggesting RIPK3 and MLKL to be under host-

pathogen driven evolution17. As a result of such rapid co-evolution, MLKL activity is highly 

species specific, such that rat and murine MLKL are not interchangeable, let alone human and 

murine MLKL. However, in all species the conserved outcome of RIPK3:MLKL interactions is 

necroptotic cell death13,17,18. These findings have led researchers to investigate the molecular 

requirements for MLKL activation and subsequent membrane permeabilization. Interestingly, 

mutations in human MLKL mimicking activation by RIPK3 are insufficient to induce necroptosis 

in wild type mouse fibroblasts, but a dimerizable version can induce death in this cell type18. These 

human MLKL constructs were analogously tested in various human cell lines and surprisingly 

yielded mixed results—displaying both inhibition and activation of cell death. These findings 

strongly indicate there are unknown regulators to each step of MLKL activity, that are either 

species specific, cell type specific or both18. Finally, since RIPK3 and MLKL are interconnected, 
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coevolved proteins, it is critical to use cell lines that contain the core necroptotic proteins to study 

necroptosis, as doing otherwise can lead to non-physiological results78.  

 Taken together, this body of work underscores the complexity of RIPK3:MLKL biology 

and can explain why exogenous MLKL was unable to induce cell death in neurons. It is tempting 

to speculate that neurons do not contain the unknown regulatory factors that mediate MLKL 

activity or even that neuronal RIPK3 cannot interact with MLKL, thus making any experiment 

with exogenous MLKL in neurons, futile. Similar to previously published work, it would be 

insightful to transfect neurons with dimerizable or phosphomimetic forms of MLKL and test for 

susceptibility to necroptosis.   

 

3.4 Closing remarks 

 In the last two decades, our perception of the necroptotic pathway has ranged from simply 

acting as a “back-up” death mechanism to being a true innate immune pathway. Several lines of 

evidence led to this progression, including the discovery of numerous viral and bacterial-encoded 

pathway inhibitors, the predominance of necroptotic proteins at barrier sites, the inflammatory role 

in disease, and lastly, the centrality of RIPK3 downstream of cytokine and pathogen-recognition 

receptors. We show this positioning of RIPK3 is not arbitrary but necessary to coordinate a RHIM-

domain complex that can efficiently integrate multiple signals into a single pathway. While this 

complex is conserved amongst cells, the effector functions of this network are adapted to each 

specific cell type to protect the host while maintaining as much tissue integrity as possible—

ultimately displaying fine-tuned evolution of the mammalian immune response. 

 



 58 

  



 59 

References 

1. Alberts, B. et al. Innate Immunity. in Molecular Biology of the Cell. 4th edition (Garland 

Science, 2002). 

2. Kawai, T. & Akira, S. The role of pattern-recognition receptors in innate immunity: update 

on Toll-like receptors. Nat Immunol 11, 373–384 (2010). 

3. Stehlik, C. et al. Nuclear Factor (NF)-κB–regulated X-chromosome–linked iap Gene 

Expression Protects Endothelial Cells from Tumor Necrosis Factor α–induced Apoptosis. J 

Exp Med 188, 211–216 (1998). 

4. Micheau, O., Lens, S., Gaide, O., Alevizopoulos, K. & Tschopp, J. NF-κB Signals Induce the 

Expression of c-FLIP. Mol Cell Biol 21, 5299–5305 (2001). 

5. Walsh, D. & Mohr, I. Viral subversion of the host protein synthesis machinery. Nat Rev 

Microbiol 9, 860–875 (2011). 

6. Schoggins, J. W. Interferon-stimulated genes: roles in viral pathogenesis. Curr Opin Virol 6, 

40–46 (2014). 

7. Mocarski, E. S., Upton, J. W. & Kaiser, W. J. Viral infection and the evolution of caspase 8-

regulated apoptotic and necrotic death pathways. Nat Rev Immunol 12, 79–88 (2011). 

8. Orzalli, M. H. & Kagan, J. C. Apoptosis and necroptosis as host defense strategies to prevent 

viral infection. Trends Cell Biol 27, 800–809 (2017). 

9. Upton, J. W., Shubina, M. & Balachandran, S. RIPK3-driven cell death during virus 

infections. Immunological Reviews 277, 90–101 (2017). 

10. Grootjans, S., Vanden Berghe, T. & Vandenabeele, P. Initiation and execution mechanisms 

of necroptosis: an overview. Cell Death Differ 24, 1184–1195 (2017). 



 60 

11. Weinlich, R., Oberst, A., Beere, H. M. & Green, D. R. Necroptosis in development, 

inflammation and disease. Nat Rev Mol Cell Biol 18, 127–136 (2017). 

12. Wang, H. et al. Mixed lineage kinase domain-like protein MLKL causes necrotic membrane 

disruption upon phosphorylation by RIP3. Mol Cell 54, 133–146 (2014). 

13. Samson, A. L., Garnish, S. E., Hildebrand, J. M. & Murphy, J. M. Location, location, 

location: A compartmentalized view of TNF-induced necroptotic signaling. Sci Signal 14, 

eabc6178 (2021). 

14. Ye, K., Chen, Z. & Xu, Y. The double-edged functions of necroptosis. Cell Death Dis 14, 1–

12 (2023). 

15. Kaczmarek, A., Vandenabeele, P. & Krysko, D. V. Necroptosis: The Release of Damage-

Associated Molecular Patterns and Its Physiological Relevance. Immunity 38, 209–223 

(2013). 

16. Riebeling, T., Kunzendorf, U. & Krautwald, S. The role of RHIM in necroptosis. Biochem 

Soc Trans 50, 1197–1205 (2022). 

17. Palmer, S. N., Chappidi, S., Pinkham, C. & Hancks, D. C. Evolutionary Profile for (Host and 

Viral) MLKL Indicates Its Activities as a Battlefront for Extensive Counteradaptation. 

Molecular Biology and Evolution 38, 5405–5422 (2021). 

18. Tanzer, M. C. et al. Evolutionary divergence of the necroptosis effector MLKL. Cell Death 

Differ 23, 1185–1197 (2016). 

19. Dovey, C. M. et al. MLKL Requires the Inositol Phosphate Code to Execute Necroptosis. 

Molecular Cell 70, 936-948.e7 (2018). 

20. Tummers, B. & Green, D. R. Caspase-8; regulating life and death. Immunol Rev 277, 76–89 

(2017). 



 61 

21. Weinlich, R. & Green, D. R. The Two Faces of Receptor Interacting Protein Kinase-1. 

Molecular Cell 56, 469–480 (2014). 

22. Lim, J. et al. Autophagy regulates inflammatory programmed cell death via turnover of 

RHIM-domain proteins. eLife 8, e44452. 

23. Gong, Y.-N. et al. ESCRT-III acts downstream of MLKL to regulate necroptotic cell death 

and its consequences. Cell 169, 286-300.e16 (2017). 

24. Rebsamen, M. et al. DAI/ZBP1 recruits RIP1 and RIP3 through RIP homotypic interaction 

motifs to activate NF-κB. EMBO Rep 10, 916–922 (2009). 

25. Zhu, K. et al. Necroptosis promotes cell-autonomous activation of proinflammatory cytokine 

gene expression. Cell Death Dis 9, 1–16 (2018). 

26. Najjar, M. et al. RIPK1 and RIPK3 kinases promote cell death-independent inflammation by 

Toll-like receptor 4. Immunity 45, 46–59 (2016). 

27. Peng, R. et al. Human ZBP1 induces cell death‐independent inflammatory signaling via 

RIPK3 and RIPK1. EMBO reports 23, e55839 (2022). 

28. Daniels, B. P. et al. The Nucleotide Sensor ZBP1 and Kinase RIPK3 Induce the Enzyme 

IRG1 to Promote an Antiviral Metabolic State in Neurons. Immunity 50, 64-76.e4 (2019). 

29. Muendlein, H. I. et al. ZBP1 promotes inflammatory responses downstream of TLR3/TLR4 

via timely delivery of RIPK1 to TRIF. Proceedings of the National Academy of Sciences 

119, e2113872119 (2022). 

30. Yatim, N. et al. RIPK1 and NF-κB signaling in dying cells determines cross-priming of 

CD8+ T cells. Science 350, 328–334 (2015). 

31. Snyder, A. G. et al. Intratumoral activation of the necroptotic pathway components RIPK1 

and RIPK3 potentiates anti-tumor immunity. Sci Immunol 4, eaaw2004 (2019). 



 62 

32. Daniels, B. P. et al. RIPK3 Restricts Viral Pathogenesis via Cell Death-Independent 

Neuroinflammation. Cell 169, 301-313.e11 (2017). 

33. Kole, A. J., Annis, R. P. & Deshmukh, M. Mature neurons: equipped for survival. Cell Death 

Dis 4, e689–e689 (2013). 

34. Anda, F. C. de et al. Cortical neurons gradually attain a post-mitotic state. Cell Res 26, 

1033–1047 (2016). 

35. Pierson, T. C. & Diamond, M. S. The continued threat of emerging flaviviruses. Nat 

Microbiol 5, 796–812 (2020). 

36. Lazear, H. M. & Diamond, M. S. Zika Virus: New Clinical Syndromes and Its Emergence in 

the Western Hemisphere. J Virol 90, 4864–4875 (2016). 

37. Cruz, L. C. H. da, Nascimento, O. J. M., Lopes, F. P. P. L. & Silva, I. R. F. da. 

Neuroimaging Findings of Zika Virus–Associated Neurologic Complications in Adults. 

American Journal of Neuroradiology 39, 1967–1974 (2018). 

38. Mehta, R. et al. The spectrum of neurological disease associated with Zika and chikungunya 

viruses in adults in Rio de Janeiro, Brazil: A case series. PLoS Negl Trop Dis 12, e0006212 

(2018). 

39. Lindman, M. et al. RIPK3 promotes brain region-specific interferon signaling and restriction 

of tick-borne flavivirus infection. PLOS Pathogens 19, e1011813 (2023). 

40. Pollina, E. A. et al. A NPAS4–NuA4 complex couples synaptic activity to DNA repair. 

Nature 614, 732–741 (2023). 

41. Nagappan, P. G., Chen, H. & Wang, D.-Y. Neuroregeneration and plasticity: a review of the 

physiological mechanisms for achieving functional recovery postinjury. Military Medical 

Research 7, 30 (2020). 



 63 

42. Fawcett, J. W. The Struggle to Make CNS Axons Regenerate: Why Has It Been so Difficult? 

Neurochem Res 45, 144–158 (2020). 

43. Dorrity, T. J. et al. Long 3’UTRs predispose neurons to inflammation by promoting 

immunostimulatory double-stranded RNA formation. Sci Immunol 8, eadg2979 (2023). 

44. Gao, D. et al. TLR3 controls constitutive IFN-β antiviral immunity in human fibroblasts and 

cortical neurons. J Clin Invest 131, e134529. 

45. Sun, X., Yin, J., Starovasnik, M. A., Fairbrother, W. J. & Dixit, V. M. Identification of a 

Novel Homotypic Interaction Motif Required for the Phosphorylation of Receptor-

interacting Protein (RIP) by RIP3*. Journal of Biological Chemistry 277, 9505–9511 (2002). 

46. Kaiser, W. J. & Offermann, M. K. Apoptosis Induced by the Toll-Like Receptor Adaptor 

TRIF Is Dependent on Its Receptor Interacting Protein Homotypic Interaction Motif. The 

Journal of Immunology 174, 4942–4952 (2005). 

47. Amarante-Mendes, G. P. et al. Pattern Recognition Receptors and the Host Cell Death 

Molecular Machinery. Frontiers in Immunology 9, (2018). 

48. Morgan, M. J. & Kim, Y.-S. Roles of RIPK3 in necroptosis, cell signaling, and disease. Exp 

Mol Med 54, 1695–1704 (2022). 

49. Orozco, S. L. et al. RIPK3 Activation Leads to Cytokine Synthesis that Continues after Loss 

of Cell Membrane Integrity. Cell Reports 28, 2275-2287.e5 (2019). 

50. Orozco, S. et al. RIPK1 both positively and negatively regulates RIPK3 oligomerization and 

necroptosis. Cell Death Differ 21, 1511–1521 (2014). 

51. Clackson, T. et al. Redesigning an FKBP–ligand interface to generate chemical dimerizers 

with novel specificity. Proc Natl Acad Sci U S A 95, 10437–10442 (1998). 



 64 

52. Brumatti, G. et al. The caspase-8 inhibitor emricasan combines with the SMAC mimetic 

birinapant to induce necroptosis and treat acute myeloid leukemia. Science Translational 

Medicine 8, 339ra69-339ra69 (2016). 

53. Nogusa, S. et al. RIPK3 activates parallel pathways of MLKL-driven necroptosis and 

FADD-mediated apoptosis to protect against influenza A virus. Cell Host Microbe 20, 13–24 

(2016). 

54. Doyle, S. E. et al. IRF3 Mediates a TLR3/TLR4-Specific Antiviral Gene Program. Immunity 

17, 251–263 (2002). 

55. Kelliher, M. A. et al. The Death Domain Kinase RIP Mediates the TNF-Induced NF-κB 

Signal. Immunity 8, 297–303 (1998). 

56. Fu, Y. et al. Cloning of DLM-1, a novel gene that is up-regulated in activated macrophages, 

using RNA differential display. Gene 240, 157–163 (1999). 

57. Newton, K. et al. RIPK1 inhibits ZBP1-driven necroptosis during development. Nature 540, 

129–133 (2016). 

58. Hertzog, J. et al. Infection with a Brazilian isolate of Zika virus generates RIG-I stimulatory 

RNA and the viral NS5 protein blocks type I IFN induction and signaling. European Journal 

of Immunology 48, 1120–1136 (2018). 

59. Ojha, C. R. et al. Toll-like receptor 3 regulates Zika virus infection and associated host 

inflammatory response in primary human astrocytes. PLOS ONE 14, e0208543 (2019). 

60. Dang, J. et al. Zika Virus Depletes Neural Progenitors in Human Cerebral Organoids through 

Activation of the Innate Immune Receptor TLR3. Cell Stem Cell 19, 258–265 (2016). 

61. Guo, H. et al. Herpes Simplex Virus Suppresses Necroptosis in Human Cells. Cell Host & 

Microbe 17, 243–251 (2015). 



 65 

62. Omoto, S. et al. Suppression of RIP3-dependent Necroptosis by Human Cytomegalovirus. 

Journal of Biological Chemistry 290, 11635–11648 (2015). 

63. Fletcher-Etherington, A. et al. Human cytomegalovirus protein pUL36: A dual cell death 

pathway inhibitor. Proc Natl Acad Sci U S A 117, 18771–18779 (2020). 

64. DeMeritt, I. B., Milford, L. E. & Yurochko, A. D. Activation of the NF-κB Pathway in 

Human Cytomegalovirus-Infected Cells Is Necessary for Efficient Transactivation of the 

Major Immediate-Early Promoter. Journal of Virology 78, 4498–4507 (2004). 

65. Caccamo, A. et al. Necroptosis activation in Alzheimer’s disease. Nat Neurosci 20, 1236–

1246 (2017). 

66. Ofengeim, D. et al. Activation of Necroptosis in Multiple Sclerosis. Cell Reports 10, 1836–

1849 (2015). 

67. Ito, Y. et al. RIPK1 Mediates Axonal Degeneration By Promoting Inflammation and 

Necroptosis in ALS. Science 353, 603–608 (2016). 

68. Balusu, S. et al. MEG3 activates necroptosis in human neuron xenografts modeling 

Alzheimer’s disease. Science 381, 1176–1182 (2023). 

69. Dominguez, S. et al. Genetic inactivation of RIP1 kinase does not ameliorate disease in a 

mouse model of ALS. Cell Death Differ 28, 915–931 (2021). 

70. Dermentzaki, G. et al. Deletion of Ripk3 Prevents Motor Neuron Death In Vitro but not In 

Vivo. eNeuro 6, ENEURO.0308-18.2018 (2019). 

71. Faergeman, S. L. et al. A novel neurodegenerative spectrum disorder in patients with MLKL 

deficiency. Cell Death Dis 11, 1–13 (2020). 

72. Chevin, M. & Sébire, G. Necroptosis in ALS: a hot topic in-progress. Cell Death Discov. 7, 

1–2 (2021). 



 66 

73. Kearney, C. J. & Martin, S. J. An Inflammatory Perspective on Necroptosis. Molecular Cell 

65, 965–973 (2017). 

74. Muendlein, H. I. et al. ZBP1 promotes LPS-induced cell death and IL-1β release via RHIM-

mediated interactions with RIPK1. Nat Commun 12, 86 (2021). 

75. Ben Moshe, T. et al. Role of caspase-8 in hepatocyte response to infection and injury in 

mice. Hepatology 45, 1014–1024 (2007). 

76. Fay, E. J., Isterabadi, K., Rezanka, C. M., Le, J. & Daugherty, M. D. Evolutionary and 

functional analyses reveal conserved and non-conserved functions of vertebrate RIP kinases. 

2024.05.09.593370 Preprint at https://doi.org/10.1101/2024.05.09.593370 (2024). 

77. Chiou, S. et al. An immunohistochemical atlas of necroptotic pathway expression. EMBO 

Molecular Medicine 1–33 (2024) doi:10.1038/s44321-024-00074-6. 

78. Horne, C. R., Samson, A. L. & Murphy, J. M. The web of death: the expanding complexity 

of necroptotic signaling. Trends in Cell Biology 33, 162–174 (2023). 

 


	Acknowledgments
	Dedication
	Chapter 1: Introduction
	1.1 Innate immune defenses
	1.2 An overview of necroptosis
	1.3 Transcriptional potential of necroptosis
	1.4 Necroptotic signaling in neurons
	1.5 Dissertation objectives

	Chapter 2: RIPK3 coordinates RHIM domain-dependent inflammatory transcription in neurons
	2.1 Introduction
	2.2 Results
	2.3 Discussion
	2.4 Materials and Methods

	Chapter 3: An evolutionary perspective of RIPK3 in transcription and necroptosis
	3.1 Inflammatory origins of the RIP kinases: Why are all cells capable of inducing full RIPK3-transcriptional potential?
	3.2 Cellular discrepancies of RIPK3 functions: Why don’t neurons die upon RIPK3 activation?
	3.3 The intricate biology of MLKL: Why is exogenous MLKL insufficient to sensitize neurons to cell death?
	3.4 Closing remarks

	References

