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SUMMARY
While recent work has identified roles for immune mediators in regulating neural activity, how innate immune
signaling within neurons influences neurotransmission remains poorly understood. Emerging evidence sug-
gests that the modulation of neurotransmission may serve important roles in host protection during infection
of the central nervous system. Here, we showed that receptor-interacting protein kinase-3 (RIPK3) preserved
neuronal survival during flavivirus infection through the suppression of excitatory neurotransmission. These
effects occurred independently of the traditional functions of RIPK3 in promoting necroptosis and inflamma-
tory transcription. Instead, RIPK3 promoted phosphorylation of the neuronal regulatory kinase calcium/
calmodulin-dependent protein kinase II (CaMKII), which in turn activated the transcription factor cyclic
AMP response element-binding protein (CREB) to drive a neuroprotective transcriptional program and sup-
press deleterious glutamatergic signaling. These findings identify an unexpected function for a canonical cell
death protein in promoting neuronal survival during viral infection through themodulation of neuronal activity,
highlighting mechanisms of neuroimmune crosstalk.
INTRODUCTION

While the field of neuroimmunology has historically focused on

roles for immune signaling in driving the pathogenesis of neuro-

logical disorders, recent advances have refined our understand-

ing of neuroimmune crosstalk to include indispensable roles for

the immune system in nervous system development, homeosta-

sis, and repair.1–4 Newly appreciated links between these two

systems include roles for neuronal innate immune signaling in

the regulation of neural activity.5,6 Within this context, immune

mediators transcend their traditional functions in inflammation

and pathogen control and become key players in the modulation

of neural circuits, influencing processes ranging from neuro-

transmission to behavior.7–9 Defining the mechanisms and

consequences of neuroimmune signaling has, therefore,

become paramount to understanding the basic biology of the

nervous system.

Recent work has described specialized adaptations of several

innate immune processes in neurons. For example, we and

others have described cell death-independent functions for re-

ceptor-interacting kinase-3 (RIPK3), the canonical inducer of a

form of programmed cell death termed ‘‘necroptosis.’’10–12 In

the setting of neurotropic flavivirus infection, activation of

RIPK3 does not engage the necroptotic executioner molecule

mixed lineage kinase domain-like protein (MLKL) but rather coor-
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dinates a shift in neuronal transcription to induce an antiviral

state in the absence of cell death.13–15 This outcome may repre-

sent an adaptive strategy to control infection without sacrificing

a critical postmitotic cell type that cannot be replaced in the adult

brain.16,17 Despite these insights, the mechanisms by which

RIPK3 shapes the neuronal transcriptome during infection are

poorly understood, as are the ways in which engagement of

this pathway influences neuronal cell biology beyond inducing

antimicrobial gene expression.

Notably, aberrant neuronal activity appears to be a major

driver of pathogenesis during viral infections of the central

nervous system (CNS).18–22 Perturbations to excitatory neuro-

transmission mediated by glutamate have been linked to the

neurologic damage elicited by flaviviruses, including the major

human pathogens West Nile virus (WNV), Zika virus (ZIKV), and

Japanese encephalitis virus (JEV).23–26 Flavivirus-induced

enhancement of glutamate signaling results in excitotoxicity, a

process triggered by the excessive activation of ionotropic gluta-

mate receptors on neuronal cells. Excessive influx of calcium

ions through the N-methyl-D-aspartate receptor (NMDAR), in

particular, results in a cascade of events that culminates in

neuronal damage and death.27 While previous work has broadly

identified roles for innate immune cytokines in sensitizing

neurons to excitotoxicity,28,29 the mechanisms by which viral

infections shape neuronal excitability and, by extension,
AI training, and similar technologies.
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Figure 1. RIPK3 is a key regulator of neurologic gene expression during flavivirus infection

(A) Uniform manifold approximation and projection analysis of transcriptomic data from primary cortical neurons following 24 h infection with ZIKV or WNV. n = 3

independent cultures/condition.

(B–E) Volcano plots illustrating differential gene expression in neuronal cultures described in (A). Transcripts with significant changes (>1.5-fold change, adj.

p < 0.05) are highlighted: downregulated transcripts are shown in blue and upregulated in red. Values in (B) and (C) represent values in WT (Ripk3+/+) neurons

infected with ZIKV (B) or WNV (C) compared with uninfected WT control neurons. Values in (D) and (E) represent values in Ripk3�/� neuron cultures infected with

ZIKV (D) or WNV (E) compared with Ripk3+/+ cultures infected with the same virus. Selected genes associated with neurotransmission are annotated.

(F–I) Selected overrepresented GO terms obtained from GO enrichment analysis of DEGs between Ripk3�/� and Ripk3+/+ neurons infected with ZIKV or WNV,

highlighting alterations in immunological (F and G) and neurological pathways (H and I). All terms were overrepresented with an FDR < 0.05.

See also Figure S1.

ll
Article
susceptibility to excitotoxic cell death remain unclear. Such

insight is critically needed as modulation of neuronal activity

may represent an underexplored avenue of therapeutic develop-

ment for neuroinvasive flavivirus infections, which are associated

with a constellation of severe neurologic syndromes and for

which there are currently no disease-specific treatments.30,31

Here, we define an unexpected function for RIPK3 signaling in

suppressing neuronal excitability during flavivirus infection,

thereby promoting survival rather than cell death under excito-

toxic conditions. Using both conditional Ripk3 deletion and an

inducible chemogenetic RIPK3 activation system, we showed

that RIPK3 activity in neurons suppressed sensitivity to glutama-

tergic stimulation, thereby promoting neuronal viability and host

survival during both flavivirus infection and sterile excitotoxic

insults. Mechanistically, we showed that the neuroprotective

function of RIPK3 required the activity of calcium/calmodulin-

dependent protein kinase II (CaMKII), which was phosphorylated

in an RIPK3-dependent manner during flavivirus infection.

This RIPK3/CaMKII axis activated the transcription factor

cAMP response element-binding protein (CREB), which was

also required for RIPK3-mediated suppression of excitotoxicity.

We showed further that RIPK3-dependent engagement of

CREB promoted the expression of a neuroprotective transcrip-

tional program, identifying a mechanism of RIPK3-mediated

transcriptional regulation in neurons that is independent of nu-
clear factor-kB (NF-kB)-dependent inflammatory gene expres-

sion or MLKL-dependent necroptosis. Together, these findings

highlight mechanisms of neuroimmune crosstalk in which cell-

intrinsic innate immune signaling in neurons can regulate funda-

mental, non-immune aspects of neuronal function, including

neurotransmission.

RESULTS

RIPK3 is a key regulator of neurologic gene expression
during flavivirus infection
To investigate howRIPK3 shapes neuronal responses to flavivirus

infection, we performed secondary analysis of a transcriptomic

dataset previously published by our group and others13 in which

primary cortical neuron cultures derived from Ripk3�/� mice or

wild-type (Ripk3+/+) littermate controls were infected with either

ZIKV-MR766orWNV-TX02 for 24 h.Uniformmanifold approxima-

tion and projection (UMAP) analysis revealed tight and distinct

clustering that segregated samples by both genotype and infec-

tion status, suggesting clear RIPK3-dependent transcriptional re-

sponses to both viruses (Figure 1A). Further analysis revealed

robust differential gene expression in Ripk3+/+ neurons in

response to both ZIKV (Figure 1B) and WNV (Figure 1C),

which was predominated by upregulated transcripts. Notably,

Ripk3�/� neurons exhibited hundreds of differentially expressed
Immunity 58, 666–682, March 11, 2025 667
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genes (DEGs) comparedwith Ripk3+/+ controls following infection

with both viruses (Figures 1D and 1E). Among these DEGs were

key transcripts related to neurotransmission, including genes

associated with a-amino-3-hydroxy-5-methyl-4-isoxazolepro-

pionic acid receptor (AMPAR) trafficking (Igsf11), g-aminobutyric

acid (GABA) receptor subunits (Gabra1), and voltage-gated cal-

cium channels (Cacna1e). Given this apparent role for RIPK3 in

controlling genes involved in synaptic function, we performed

Gene Ontology (GO) enrichment analysis to systematically profile

the biological pathways impacted by RIPK3 during infection. GO

enrichment analysis of significant DEGs revealed overrepresenta-

tion of terms related to immune activation when comparing

Ripk3�/� neurons to Ripk3+/+ controls in both infection groups

(Figures 1F and 1G), consistent with our previous work demon-

strating a central role for RIPK3 in promoting innate immune

gene expression in neurons during flavivirus infection.13–15 How-

ever, these comparisons also revealed enrichment of GO terms

associated with neurologic functions, including terms such as

synaptic signaling, long-term potentiation, and neurotransmitter

release (Figures 1H, 1I, and S1). These data suggest that RIPK3

may shape features of neuronal cell biology that extend beyond

inflammatory signaling during viral infection.

RIPK3 signaling during flavivirus infection promotes
neuronal survival rather than cell death
Recent work has implicated glutamate-dependent excitotoxicity

in promoting neuronal death during flavivirus infection.20,25,32,33

We thus questioned whether the RIPK3-dependent neuronal

transcriptional response included genes relevant for glutamate

signaling. Ripk3�/� neurons indeed exhibited a complex pattern

of up- and downregulated transcripts related to glutamate

receptor signaling in both ZIKV and WNV infection groups (Fig-

ure 2A). To better understand the implications of these findings,

we performed pathogenesis studies using pharmacologic

agents that selectively antagonize the ionotropic glutamate re-

ceptors AMPAR and NMDAR, both of which mediate excitatory

neurotransmission by facilitating postsynaptic cation influx (Fig-

ure 2B). We first assessed survival in immunocompetent mice

following intracranial infection with ZIKV-MR766 (Figure 2C).

We observed that Ripk3�/� mice exhibited enhancement of clin-

ical disease and mortality in this model (Figures 2D and S2A),

consistent with our previous work.13 However, this effect could

be completely ameliorated via administration of the AMPAR

antagonist GYKI 5246634 (GYKI) daily on days 3–7 post infection.

We performed similar experiments in mice harboring neuron-

specific deletion of Ripk3 by crossing mice in which exons 2

and 3 of the endogenous Ripk3 locus are flanked by loxP sites35

(Ripk3fl/fl) to a line expressing Cre-recombinase under the control

of the Synapsin-1 (Syn1) promoter.36 Ripk3fl/fl Syn1 Cre+ mice

also exhibited enhanced clinical disease and mortality following

intracranial ZIKV or subcutaneous WNV infections compared

with littermate controls, and this phenotype could also be

ameliorated by treatment with GYKI (Figures 2E, 2F, S2B, and

S2C), suggesting that antagonism of excitatory glutamatergic

neurotransmission through AMPAR was sufficient to rescue

the enhanced mortality resulting from loss of neuronal RIPK3.

We observed similar results using the NMDAR antagonist

MK801,37 which rescued the enhanced disease burden and

mortality observed in ZIKV-infected Ripk3�/� mice (Figures 2G
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and S2D) as well as ZIKV or WNV-infected Ripk3fl/fl Syn1 Cre+

mice (Figures 2H, 2I, S2E, and S2F). We also confirmed success-

ful deletion of Ripk3 in neurons in Ripk3fl/fl Syn1 Cre+ animals via

fluorescent in situ hybridization (Figure S2G), further indicating

the importance of neuronal RIPK3 signaling in these phenotypes.

These findings support the idea that the enhanced viral

pathogenesis observed in mice lacking neuronal RIPK3 is driven

by excitotoxic glutamatergic neurotransmission.

To further test this idea, we assessed viability in primary

cortical neuron cultures following ZIKV-MR766 infection using

theMultiTox Cytotoxicity Assay, which simultaneouslymeasures

distinct protease activities associated with living and dead cells

using fluorogenic peptide substrates.38 Ripk3�/� neurons ex-

hibited diminished live-cell protease activity (AFC) and enhanced

dead cell protease activity (R110) following ZIKV infection (Fig-

ure 2J), demonstrating that RIPK3 signaling promoted survival

rather than cell death in this setting. GYKI treatment completely

abrogated loss of viability in infected neurons in both assays,

suggesting that the enhanced cell death occurring in the

absence of RIPK3 was dependent on AMPAR-mediated

glutamate signaling (Figure 2J). We observed essentially iden-

tical outcomes in experiments using the NMDAR antagonist

MK801 (Figure 2K) and further confirmed these results using a

traditional ATP-based viability assay (Figure S2H). Notably, we

did not observe any impact of genotype or glutamate receptor

blockade on brain viral burden in vivo (Figures S2I–S2L) or

ZIKV replication in primary neuron cultures (Figure S2M), sug-

gesting that the protective effects of these manipulations were

not due to direct suppression of viral replication.

We next questioned themanner in which neurons die following

flavivirus infection. Inhibition of the apoptotic effectors caspase

3 and caspase 7 with Z-DEVD prevented loss of viability at

24 h post-ZIKV infection in wild-type neuron cultures (Fig-

ure S2N). By contrast, inhibition of the pyroptosis effector cas-

pase 1 with Ac-YVAD did not impact neuronal cell death

following ZIKV infection. Additionally, inhibition of RIPK3 with

GSK872 resulted in enhanced neuronal cell death following

infection, and this effect was prevented by treatment with

Z-DEVD but not by Ac-YVAD. We also observed increased cas-

pase 3 activity following infection, which was further increased

by RIPK3 inhibition with GSK872 (Figure S2O), confirming that

RIPK3 restrains neuronal apoptosis during ZIKV infection.

Notably, pretreatment with MK801 prevented engagement of

caspase 3 activity, further suggesting that neuronal apoptosis

during ZIKV infection is primarily driven by NMDAR-dependent

excitotoxicity. We also confirmed that, while ZIKV induced

enhanced glutamate release in cultured neurons (consistent

with previous reports32), this effect did not differ between

Ripk3+/+ and Ripk3�/� cultures (Figure S2P), suggesting that dif-

ferences in survival were not driven by differential glutamate

release into culture media. Furthermore, we did not observe

differences between genotypes following sterile exposure

to varying concentrations of exogenous glutamate or NMDA,

indicating that Ripk3 deficiency alone does not alter

baseline sensitivity to glutamate- or NMDA-induced toxicity

(Figures S2Q and S2R). Collectively, these results support the

idea that flavivirus infection induces neuronal apoptosis via glu-

tamatergic excitotoxicity and that neuronal RIPK3 signaling sup-

presses this effect.



Figure 2. RIPK3 signaling during flavivirus infection promotes neuronal survival rather than cell death

(A) Heatmap depicting selected glutamatergic receptor signaling-associated genes derived from microarray profiling of primary cortical neurons following 24 h

infection with ZIKV or WNV.

(B) Schematic representation of glutamatergic signaling and inhibitors used in our study. Note sequential influx of Na+ through AMPA receptors (blocked byGYKI-

52466) and Na+/Ca2+ through NMDA receptors (blocked by MK801).

(C) Schematic representation of survival studies in which mice underwent either intracranial ZIKV or subcutaneous WNV infections. Animals were treated with

either saline, GYKI-52466 (1 mg/g), or MK801 (0.06 mg/g) on days 3–7 post infection.

(D–I) Survival analysis in mice following ZIKV or WNV infection with or without 5 daily treatments using GYKI-52466 (D–F) or MK801 (G–I). n = 6–13 mice per

genotype for ZIKV studies and N = 4–9 for WNV studies. All values are pooled from 2–3 independent experiments.

(J and K) MultiTox cell death assays: Live (AFC) and dead (R110) protease activities were measured in primary neuron cultures infected with ZIKV following

pretreatment with GYKI-52466 (J) or MK801 (K). Fluorescence for AFC is normalized to mock controls, and the percentage of maximum R110 response is

normalized to the group exhibiting the highest signal intensity at 24 h. n = 6 independent cultures per group/condition pooled from 2 independent experiments.

**p < 0.01, ***p < 0.001. Error bars represent SEM.

See also Figure S2.
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RIPK3 modulates neuronal excitability and promotes
neuroprotection during excitotoxicity
Previous work has shown that glutamate-induced excitotoxicity

is initiated by an overabundance of intracellular Ca2+ ions that
drive neuronal cell death.39–41 Increased cytoplasmic Ca2+ influx

via NMDARs has also been shown to drive neuronal cell death

during viral infection.32 We therefore questioned whether pro-

phylactic engagement of RIPK3 could suppress neuronal cell
Immunity 58, 666–682, March 11, 2025 669



Figure 3. RIPK3 modulates neuronal excitability and promotes neuroprotection during excitotoxicity

(A) Schematic of the Ripk3-2xFVfl/fl activation system. Transgene expression is controlled by a lox-STOP-lox element and is coupled with a non-fused mCherry

reporter. Treatment with B/B induces FV-mediated dimerization, activating RIPK3, which triggers subsequent protein phosphorylation and gene expression.

(B) Immunocytochemistry in primary neuron cultures displaying neuronal MAP2 (cyan) and mCherry (yellow) staining. Scale bar: 50 mm.

(C and D) MultiTox cell viability assay in Ripk3-2xFVfl/fl Nestin Cre+ neurons pretreated for 24 h with B/B, followed by exposure to ZIKV (C) or NMDA (D). Panels

report live (AFC) and dead (R110) protease activity, as indicated. n = 6 independent cultures per group/condition pooled from 2 independent experiments.

(E) NMDA-evoked Ca2+ dynamics in cortical neuron cultures following 24 h pretreatment with specified drugs, measured at 10-second intervals in the presence of

Brilliant Calcium Flex reagent. Right panel displays area under the curve (AUC) analysis. n = 6 independent cultures per group/condition pooled from 2 inde-

pendent experiments.

(F–J) Primary neurons from Ripk3-2xFVfl/flNestinCre+ mice were cultured onmicroelectrode arrays. Following 24 h treatment with either B/B or vehicle, neuronal

activity on individual arrays was recorded and analyzed (F). Representative raster plots displaying activity across individual electrodes over time are shown (G),

with quantitative analysis of normalized spike rates (H), Fano factor (I), and local network efficiency (J). n = 3 arrays per group, with each array containing 59

recording electrodes.***p < 0.001. Error bars represent SEM.

See also Figure S3.
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death during excitotoxic stimulation. We thus generated primary

cortical neuron cultures from mice expressing a chemogeneti-

cally activatable form of RIPK3 (RIPK3-2xFV)14 under the control

of the Nestin promoter (Ripk3-2xFVfl/fl Nestin Cre+). RIPK3-2xFV

proteins contain tandem FK506-binding protein (FKBP)F36V do-

mains that drive forced oligomerization and activation of RIPK3

following exposure to the dimerization drug B/B homodimerizer

(B/B) (Figure 3A). Using this system, we can induce sterile

activation of RIPK3 in the absence of any exogenous stimulus.

We validated the expression of RIPK3-2xFV by confirming the

expression of the reporter mCherry (Figures 3B and S3A) and

the induced expression of Cxcl10 (Figure S3B), which is strongly
670 Immunity 58, 666–682, March 11, 2025
induced by RIPK3 in a variety of settings.13,14,42 We pretreated

RIPK3-2xFV-expressing neuron cultures with B/B for 24 h, fol-

lowed by infection with ZIKV-MR766 and assessment of cell

viability. B/B pretreatment robustly suppressed cell death

induced by ZIKV infection, further supporting a pro-survival func-

tion of this molecule in neurons (Figure 3C). B/B pretreatment

also protected neurons from an excitotoxic dose of exogenous

NMDA, confirming that RIPK3 can directly impact the cellular

outcomes of glutamatergic receptor activation (Figure 3D). We

repeated these experiments using an alternative ATP-based

viability assay, confirming that B/B pretreatment was neuropro-

tective against both ZIKV and NMDA insults in Ripk3-2xFVfl/fl
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Nestin Cre+ neurons but not in Cre� cultures that lack RIPK3-

2xFV transgene expression (Figures S3C and S3D).

We next evaluated whether RIPK3 activation could modulate

NMDAR-dependent Ca2+ flux. We measured intracellular Ca2+

dynamics following a pulse stimulation with NMDA in neurons

expressing RIPK3-2xFV using a cell-permeable fluorometric

indicator (Brilliant Calcium). While vehicle-treated neurons ex-

hibited robust calcium flux in response to NMDA, this response

was diminished in neurons pretreated for 24 h with B/B (Fig-

ure 3E). This suppressive effect could be completely abolished

in the presence of a pharmacologic inhibitor of RIPK3 kinase ac-

tivity (GSK872), suggesting that RIPK3 kinase function was

required for this activity. Importantly, the effect of GSK872 did

not arise due to drug-induced changes in neuronal viability (Fig-

ure S3E). Calcium flux in this assay could also be completely

abolished in the presence of MK801, confirming that we were

measuring NMDAR-dependent activity. Notably, we observed

that a short 2 h pretreatment with B/B failed to suppress

NMDA-induced calcium flux, suggesting that this effect likely

does not occur via immediate RIPK3-mediated regulation of

NMDAR function but instead requires engagement of down-

stream signals that require more time to impact neuronal calcium

dynamics (Figure S3F). Together, these results indicate that

RIPK3 kinase activity is capable of suppressing NMDAR-depen-

dent Ca2+ flux in neurons.

To further establish whether RIPK3 activation could directly

impact neurotransmission, we cultured Ripk3-2xFVfl/fl Nestin

Cre+ neurons on microelectrode arrays (MEAs) and recorded

spontaneous network activity following 24 h treatment with

either B/B or vehicle control solution (Figure 3F). Notably, B/B-

treated cultures displayed a reduction in spontaneous spiking

activity (Figures 3G and 3H), suggesting a decrease in overall

neuronal excitability. Furthermore, spiking activity in B/B-treated

cultures exhibited less variability over time as quantified by the

Fano factor statistic (Figure 3I), indicating an overall decrease

in the complexity of spike activity within the neural network.

We also observed a decrease in local efficiency of signal trans-

mission in cultures treated with B/B (Figure 3J), consistent with

an overall diminishment of signal propagation and network

connectivity. These findings further support the idea that

RIPK3 activation directly modulates neurotransmission by

dampening synaptic activity, which may represent a mechanism

of neuroprotection under excitotoxic conditions.

RIPK3 activationmodulates neural activity in vivo during
flavivirus infection
To explore potential links between RIPK3 function and neural

excitability, we returned to our transcriptomic analysis of primary

neurons and performed ingenuity pathway analysis43 (IPA) to

assess how RIPK3 expression influenced the representation of

‘‘disease and function’’ terms related to neurotransmission. We

observed enhanced activation scores for many neurologic dis-

ease terms in Ripk3�/� neurons infected with either ZIKV or

WNV (Figure 4A). Notably, terms related to disordered neural ac-

tivity, such as seizure and epilepsy, were particularly enriched in

Ripk3�/� neurons following ZIKV infection, while other terms,

such as locomotion and movement disorders, were enriched

for both viruses. Further analysis revealed hundreds of DEGs

related to the seizure and epilepsy-associated IPA terms in
Ripk3�/�neurons following infectionwith both viruses (Figure 4B;

Table S1), suggesting that RIPK3 modulates a broad program of

genes related to neural excitation during flavivirus infection.

We next explored whether RIPK3 influences neuronal activity

during flavivirus infection in vivo using an established model of

chemically induced seizure in which mice are injected with

pentylenetetrazol44 (PTZ), a GABA type A receptor antagonist.

Following intracranial ZIKV infection, mice were subjected to

PTZ administration, and seizure severity was recorded using a

modified Racine scale45 (Figure 4C). We did not observe a

significant effect of genotype in mock-infected control groups;

however, infected Ripk3�/� mice demonstrated a significant

increase in seizure severity compared with infected littermate

controls, both in terms of the overall distribution of scores

within genotypes as well as the total proportion of mice reaching

a ‘‘severe’’ score of 4 or greater on the Racine scale (Figure 4D).

Identical experiments in neuron-specific Ripk3 knockout mice

revealed similar results (Figure 4E). Notably, infected mice with

intact Ripk3 exhibited reduced seizure severity compared with

their mock-infected counterparts, consistent with the idea that

engagement of RIPK3 during infection suppresses neuronal

excitation. We also observed that infected Ripk3�/� andRipk3fl/fl

Syn1 Cre+ mice exhibited reduced latencies in reaching succes-

sive stages along the seizure severity scale (Figures 4F and 4G),

while we did not detect genotype-dependent changes in seizure

latency in mock-infected groups (Figures S4A and S4B). Similar

experiments revealed no significant differences in PTZ-induced

seizure susceptibility between Mlkl�/� mice and Mlkl+/� litter-

mate controls following infection (Figures S4C–S4E), suggesting

that RIPK3-mediated suppression of seizure severity was inde-

pendent of MLKL-dependent mechanisms such as necroptosis,

in line with our previous work.13–15 Together, these data show

that RIPK3 activity within the infected CNS can suppress aber-

rant neural excitation in vivo.

RIPK3 signaling drives activation of the key neural
regulatory kinase CaMKII
We next sought to define downstream signaling mechanisms by

which RIPK3 modulates neuronal excitability. IPA of kinase net-

works putatively engaged by RIPK3 in primary neurons revealed

diminished activation of gene networks regulated by many

immunological kinases, including janus kinase (JAK) 1/2, IkB

kinase (IKK), and TANK-binding kinase 1 (TBK1), in Ripk3�/�

neurons following both ZIKV and WNV infection (Figure 5A),

consistent with established roles for RIPK3 in driving transcrip-

tion of inflammatory genes. However, we also noted that loss

of RIPK3 signaling was associated with diminished activation

of genes controlled by CaMKII. This molecule represented an

attractive mechanistic candidate in our study, as CaMKII, and

the CaMKIIa isoform in particular, is a well-established modu-

lator of a diverse array of processes related to neurotransmis-

sion, including glutamate receptor signaling, long-term potentia-

tion, and survival following neurotoxic insults.46,47 Recent work

also suggested that CaMKII may be a substrate of RIPK3 in car-

diomyocytes.48 To test whether RIPK3 activation leads to

CaMKIIa activation in neurons, we infected Ripk3fl/fl Syn1 Cre+

mice or Cre� controls with ZIKV and performed immunohisto-

chemistry on day 4 post infection, which revealed an increase

in neuronal pCaMKII (p-Thr286) signal intensity in the cerebral
Immunity 58, 666–682, March 11, 2025 671



Figure 4. RIPK3 activation modulates neural activity in vivo during flavivirus infection

(A) Ingenuity pathway analysis of significant DEGs derived from microarray profiling of primary neurons after 24 h infection with ZIKV or WNV.

(B) Heatmap showing selected DEGs associated with seizures and epilepsy. This gene set was generated using ingenuity pathway analysis based on the disease

and function terms identified in (A).

(C) Schematic depicting the protocol for inducing seizures with pentylenetetrazol (PTZ) 4 days after intracranial ZIKV infection, including a table explaining the

modified Racine scale of murine seizure stages.

(D and E) Proportion of mice reaching indicated behavioral seizure stages, with ‘‘severe’’ seizures defined as stage 4 or higher. n = 8–10 (D) or 10–22 (E) mice per

group. All data are pooled from 2–3 independent experiments.

(F and G) Latency time in seconds for infected mice to reach consecutive seizure stages as shown in (D) and (E). Linear regression was used to compare overall

rates of seizure progression between groups. Latency calculations end at stage 5 as proportionally too few control mice reach higher stages to include in the

regression analysis.*p < 0.05, **p < 0.01.

See also Figure S4.
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cortex of Cre� animals that was reduced in Cre+ mice lacking

neuronal Ripk3 (Figure 5B). By contrast, we did not observe dif-

ferences in pCaMKII signal intensity between genotypes in

mock-infected mice. We also performed in vivo negative selec-

tion purification of neurons from ZIKV-infected mice using mag-

netic activated cell sorting (MACS) (Figure 5C). CaMKII activity
672 Immunity 58, 666–682, March 11, 2025
was robustly enhanced in sorted neurons from infected Cre�

mice, while this effect was diminished in neuron-specific Ripk3

knockout mice (Figure 5D). We also observed enhanced

CaMKII activity in Ripk3+/� but not Ripk3�/� primary cortical

neurons infected with ZIKV, an effect that was also prevented

by treatment with the CaMKII inhibitor KN93 (Figure 5E). These



Figure 5. RIPK3 signaling drives activation of the key neural regulatory kinase CaMKII

(A) Ingenuity pathway analysis comparing kinase network activation in neurons infected with ZIKV or WNV.

(B) Immunohistochemistry on cortical brain tissue 4 days after intracranial ZIKV infection, with staining for NeuN (cyan) and p-Thr286 CaMKII (yellow). Colocalized

pCaMKII signal intensity in NeuN+ cells wasmeasured using QuPath software. n = 6mice per genotype/condition pooled from 2 independent experiments. Scale

bar: 50 mm.

(C and D) Schematic of the negative selection MACS protocol used to purify neurons from cerebral cortices 4 days following ZIKV infection (C). (D) Shows ELISA-

based detection of CaMKII activity in isolated cortical neurons.

(E) ELISA-based assay of CaMKII activity in primary cortical neuron cultures 24 h post-ZIKV infection.

(F) Immunohistochemistry on cortical brain tissue as described in (B) 4 h post vehicle or B/B treatment. n = 6 mice per treatment pooled from 2 independent

experiments. Scale bar: 50 mm.

(G) Schematic illustrating the pulldown assay of FLAG-tagged RIPK3-2xFV protein from cortical brain tissue derived fromRipk3-2xFVfl/fl Syn1Cre+ mice, 4 h after

B/B administration.

(H) Western blot analysis of phosphorylated (p)-CaMKII in the input and pulldown (PD) samples, with total (t)-CaMKII, p-CaMKII, and RIPK3 shown for com-

parison. Actin is used as a loading control. Blots are representative of 3 independent experiments.

(I) ELISA-based assay of CaMKII activity in Ripk3-2xFVfl/fl Nestin Cre+ primary cortical neuron cultures at indicated time points following treatment with B/B.

(legend continued on next page)
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data suggest that ZIKV infection in neurons engages the phos-

phorylation of CaMKII in a RIPK3-dependent manner.

We also performed complementary experiments using our

chemogenetic system to selectively activate neuronal RIPK3 in

the absence of infection. We generated mice expressing the ac-

tivatable RIPK3-2xFV protein under the Syn1 promoter (Ripk3-

2xFVfl/fl Syn1 Cre+) and confirmed neuron-specific expression

of the construct (Figure S5A). These mice were treated with

B/B or vehicle solution for 4 h, which resulted in a significant

increase in neuronal pCaMKII signal intensity in B/B-treated

animals but not vehicle-treated controls (Figure 5F). We next

leveraged the FLAG tag on the chimeric RIPK3-2xFV protein to

investigate potential interactions between RIPK3 and CaMKII.

We treated Ripk3-2xFVfl/fl Syn1 Cre+ mice with B/B for 4 h then

harvested cerebral cortices and performed protein pulldown of

RIPK3-2xFV using beads coated with anti-FLAG antibodies (Fig-

ure 5G). Western blot confirmed the expression of the RIPK3-

2xFV protein as well as highly efficient pulldown in both treat-

ment groups (Figures 5H and S5B). Notably, we again observed

that chemogenetic activation of RIPK3 induced CaMKIIa activa-

tion, as evidenced by detection of p-CaMKIIa following B/B

treatment. Moreover, we observed substantial pulldown of

RIPK3-2xFV with both total and phosphorylated CaMKIIa when

RIPK3 activation was enforced with B/B, suggesting that

CaMKIIa may be a direct substrate of RIPK3 kinase activity, or

that the proteins interact indirectly in a complex that ultimately

drives CaMKIIa phosphorylation. To further test this idea, we as-

sessed CaMKII activity following sterile RIPK3 activation with

B/B in Ripk3-2xFVfl/fl Nestin Cre+ primary neuron cultures. We

observed a time-dependent increase in CaMKII activity that

peaked 4 h following B/B administration (Figure 5I) and was

abolished by co-treatment with the CaMKII inhibitor KN93 or

GSK872, suggesting that RIPK3 kinase activity is required to

drive CaMKII activation in this setting.

We also assessed whether engagement of CaMKII was

required for RIPK3-dependent modulation of neuronal physi-

ology. We first assessed calcium flux dynamics by treating

Ripk3-2xFVfl/fl Nestin Cre+ neuron cultures overnight with B/B

in the presence of either of two CaMKII inhibitors, including

KN93 and a cell-permeable CaMKII-specific inhibitory peptide

(AIP), which were used at concentrations that did not impact

neuronal viability (Figure S5C). Inhibition of CaMKII activity with

either reagent prevented suppression of calcium flux in B/B-

treated neurons (Figures 5J and 5K). We also evaluated

NMDA-induced excitotoxicity in Ripk3-2xFVfl/fl Nestin Cre+ neu-

rons pretreated with B/Bwith or without KN93 using theMultiTox

Cytotoxicity Assay, observing that pharmacologic inhibition of

CaMKII abrogated the pro-survival effect of enforced RIPK3 acti-

vation (Figure 5L). Together, these data suggest that CaMKII is

required for the neuroprotective functional outcomes of RIPK3

activation in neurons.
(J and K) NMDA-evoked Ca2+ dynamics in cortical neuron cultures following 24

presence of Brilliant Calcium Flex reagent. Right panel displays AUC analysis.

experiments.

(L) MultiTox cell viability assay in Ripk3-2xFVfl/fl Nestin Cre+ neurons treated with

(AFC) and dead (R110) protease activity. n = 6 independent cultures per group/co

bars represent SEM.

See also Figure S5.
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RIPK3/CaMKII signaling promotes neuroprotection
through engagement of CREB and de novo transcription
To better understand how RIPK3/CaMKII signaling axis pro-

motes neuroprotection against excitotoxicity, we next interro-

gated how this pathway shapes neuronal gene expression.

Notably, CaMKII is known to influence neural physiology in large

part through its activation of the transcription factor CREB.49,50

CREB phosphorylation at Ser133 by CaMKII initiates a transcrip-

tional response that promotes neuroprotection subsequent to

NMDAR activation.27,51 We therefore hypothesized that RIPK3-

CaMKII signaling culminates in CREB-mediated transcriptional

responses. To test this idea, we performed immunohistochem-

ical staining for p-Ser133 CREB (pCREB) 4 days following intra-

cranial ZIKV infection. We observed a significant increase in

neuronal pCREB signal intensity in the cerebral cortices of con-

trol mice following ZIKV infection, which was diminished in mice

lacking neuronal RIPK3 (Figure 6A). By contrast, no differences

in pCREB signal intensity were observed between genotypes

in mock-infected animals. We also assessed CREB activation

using an ELISA-based assay in which phosphorylated CREB is

captured on plates coated with the cAMP response element

DNA sequence, enabling colorimetric detection (Figure 6B).

This assay revealed enhanced CREB phosphorylation in

magnetically sorted neurons from ZIKV-infected control mice

but not those lacking neuronal RIPK3 (Figure 6C). Further exper-

iments showed that ZIKV infection also resulted in enhanced

CREB phosphorylation in Ripk3+/� but not Ripk3�/� cortical

neuron cultures and that ZIKV-induced CREB phosphorylation

was prevented in the presence of KN93 (Figure 6D). We similarly

observed diminished activation of CREB in infected neurons

treated with GSK872 (Figure S6A), as well as in neurons in which

Camk2a or Creb1 were knocked down using small interfering

RNA (siRNA) (Figure S6B), suggesting that ZIKV infection drives

neuronal CREB activation in a manner that requires the kinase

activities of both RIPK3 and CaMKII. We also confirmed that

siRNA knockdown of Camk2a or Creb1 was sufficient to exacer-

bate neuronal cell death following ZIKV infection (Figure S6C).

Complementary experiments revealed that sterile chemogenetic

activation of RIPK3 could also induce neuronal CREB phosphor-

ylation in littermate control mice but not in those lacking neuronal

RIPK3 (Figure 6E). In vitro experiments using Ripk3-2xFVfl/fl Nes-

tin Cre+ cortical neuron cultures also showed that B/B treatment

resulted in enhanced CREB activation (Figure 6F) that was abol-

ished in the presence of GSK872 or KN93. Together, these data

strongly suggest a signaling pathway in which RIPK3 drives suc-

cessive signaling events involving CaMKII activation followed by

CREB activation in neurons.

We thus next explored the role of CREB in modulating RIPK3/

CaMKII-mediated calcium flux after NMDApulse stimulation.We

observed that the CREB inhibitor 666-15 abrogated the suppres-

sive effect of B/B treatment on neuronal calcium flux in response
h pretreatment with specified drugs, measured at 10-second intervals in the

n = 6 independent cultures per group/condition pooled from 2 independent

B/B homodimerizer for 24 h, followed by exposure to NMDA. Panels report live

ndition pooled from 2 independent experiments. **p < 0.01, ***p < 0.001. Error



Figure 6. RIPK3/CaMKII signaling promotes neuroprotection through engagement of CREB and de novo transcription
(A) Immunohistochemistry on cortical brain tissue 4 days post intracranial ZIKV infection, with staining for NeuN (cyan) and phospho p-Ser133 CREB (yellow).

Colocalized pCREB signal intensity in NeuN+ cells was measured using QuPath software. n = 6 mice per genotype/condition pooled from 2 independent ex-

periments. Scale bar: 50 mm.

(B and C) Schematic of the negative selection MACS protocol used to purify neurons from cerebral cortices 4 days following ZIKV infection (C).

(D) ELISA detection of pCREB in cortical neuron cultures 24 h following ZIKV infection. n = 3 independent cultures per genotype/condition.

(E) Immunohistochemistry on cortical brain tissue as described in (A) 4 h post B/B treatment. n = 6 mice per treatment pooled from 2 independent experiments.

Scale bar: 50 mm.

(F) Detection of pCREB in Ripk3-2xFVfl/fl Nestin Cre+ neuron cultures 4 h following treatment with B/B and specified inhibitors. n = 3 independent cultures per

genotype/condition.

(G) NMDA-evokedCa2+ dynamics in cortical neuron cultures following 24 h pretreatment with specified drugs,measured at 10-second intervals in the presence of

Brilliant Calcium Flex reagent. Right panel displays AUC analysis. n = 6 independent cultures per group/condition pooled from 2 independent experiments.

(legend continued on next page)
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to NMDA, suggesting that CREB-mediated transcription is

required for this effect (Figure 6G). By contrast, neither of the

two inhibitors of nuclear factor kB (NF-kB) influenced RIPK3-

mediated suppression of neuronal calcium flux (Figures S6D

and S6E), suggesting that modulation of neurotransmission is

likely not a nonspecific effect of RIPK3-dependent inflammatory

activation in neurons. We also observed that blockade of CREB

activation with 666-15 prevented the neuroprotective effect of

RIPK3 activation in RIPK3-2xFV expressing neuron cultures

following exposure to a toxic NMDA stimulus (Figures 6H and

S6F). To more firmly establish whether RIPK3-mediated neuro-

protection required de novo transcription and translation, we

performed cell viability experiments in which RIPK3 was chemo-

genetically activated in the presence of the transcription inhibitor

actinomycin D or the translation inhibitor cycloheximide at con-

centrations that were not intrinsically toxic to cultured neurons

(Figure S6G). These experiments showed that inhibition of either

process abrogated the ability of RIPK3 activation to suppress

NMDA-induced neuronal cell death (Figures 6I and 6J).

Together, these data support a model in which RIPK3 preserves

neuronal survival through engagement of CaMKII-dependent

activation of CREB, which induces expression of transcriptional

targets that promote neuroprotection during excitotoxic insults.

RIPK3 activation induces a CaMKII- and CREB-
dependent neuroprotective transcriptional program
To further assess how the RIPK3/CaMKII/CREB pathway

influences neuronal transcription, we performed bulk RNA

sequencing (RNA-seq) of primary cortical neuron cultures ex-

pressing RIPK3-2xFV treated for 24 h with B/B or ethanol vehicle

in the presence of KN93, 666-15, or DMSO vehicle. Chemoge-

netic activation of RIPK3 robustly altered the neuronal transcrip-

tome, as indicated by 6,313 significant DEGs (Figure 7A).

Notably, B/B treatment impacted a much smaller set of tran-

scripts in the presence of KN93 compared with inhibitor-

matched control cultures (1,953 DEGs), suggesting that a large

proportion of the RIPK3-dependent transcriptional response

was dependent on CaMKII function (Figure 7B). Inhibition of

CREB using 666-15 had a comparatively smaller impact

compared with blockade of CaMKII but nevertheless substan-

tially decreased the number of significant DEGs induced by

B/B (4,572 DEGs) (Figure 7C). These data suggest that CREB

is likely only one of potentially many targets of CaMKII activity

downstream of RIPK3 activation in neurons. However, given

our functional data demonstrating a requirement for CREB in

RIPK3-mediated neuroprotection, we sought to further charac-

terize the CREB-dependent portion of the transcriptomic shift

induced by B/B. IPA revealed that B/B treatment altered several

pathways with relevance to our study, including terms related to

Ca2+ influx and abundance, as well as epilepsy and neurotrans-

mitter quantity (Figure 7D). By contrast, these transcriptional

shifts were notably blunted in the setting of either CaMKII or

CREB inhibition and, indeed, RIPK3 activation even activated

rather than suppressed genes associated with Ca2+ mobilization
(H–J)MultiTox cell viability assay inRipk3-2xFVfl/flNestinCre+ neurons treatedwith

novo transcription (I), or de novo translation (J), followed by exposure to NMDA.

cultures per group/condition pooled from 2 independent experiments. *p < 0.5, *

See also Figure S6.
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in the presence of either inhibitor. Further analysis of additional

gene modules relevant to our functional studies revealed that

RIPK3 activation suppressed representative genes whose

expression is induced in an activity-dependent manner (Fig-

ure 7E), as well as genes related to glutamate receptor signaling

(Figure 7F), and epilepsy/seizures (Figure 7G). By contrast,

expression within these gene modules was markedly higher in

the presence of KN93, while 666-15 treatment resulted in inter-

mediate expression that was nevertheless higher than that

observed in cultures treated with B/B and no inhibitor. A

converse phenotype was observed in gene modules related to

the suppression of cell death (Figure 7H) and neuroprotection

(Figure 7I), which were strongly upregulated by B/B alone but

were less so when either CaMKII or CREB was inhibited.

Notably, expression of the top DEGs associated with inflamma-

tory signaling in our analysis was not impacted by either CaMKII

or CREB inhibition (Figure S7A), suggesting that the CaMKII/

CREB-mediated arm of RIPK3 signaling is not directly involved

in the traditional inflammatory outputs of this pathway. These

patterns of expression are all consistent with the idea that

RIPK3 activation suppresses genes associated with neuronal

excitation and supports expression of genes associated with

neuroprotection, in a strongly CaMKII-dependent manner and

at least partially in a CREB-dependent manner.

Given these results, we performed additional pathogenesis

studies to confirm that RIPK3-mediated neuroprotection was

dependent on CREB in vivo. Ripk3-2xFVfl/fl Syn1 Cre+ mice

were infected with ZIKV, followed by intracerebroventricular

(i.c.v.) administration of B/B simultaneously with a CaMKII inhib-

itor (AIP) or CREB inhibitor (666-15) on day 3 post infection (Fig-

ure 7J). Chemogenetic activation of neuronal RIPK3 conferred

significant protection from ZIKV infection, as B/B treatment re-

sulted in enhanced survival and diminished clinical disease

following infection in Ripk3-2xFVfl/fl Syn1 Cre+ mice (Figures 7K

and S7B) but not in Cre� littermate controls (Figure S7C). Co-

treatment with inhibitors of either CaMKII or CREB abrogated

the protective effects of enforced RIPK3 activation in neurons.

Notably, we did not detect differences in CNS viral burden due

to these treatments, suggesting that CaMKII and CREB do not

exert neuroprotection through direct suppression of viral replica-

tion (Figure S7D). Together, these results suggest that the

CaMKII- and CREB-dependent outputs of RIPK3-mediated tran-

scriptional activation are required to promote host survival dur-

ing flavivirus encephalitis.

DISCUSSION

Recent work has uncovered complex and nuanced roles for im-

mune signaling in the modulation of neural activity. For example,

social behavior has been shown to invoke JAK/STAT-mediated

transcription that controls neural activity, suggesting evolutionary

links between canonical immune and neurologic signaling path-

ways.52 More recently, the molecular basis of memory formation

has also been shown to involve innate immune sensing of
B/B homodimerizer for 24 hwith or without indicated inhibitors of CREB (H), de

Panels report live (AFC) and dead (R110) protease activity. n = 6 independent

*p < 0.01, ***p < 0.001. Error bars represent SEM.



Figure 7. RIPK3 activation induces a CaMKII- and CREB-dependent neuroprotective transcriptional program

(A–I)Ripk3-2xFVfl/flNestinCre+ cortical neuron cultures were treated with indicated drugs for 24 h and then subjected to bulk RNA sequencing. n = 3 independent

cultures per group/condition. (A–C) Volcano plots showing significant DEGs. Data points in red exhibit upregulated expression, while those in blue exhibit

downregulated expression. Genes with FDR < 0.05 were considered significant. (D) Selected significantly enriched IPA terms showing activation scores within

each of the indicated comparisons. (E–I) Heatmaps showing selected significant DEGs associated with indicated pathways. Data are expressed as Z scores of

log2-fold change values within each comparison.

(J) Schematic showing treatment paradigm in which Ripk3-2xFVfl/fl Syn1 Cre+ mice were intracranially infected with ZIKV. On day 3 post infection, mice received

i.c.v. injection of indicated drugs.

(K) Survival analysis of mice in indicated treatment groups. n = 5–8 animals/group pooled from 2 independent experiments.*p < 0.05.

See also Figure S7.

ll
Article
endogenous genomic damage induced by neural activity.53 In the

context of disease, pathogen sensors and inflammatory cytokines

have been implicated in a variety of neurologic and behavioral out-

comes,54–58 including sickness behavior,59–61 and inflammation

generally is known to drive pathologic processes in neurons,

including aberrant synaptic pruning,6,62,63 excitotoxicity,23,64,65

and epileptogenesis.66,67 Our results describe a nexus of neuro-

immune signaling in which activation of RIPK3 dampens neuronal

excitability, which in turn promotes survival in the presence of ex-

citotoxic concentrations of glutamate during CNS viral infection.

These results add an additional dimension to the idea of neuroim-

mune control of neurotransmission by demonstrating a physiolog-

ical role for this process in host protection and the suppression of

viral neuropathogenesis.

Our work also adds valuable insight to our understanding of

innate immunity in neurons, whose unique and vital roles in

organismal health necessitate tight regulation of cell fate and
survival. Extensive previous work has shown that neurons are

resistant to programmed cell death68 and that the cell-death-in-

dependent functions of RIPK3 promote control of CNS viral

infection by driving immunological gene expression.13–15 Here,

we define a more extensive role for RIPK3 in controlling neuronal

biology, including unexpected functions in regulating excitatory

neurotransmission. The potential for the pleiotropic kinase

CaMKII69–71 to be a direct substrate of RIPK3 in neurons (and

other cell types) suggests a host of additional roles for RIPK3

and related proteins in regulating aspects of cell biology that

extend beyond canonical immune and/or cell death processes.

Whether these putative non-canonical functions of RIPK3 repre-

sent a specific evolutionary adaptation of this pathway in neu-

rons is unknown, and an alternative hypothesis is that regulation

of cell biology via transcriptional control represents the more

evolutionarily ancient function of this protein that has, perhaps,

been obscured by the later development of RIPK3-driven cell
Immunity 58, 666–682, March 11, 2025 677
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death in the necroptosis-susceptible cell types in which this

pathway has been traditionally studied.

In either case, the exact mechanisms that protect neurons

from necroptosis during RIPK3 activation remain to be discov-

ered. Notably, recent work has shown that overexpression of

MLKL in cortical neurons does not render them susceptible to

necroptosis,72 suggesting the existence of particularly strong

regulators that restrain MLKL-driven cell death in neurons.

Others have noted potential mechanisms that may underlie

neuronal resistance to necroptosis, such as endosomal sorting

complexes required for transport-III (ESCRT-III)-mediated

exocytosis of MLKL and membrane repair.72,73 Our results

showing strong engagement of CREB following RIPK3 activation

provide an additional possibility, especially given the well-estab-

lished roles for CREB target genes in preserving neuronal

viability across a broad variety of insults.49,74–76 Notably, CREB

is known to suppress apoptosis through several mechanisms,

such as upregulation of pro-survival B-cell lymphoma 2

(BCL-2) family proteins,77,78 and thus may actively suppress

necroptosis through transcriptional control of programmed cell

death regulatory proteins. CREB has also been shown to sup-

press the transcriptional activity of NF-kB,79,80 which itself is

intricately linked with both RIPK signaling and cell survival, and

thus this connection may also provide clues concerning the

unique properties of RIPK3 signaling in cell types such as neu-

rons in which CREB is highly active.

Finally, our findings also provide insight into the central role of

aberrant neural excitation in the pathogenesis of viral encephali-

tis. While RIPK3 signaling appears to represent an endogenous

mechanism of neuroprotection during flavivirus-induced neuro-

toxicity, this phenomenon supports the idea that pharmacologic

interventions that suppress glutamatergic neurotransmission

and/or engage CREB-dependent neuroprotection may have

therapeutic potential during neuroinvasive flavivirus infection,

particularly during acute encephalitis.23 The role of hyperexcita-

tion in neuronal cell death during these infections also raises the

possibility that non-pharmacologic strategies such as neuromo-

dulation81,82 may have some benefit, though testing this

hypothesis will require extensive mechanistic study. In any

case, identifying strategies to preserve CNS health during flavivi-

rus infections is of critical importance given the significant and

growing burden flaviviruses pose to global public health.

Flaviviruses, including WNV and ZIKV, continue to circulate on

multiple continents and are likely to continue causing recurrent

epidemics in coming years.83,84 Moreover, climate change

continues to increase the endemic range of the mosquito

vectors that transmit several medically significant flaviviruses

to areas where they are not currently present.85 As numerous

other emerging flaviviruses are both neurovirulent and possess

epidemic potential,31 continued work aimed toward understand-

ing mechanisms of neuropathogenesis and neuroprotection

during flavivirus infection is especially urgent.

Limitations of the study
Ongoing work will be needed to address some limitations of this

study. For example, known structural differences between

mouse and human RIPK386 raise the possibility that human

RIPK3 may interact with CaMKII or other neurotransmission-

related effectors in ways not fully captured by our current
678 Immunity 58, 666–682, March 11, 2025
system. Moreover, although our results indicate that RIPK3 pro-

motes CaMKII activation, we cannot exclude the possibility that

CaMKII is recruited as part of a larger protein complex (such as

the necrosome87) rather than serving as a direct substrate for

RIPK3. Distinguishing these scenarios will require additional

biochemical and structural studies (e.g., co-immunoprecipita-

tion, in vitro kinase assays, or advanced imaging techniques)

to clarify the precise mechanistic interactions between these

molecules. Finally, while our data suggest a role for RIPK3 in

directly modulating neuronal activity, more direct measures of

neurotransmission, including in vivo electrophysiological record-

ings, would provide more definitive evidence of this effect. Such

experiments are technically challenging to perform under the

biocontainment required whenworkingwith flaviviruses. Howev-

er, overcoming such limitations will be required to study the

impact of CNS infection on neuronal activity with maximum rigor

in the future.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Chicken anti-MAP2 Thermo Fisher Scientific Cat# PA1-16751, RRID:AB_2138189

Chicken anti-Actin Sigma-Aldrich Cat# SAB3500350, RRID:AB_10638013

Chicken anti-S100b Synaptic Systems Cat# 287006, RRID:AB_2713986

Guinea Pig anti-NeuN Synaptic Systems Cat# 266004, RRID:AB_2619988

Mouse anti-CaMKIIa Thermo Fisher Scientific Cat# MA1-048, RRID:AB_325403

Rabbit anti-mCherry Rockland Cat# 600-401-P16, RRID:AB_2614470

Rabbit anti-RIPK3 Cell Signaling Cat# 95702S, RRID:AB_2721823

Rabbit anti-Phospho CaMKIIa Thermo Fisher Scientific Cat# PA1-4614, RRID: AB_2259386

Rabbit anti-Phospho CREB Thermo Fisher Scientific Cat# MA5-11192, RRID:AB_10986840

Rat anti-GFAP Thermo Fisher Scientific Cat# 13-0300, RRID:AB_86543

Goat anti-rabbit 488 secondary Thermo Fisher Scientific Cat# A32731, RRID:AB_2633280

Goat anti-chicken 488 secondary Thermo Fisher Scientific Cat# A-11039, RRID: AB_2762843

Goat anti-rat 488 secondary Thermo Fisher Scientific Cat# A-11006, RRID:AB_141373

Goat anti-rabbit 594 secondary Thermo Fisher Scientific Cat# A-11012, RRID: AB_2534079

Goat anti-guinea pig 594 secondary Thermo Fisher Scientific Cat# A-A11076, RRID:AB_141930

Goat anti-guinea pig 647 Thermo Fisher Scientific Cat# A21450, RRID:AB_141882

Goat anti-rabbit IRDye 800CW secondary LicorBio Cat# 925-32218, RRID:AB_2814922

Goat anti-mouse IRDye 800CW secondary LicorBio Cat# 925-32210, RRID:AB_2687825

Donkey anti-chicken IRDye 680RD

secondary

LicorBio Cat# 926-68075, RRID:AB_10974977

Bacterial and virus strains

Zika Virus MR766 (Uganda) WRCEVA NR-50065

West Nile Virus Bird 114 Bobby Brooke Herrera PMID: 20580395

Chemicals, peptides, and recombinant proteins

Ac-YVAD Invivogen inh-yvad

GSK 872 GlaxoSmithKline N/A

666-15 Sigma-Aldrich 5383410001

Actinomycin D ThermoFisher BP606-5

AIP Bio-Techne Cat #5959

AP1 (BB Homodimerizer) Clontech Cat# 635069

BAY 11-7085 Bio-Techne Cat # 1743

Cycloheximide Sigma-Aldrich 1810

DAPI ThermoFisher Cat# 62248

DharmaFECT1 Dharmacon T-2005-01

GYKI-52466 Sigma-Aldrich G119

JSH-23 Selleckchem Cat # S7351

KN93 Sigma-Aldrich K1385

MK801 Sigma-Aldrich M107

Pentylenetetrazole (PTZ) Sigma-Aldrich P6500

ProLong Diamond AntiFade Thermo Fisher Scientific Cat# P36970

siRNA a-Camk2a SMARTPool Dharmacon L-059173-00-0005

siRNA a-Creb1 SMARTPool Dharmacon L-040959-01-0005

siRNA Non-targeting Control Pool Dharmacon D-001810-10-05

Z-DEVD Bio-Techne FMK004

(Continued on next page)

Immunity 58, 666–682.e1–e6, March 11, 2025 e1



Continued
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Critical commercial assays

MultiTox-Fluor Multiplex Cytotoxicity Assay Promega Cat # G9201

Brilliant Calcium Flex Ion Biosciences 10000-10

Adult Brain Dissociation Kit, mouse and rat Miltenyi Biotec Cat #130-107-677

Creb transcription factor assay kit

(p-Ser133)

Cayman Chemical Item No. 10009846

CellTiter-Glo 2.0 Cell Viability Assay Promega G9241

mMACS and MultiMACS DYKDDDDK

Isolation Kits

Miltenyi Biotec Cat #130-101-636

Quigen Rneasy Mini Qiagen #74106

qScript cDNA Synthesis kit Quantabio #95047

CycLex� CaM-kinase II assay kit CycLex Code # CY-1173

Caspace-3 Colorimetric assay kit R&D Systems Cat # K106-100

MultiTox-Fluor Multiplex Cytotoxicity Assay Promega Cat # G9201

Deposited data

Microarray data NCBI Gene Expression Omnibus GEO: GSE122121

RNA sequencing data NCBI Gene Expression Omnibus GEO: GSE264436

Experimental models: Cell lines

Vero E6 UTMB N/A

Experimental models: Organisms/strains

C57BL/6J Jackson Laboratories 000664

Ripk3-/- Genentech N/A

Ripk3fl/fl Genentech N/A

Ripk3-2xFVfl/fl Oberst Lab N/A

Syn1 Cre Jackson Laboratories 003966

Nestin Cre Jackson Laboratories 003771

Mlkl-/- Oberst Lab N/A

Oligonucleotides

See Tables S2 and S3

Software and algorithms

Prism version 10 GraphPad Software graphpad.com; RRID:SCR_002798

Excel Microsoft Corporation microsoft.com/en-us/; RRID:SCR_016137

IPA QIAGEN Silicon Valley www.qiagen.com/us; RRID:SCR_008653

MATLAB MathWorks www.mathworks.com/; RRID:SCR_001622

QuPath QuPath qupath.readthedocs.io/en/0.5/;

RRID:SCR_018257
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EXPERIMENTAL MODELS AND STUDY PARTICIPANT DETAILS

Mouse lines
Ripk3-/-,88 Mlkl-/-,89 Ripk3fl/fl,35 Ripk3-2xFVfl/fl,14 Syn1-Cre (JAX strain 003966), and Nestin-Cre (JAX strain 003771) mice in this study

were bred and housed under specific-pathogen free conditions in Nelson Biological Laboratories at Rutgers University. All lines were

congenic to the C57BL/6J background (JAX strain 000664). For most experiments using whole-animal knockout lines, heterozygus

littermates were used as controls. We note that Ripk3+/- and Mlkl+/- animals do not exhibit haploinsufficiency and are routinely used

as littermate controls in studies.90–92 Primer sequences used to genotype all transgenic mouse lines are listed in Table S2. PCR was

conducted using Platinum Taq DirectPCR and Lysis buffer (Invitrogen) using genomic DNA extracted from ear tissue following stan-

dard procedures. All mouse studies were performed in 8-12 week old animals of both sexes, following protocols approved by the

Rutgers University Institutional Animal Care and Use Committee (IACUC). We did not observe any sexually dimorphic phenotypes

in any of the experiments reported in this study.
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Viruses and virologic assays
ZIKV strain MR766 was provided by the World Reference Center for Emerging Viruses and Arboviruses (WRCEVA). WNV strain

WN02-Bird 11493 was generously provided by Dr. Bobby Brooke Hererra (Rutgers RobertWood JohnsonMedical School). Vero cells

(ATCC #CCL-81) were used to propagate the virus and maintain viral stocks. These cells were cultured in DMEM (Corning #10-013-

CV) enriched with 10% heat-inactivated fetal bovine serum (FBS) (Gemini Biosciences #100-106), 1% penicillin-streptomycin-gluta-

mine (Gemini Biosciences #400-110), 1% amphotericin B (Gemini Biosciences #400-104), 1% non-essential amino acids (Cytiva

#SH30238.01), and 1% HEPES buffer (Cytiva SH30237.01). Viral titers were quantified using a plaque assay on the cultured Vero

cells. The basal medium for the assay was 1X EMEM (Lonza #12-684F), supplemented with 2% heat-inactivated FBS, 1% peni-

cillin-streptomycin-glutamine, 1% amphotericin B, 1% non-essential amino acids, 1% HEPES, 0.75% sodium bicarbonate (VWR

#BDH9280), and 0.5% methyl cellulose (VWR #K390) to form the overlay medium. At 4 days post-infection, the overlay media

was removed and cells were fixed/stained using 10% neutral buffered formalin (VWR #89370) and 0.25% crystal violet (VWR

#0528) to visualize and count plaques.

Cell culture and infection
Primary cerebral cortical neuronswere derived fromE15mouse embryos as previously described.15 Neural tissuewas harvested and

processed using a Neural Tissue Dissociation Kit-T (Miltenyi, #130-093-231) using both male and female embryos. Neurons were

seeded onto multi-well plates that had been pre-coated with 50mg/mL Poly-D-lysine (Thermo Fisher Scientific, #A3890401). Cultures

were sustained in Neurobasal-Plus Medium (Thermo Fisher Scientific, #A3582901), enhanced with B-27-Plus supplement (Thermo

Fisher Scientific, #A3582801). Cell culture viability and other assay experiments were performed at 14days in vitro (DIV) and RNA-seq

at 21DIV. For ZIKV infection experiments, neuronal cultures were infected at a multiplicity of infection (MOI) of 0.1.

METHOD DETAILS

Transcriptomic analysis
Transcriptomic analysis was performed using two distinct data sets. The first was a microarray analysis previously published by us

and others using primary cortical neuron cultures derived from both Ripk3+/+ and Ripk3-/- mice infectedwith ZIKV-MR766 orWNV-TX

for 24 hours (GEO accession number: GSE122121). The second was a new analysis derived from bulk-RNA sequencing of primary

cortical neurons expressing RIPK3-2xFV. Neurons were treated with B/B or vehicle solution in the presence of KN93, 666–15, or

control solution for 24 hours prior to harvest. Library preparation and Next Generation Sequencing was performed by Azenta Life

Sciences (Piscataway, NJ). RNA yield and sample quality were assessed using Qubit (Invitrogen) and TapeStation (Agilent).

Sequencing was performed on the Illumina HiSeq platform using 2 x 150-bp paired-end reads. Sequence reads were cleaned of

adapters and low-quality sections, deduplicated, and aligned to themouse reference genome via the STAR aligner. Gene expression

quantification was carried out by counting unique sequences within gene exons. Differentially expressed genes were identified using

DESeq2. The GEO accession number for this dataset is GSE264436.

Mouse infections and tissue harvesting
Intracranial infections were carried out by injecting 10 plaque-forming units (PFU) of ZIKV in 10 ml of Hank’s Balanced Salt Solution

(HBSS) into the third ventricle of the brain. Subcutaneous infections were performed by injecting 10^3 PFU of WNV in 50 ml of HBSS

into the rear footpad. ZIKV infections were performed intracranially as wildtype mice are generally resistant to peripheral ZIKV infec-

tion,94,95 while peripheral WNV infection with the North American strains used in our study is sufficient to induce clinical neurologic

disease.93 For clinical monitoring, infected mice were weighed and observed daily for signs of disease, following established proto-

cols. Mice were euthanized if they became moribund or lost more than 20% of their initial body weight.14 At designated time points

post-infection, mice were perfused with 30 mL of cold phosphate-buffered saline (PBS) or 4% paraformaldehyde (PFA) for tissue

fixation, depending on the downstream analysis. PBS-perfused tissues were either processed for adult neuron isolation using mag-

netic-activated cell sorting (MACS) (Miltenyi Biotec, 130-126-602), used for protein pulldown with the Miltenyi mMACS FLAG-protein

isolation kit (Miltenyi Biotec, 130-101-591), or preserved in TRI Reagent (Zymo Research, #R2050-1) for gene expression analysis.

Tissues perfused with 4% PFA were processed for immunofluorescence studies.

Cell Death Assays
Cell viability was evaluated using two distinct methods: the MultiTox Cytotoxicity Assay (Promega, G9201) and the ATP-based

CellTiter-Glo Assay (Promega, G7573). The MultiTox Cytotoxicity Assay simultaneously measures live cell (AFC) and dead cell

(R110) protease activities within each culture well, providing two complementary data points. AFC signal was normalized to group

means of mock or vehicle controls within experiments, while R110 signal were normalized as a percentage of themaximum response

observed among groups within a given experiment. The CellTiter-Glo Assay determines cellular ATP concentration, serving as an

indicator of metabolically active cells. The luminescence output, reflective of ATP concentration, was normalized to group mean

values for mock or vehicle controls. Both fluorescence and luminescence signals in these assays were quantified using a

SpectraMax iD3 plate reader (Molecular Devices).
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Diseases & Functions, Canonical Pathways, and Kinase Regulator Analysis
The Diseases & Functions, Canonical Pathways, and Kinase Regulator Analysis tools within the Ingenuity Pathway Analysis platform

were used to identify biological functions, diseases, pathways, and upstream kinase regulators most significantly enriched in our

transcriptomic datasets. Genes from the dataset that met the adjusted p-value cutoff of less than 0.05 and were associated with bio-

logical functions, diseases, canonical pathways, or kinase regulators in the QIAGEN Knowledge Base were used for analysis.

Fluorescent In Situ Hybridization (FISH)
FISH was performed as previously described.96 Briefly, tissue sections were air-dried and re-fixed in 4% paraformaldehyde (PFA)

in PBS for 10 minutes at room temperature. Following fixation, slides were washed in PBS and then permeabilized with 1 mg/mL

Proteinase K (ThermoFisher) for 20minutes. After PBSwashes, tissues were re-fixed in PFA and subjected to an ethanol dehydration

series: 50%, 70%, and two rounds of 100% ethanol, followed by air drying for 5 minutes. Slides were then placed in probe hybrid-

ization solution for at least 10 minutes at 37�C. Probes specific for Ripk3 (Table S3, IDT DNA oPools) were added at a final concen-

tration of 4 nM, and hybridization occurred overnight at 37�C. The next day, slides were washed sequentially in wash buffer and 5x

SSCT (5x SSC with 0.1% Tween 20). After removing excess liquid, samples were incubated in amplification buffer at room temper-

ature for 30 minutes before hairpin amplification, which proceeded overnight at room temperature. Finally, slides were washed in 5x

SSCT, rinsed in 5x SSC, and mounted. We then proceeded with our immunohistochemistry protocol for neuron staining with NeuN.

Calcium Flux Assay
Calcium flux dynamics in primary cortical neuron cultures were evaluated using the Brilliant Calcium Flex kit (IonBiosciences, 10000),

according to manufacturer’s instructions. Briefly, following experimental treatments, neuron cultures were incubated with a cell

membrane-permeable fluorogenic calcium sensor for 1h at 37�C. Cells were then stimulated with a pulse of 100mMNMDA and fluo-

rescent signal was recorded at 10-second intervals for a total duration of 60 seconds.

siRNA Transfection
Primary neurons were cultured in 96-well plates and transfected with siRNA pools targeting Camk2a, Creb1, or a scrambled non-tar-

geting control, using DharmaFECT transfection reagent and following the manufacturer’s protocol. A final siRNA concentration of

25 nM was used. siRNA and DharmaFECT reagent were diluted separately in serum-free medium, incubated for 5 minutes,

combined, and further incubated for 20 minutes at room temperature. The transfection mixture was added to neurons in anti-

biotic-free neurobasal medium. After 48 hours of incubation at 37�C with 5% CO₂, cells were processed for downstream analyses.

Chemical reagents
The following chemical reagents were used in cell culture experiments: GYKI-52466 (1mM, Sigma, G119), MK801 (1mM, Sigma,

M107), GSK 872 (1mM, Tocris, 6492), B/B Homodimerizer (200nM, Takara, 635058), L-Glutamic acid (100-1,000mM, Sigma,

G1251), N-Methyl-D-aspartic acid (20mM-100mM, Sigma, M3262), KN93 (1mM, Sigma, K1385), myristoylated AIP (1mM, Tocris,

5959), 666-15 (1mM, Tocris, 5661), Actinomycin D (10 ng/ml, Sigma, A1410), Cycloheximide (1 mg/ml, Sigma, C7698), JSH-23

(50mM, Selleckchem, S7351), BAY 11–7085 (100mM, Tocris, 1743). For in vivo injections, the following chemicals were used:

GYKI-52466 (1mg/g), MK801 (0.06mg/g), pentylenetetrazole (PTZ) (40mg/g, Sigma, P6500), B/B Homodimerizer (10mg/g).

Quantitative real-time PCR
Total RNA was extracted from primary neuron cultures using the Qiagen RNeasy Mini Kit (Qiagen, 74106), adhering to the manufac-

turer’s protocol. RNA concentration was determined using a Quick Drop device (Molecular Devices). Complementary DNA (cDNA)

was then synthesized using the qScript cDNA Synthesis Kit (Quantabio, 95047). Quantitative RT-PCR (qRT-PCR) was performed uti-

lizing SYBR Green Master Mix (Bio-Rad, CA1725125) on a QuantStudio5 instrument (Applied Biosystems). Cycle threshold (CT)

values for the genes under study were normalized to the CT values of the housekeeping gene 18S (CT_Target � CT_18S = DCT).

Data were further normalized to baseline control values (DCT_experimental � DCT_control = DDCT (DDCT)). A list of primer

sequences used in the study is provided in Table S2.

Immunofluorescence
Fluorescent immunocytochemistry (ICC) was performed following fixation of cells in 4%paraformaldehyde for 10minutes. Cells were

then blocked with 10% goat serum containing 0.1% Triton X-100 for 15 minutes. Primary antibodies were applied for 1 hour at room

temperature, followed by secondary antibody incubation for 15 minutes. Nuclei were stained with DAPI at a 1:10,000 dilution for

10 minutes. Between each step, cells were gently washed with 1X PBS to remove unbound antibodies. Coverslips were mounted

onto glass slides using ProLong Diamond Antifade Mountant (ThermoFisher, P36970).

For immunohistochemistry (IHC), mice were perfused with 30 mL of cold 1X PBS, followed by freshly prepared 4% paraformalde-

hyde in 1X PBS. Brains were stored at 4�C overnight, then transferred to 1X PBS until sectioning. Brains were embedded in agar and

sectioned using a compresstome (Precisionary, VF-510-0Z). 40mM free-floating sections were blocked with 10% goat serum con-

taining 0.4%Triton X-100, followed by incubation with primary antibodies for 48 hours at 4�C. After washing, sections were incubated

with secondary antibodies for 1 hour at room temperature and then stained with DAPI at a 1:1,000 dilution for 10 minutes. Sections

were mounted onto glass slides using ProLong Diamond Antifade Mountant.
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Primary antibodies used for ICC and IHC included rabbit anti-mCherry (1:100, Rockland, 600-401-P16), chicken anti-MAP2

(1:2,500, Abcam, ab5392), guinea pig anti-NeuN (1:500, Synaptic Systems, 266-004), phospho-CaMKIIa (1:500, ThermoFisher,

PA1-4614), rabbit anti-phospho-CREB (1:100, ThermoFisher, MA5-11192), rat anti-GFAP (1:250, ThermoFisher, 13–0300), and

chicken anti-S100b (1:500, SynapticSystems, 287006). Secondary antibodies were used at 1:250 dilutions: goat anti-chicken 488

(ThermoFisher, A-11039), goat anti-rabbit 488 (ThermoFisher, A32731), goat anti-rat 488 (ThermoFisher, A-11006), goat anti-rabbit

594 (ThermoFisher, A-11012), goat anti-guinea pig 594 (ThermoFisher, A-11076), and goat anti-pig 647 (ThermoFisher, A21450).

Imaging was conducted using an Airyscan fluorescent confocal microscope (Carl Zeiss, LSM 800). Quantification of fluorescence

was performed with QuPath v0.4.3 (QuPath, RRID:SCR_018257), an open-source software for digital pathology image analysis.

DAPI-positive nuclei were detected using the cell detection command, and a cell classifier was applied against secondary cell

markers (e.g., NeuN for neurons) based on fluorescence intensity thresholds. Signal intensity for target markers (e.g., mCherry,

pCaMKII, pCREB) was extracted from individually classified cells.

Microelectrode array (MEA) recordings
MEAs (Multi Channel Systems, 60MEA200/10iR-Ti) consist of 59 titanium nitride (TiN) working electrodes with a diameter of 10 mm

with 200 mm spacing between electrodes and one internal reference electrode. Prior to recording, MEAs were treated with oxygen

plasma for 30 seconds using a PX-500 Plasma System (March Instruments), 100 mg/mL of poly-D-lysine overnight (Sigma, P0899),

and 10 mg/mL Laminin (Sigma, L2020) for 2h prior to culture of primary neurons. For recording, culture medium was removed

and 1 mL of warmed MEA recording solution97,98 was added to each MEA. Each culture was allowed to equilibrate with the MEA

solution for 5 minutes in the 37�C incubator before recording. Recordings were conducted with a MEA2100-Lite-System (Multi

Channel Systems) that was maintained at 37�C using the TC02 temperature controller (Multi Channel Systems). The Multi Channel

Experimenter software (Multi Channel Systems) was used to record the extracellular potential at each electrode for 5 minutes using a

sampling rate of 20 kHz. After recording, MEA recording solution was removed and the conditioned cell culture mediumwas returned

to the MEA.

MEA signal processing and analysis
All signal processing was conducted using MATLAB (Mathworks). All signals were filtered with a fourth-order Butterworth band-

pass filter (300 – 3,000 Hz) to remove low frequency signals and a 60 Hz comb filter was used to remove noise generated by the

hardware.99 An adaptive thresholding algorithm was used to detect ‘spikes’ in the extracellular recordings. For each 10 second

interval on each working electrode, a threshold was defined as 4.5 standard deviations times the background noise of that

time interval. Whenever the magnitude of the signal exceeded that threshold, a spike was recorded. A minimum interspike

interval (ISI) of 2 msec ensured that the same spike was not recorded multiple times. Each electrode had a spike rate calculated

as the number of recorded spikes in that channel per minute of recording. Fano factor, a measure of the distribution of spikes over

the recording time, was calculated by dividing the recording time into 100 msec bins and counting the number of spikes per

bin. The Fano factor was then calculated by dividing the variance of spikes per bin by the mean number of spikes per bin:

FF = s2bin spike count=mbin spike count. The Brain Connectivity Toolbox (BCT)100 was used to characterize network modularity and effi-

ciency. For each electrode, we counted the number of spikes occurring in each 1 msec bin. Functional connectivity matrixes were

generated by computing the cross-correlation between the binned spike-trains of each pair of working electrodes using a

maximum lag-time of 20 msec. BCT functions for modularity, global efficiency, and local efficiency were then used to quantify

those variables.

Seizure Assay
Seizures were induced by a single i.p. injection of pentylenetetrazole (PTZ) (Sigma-Aldrich, 54-95-5) at a dose of 40mg/g of body

weight. Behavioral responses were evaluated using a modified version of the Racine scale as previously described.45 Adapta-

tion of the scale included broader distinctions between myoclonic and clonic seizures and expanded criteria for generalized

hypoactivity. Video recordings of mouse seizures were scored by an operator blinded to the experimental condition of each

subject.

FLAG Pulldown and Western Blot
Pulldown of FLAG-tagged RIPK3-2xFV protein was conducted using the DYKDDDDK Isolation Kit (Miltenyi, 130-101-591) following

the manufacturer’s instructions. For Western blot analysis, primary antibodies against the following targets were used: RIPK3 (Cell

Signaling Technology, 95702S), CaMKIIa (ThermoFisher, MA1-048), phospho-CaMKIIa (Thermo Fisher Scientific, PA1-4614), and

Actin (Sigma-Aldrich, SAB3500350). Secondary antibodies included Goat anti-rabbit IRDye 800CW (Licor Biosciences, 925-

32218), Goat anti-mouse IRDye 800CW (Licor Biosciences, 925-32210), and Donkey anti-chicken IRDye 680RD (Licor Biosciences,

926-68075). The immunoblots were visualized using the Odyssey XF Imaging System, which is equipped with two near-infrared

lasers.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad Prism 9. Survival experiments were compared via log-rank test. Most other

experiments were compared with appropriate parametric tests, including the Student’s t-test (two-tailed) or two-way analysis of vari-

ance (ANOVA) with Tukey’s post hoc test to identify significant differences between groups. A p-value of less than 0.05 was deemed

to indicate statistical significance. Unless specified otherwise, all data points represent biological replicates consisting of distinct

mice or independent cultures derived from distinct mice.
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Figure S1. Heat map of genes representing major neurobiological GO terms in Ripk3-/- and Ripk3+/+ 

neurons following ZIKV and WNV infection. Related to Figure 1. 
Heat map illustrates the relative expression levels of genes associated with action potentials, synaptic 
transmission, glutamate and calcium regulation, and inhibitory synapse assembly. Genes were selected 
based on their involvement in neurobiological processes identified in GO term analysis, highlighting 
differences between Ripk3-/- and Ripk3+/+ neurons across both viral infection groups. 



 

 
Figure S2. Basal effects of GluR inhibitors and Ripk3-deficiency on viral burden, viral replication, 
glutamate release, mechanisms of cell death, and excitotoxicity. Related to Figure 2. 
(A-F) Weight loss in mice of indicated genotypes following ZIKV intracranial infection (A-B, D-E) or WNV 
footpad infection (C, F) and 5 days of daily intraperitoneal administration of indicated glutamate receptor 
inhibitors. 
(G) Colocalization validation of Ripk3 excision in Ripk3fl/fl Syn1 Cre+ mouse brains using fluorescence in situ 
hybridization (FISH) targeting Ripk3 mRNA (yellow) and neuronal marker NeuN (blue) in the cortex and 
hippocampus. Scale bar: 50 microns.  
(H) ATP-based viability assay (CellTiter Glo) assessing the effects of glutamatergic signaling on neuronal 
survival in primary neuron cultures from indicated genotypes following ZIKV infection. N = 6 independent 
cultures per group/condition. 
(I-L) Viral titer measurements via plaque assay in whole brain homogenates at 4 days post-infection, 
comparing whole-body Ripk3-/- versus Ripk3+/- (I), neuron-specific Ripk3fl/fl Syn1 Cre+ versus Ripk3fl/fl Syn1 
Cre- (J), and ZIKV-infected B6/J mice treated with either GYKI-52466 (K) or MK801 (L). 
(M) Plaque assay measuring viral titers in the supernatant of Ripk3+/- versus Ripk3-/- neuron cultures pre-
treated with MK801 and infected with ZIKV for 24 hours. 
(N) ATP-based viability assay evaluating the impact of various inhibitors on cell death mechanisms in WT 
primary neuron cultures following ZIKV infection. N = 6 independent cultures per group/condition. 
(O) Caspase 3 activity assay (R&D Systems) in WT primary neurons following ZIKV infection, with indicated 
inhibitor pretreatments. N = 6 independent cultures per group/condition. 
(P) Glutamate release assay (Glutamate-Glo) in cortical neuron cultures of indicated genotypes at 4 and 24 
hours following ZIKV infection. 
(Q-R) ATP-based viability assays evaluating basal sensitivity to different concentrations of glutamate (Q) 
and NMDA (R) in cortical neuron cultures of specified genotypes, with MK801 used as a control for NMDAR 
antagonism. 



 

 
Figure S3. Impact of chemogenetic RIPK3 activation on Cxcl10 expression, neuronal viability, and 
calcium flux dynamics. Related to Figure 3. 
(A) Percentage of MAP2+ neurons expressing mCherry in primary cortical neuron cultures from Ripk3-
2xFVfl/fl Nestin Cre- or Cre+ as shown in Figure 3B. 
(B) Measurement of Cxcl10 transcript levels via qRT-PCR in Ripk3-2xFVfl/fl Nestin Cre+ and Cre- neuron 
cultures after 24h of B/B treatment. 
(C-D) ATP-based viability assays (CellTiter Glo) assessing the impact of 24h B/B pretreatment on primary 
neuron cultures of indicated genotypes post-ZIKV infection (C) or NMDA exposure (D). N = 6 independent 
cultures per group/condition. 
(E) MultiTox cell viability assay evaluating the effects of the RIPK3 inhibitor GSK 872 on basal neuron 
viability in WT neuron cultures, measured using live cell protease activity (AFC). N = 6 independent cultures 
per group/condition. 
(F) NMDA-evoked Ca2+ dynamics in cortical neuron cultures following 2h pretreatment with specified drugs, 
measured at 10-second intervals in the presence of Brilliant Calcium Flex reagent. Area under the curve 
(AUC) analysis comparing indicated groups. 
**p < 0.01, ***p < 0.001. Error bars represent SEM. 



 

 
Figure S4. PTZ-induced seizure latency in mock-infected mice; MLKL does not affect PTZ-induced 
seizures during flavivirus infection. Related to Figure 4. 
(A-B) Latency time in seconds for mock-treated mice to reach consecutive seizure stages as shown in panel 
(Fig 4D-E). 
(C) Schematic depicting the protocol for inducing seizures with pentylenetetrazol (PTZ) 4 days after intracranial 
ZIKV infection or mock control, including a table explaining the modified Racine Scale of murine seizure stages. 
(D) Proportion of mice reaching indicated behavioral seizure stages, with “severe” seizures defined as stage 
4 or higher, across indicated genotypes. N = 6-7 mice/group. 
(E) Latency time in seconds for mice to reach consecutive seizure stages as shown in panel (D). 



 

 
Figure S5. Confirmation of RIPK3-2xFV expression in transgenic mouse line and pulldown assays. 
Related to Figure 5. 
(A) Immunohistochemistry validation of Ripk3-2xFVfl/fl Syn1 Cre mouse line. Fixed brain tissue stained for 
the RIPK3-2xFV transgene reporter marker mCherry (yellow), neuronal marker NeuN (cyan), and double-
stained for astrocyte markers GFAP and S100B (magenta). Quantification represents the percentage of 
NeuN+ neurons expressing mCherry between Cre- and Cre+ mice. Quantification was performed using 
QuPath software. Scale bar: 50 microns. 
(B) Overexposure of western blot shown in Figure 5B confirming RIPK3-2xFV expression in input samples. 
Actin is used as a loading control. 
(C) MultiTox cell viability assay evaluating the effects of the CaMKII inhibitors KN93 and AIP on basal 
neuron viability in WT neuron cultures, measured using live cell protease activity (AFC). N = 6 independent 
cultures per group/condition. 



 

 
Figure S6. The neuroprotective effects of RIPK3 activation do not require NFκB but do require de 
novo transcription and translation. Related to Figure 6. 
(A) Immunocytochemistry on primary WT cortical neurons pre-treated with either GSK 872 or vehicle, 
followed by 24 hour ZIKV infection. Neurons were stained for NeuN (cyan) and phospho-Ser133 CREB 
(yellow), and pCREB signal intensity in NeuN+ cells was quantified using QuPath software. Scale bar: 50 
microns.  
(B) CREB activation in ZIKV-infected primary cortical neurons following siRNA knockdown of CaMKIIa 
or Creb1. pCREB levels were quantified via an ELISA-based assay 24 hours post infection. N = 3 
independent cultures per group/condition. 
(C) ATP-based viability assay (CellTiter Glo) showing the effects of CaMKIIα or Creb1 knockdown on 
neuronal survival up to 24 hours post-ZIKV infection. N = 4 independent cultures per group/condition. 
(D-E) NMDA-evoked Ca2+ dynamics in cortical neuron cultures following 24h pretreatment with B/B and 
specified inhibitors of NFκB, measured at 10-second intervals in the presence of Brilliant Calcium Flex 
reagent. Area under the curve (AUC) analysis comparing indicated groups. N = 6 independent cultures per 
group/condition. 
(F-G) MultiTox cell viability assay evaluating the effects of the indicated inhibitors of CREB (D) or 
transcription/translation (E) on basal neuron viability in WT neuron cultures, measured using live cell 
protease activity (AFC). N = 6 independent cultures per group/condition. 
*p < 0.05, ***p < 0.001. Error bars represent SEM. 



 

 
Figure S7. CaMKII and CREB are not required for RIPK3-dependent induction of inflammatory 
genes in neurons. Related to Figure 7. 
(A) Ripk3-2xFVfl/fl Nestin Cre+ primary neuron cultures were treated with B/B or ethanol vehicle in the 
presence of KN93, 666-15, or DMSO vehicle for 24h and then subjected to bulk RNA-sequencing. Heatmap 
shows selected significant DEGs associated with inflammatory signaling. Data are expressed as Log2 fold 
change values within each comparison.  
(B) Weight loss in Ripk3-2xFVfl/fl Syn1 Cre+ mice following ZIKV intracranial infection and intracranial 
administration of indicated drug a day 3 post infection. N=5-8 animals/group. 
(C) Survival analysis of mice in indicated treatment groups. All mice are Cre- littermate controls of animals 
used in Figure 7J. N=6 animals/group.  
(D) Viral titer measurements via plaque assay in whole brain homogenates at 5 days post-infection in the 
presence of indicated CREB inhibitor.  



 

Table S1. Seizure and epilepsy related genes shown in Figure 4B with z-Scores, Related to Figure 4 
 

GENES B6/J Mock Ripk3-/- Mock B6/J ZIKV Ripk3-/- ZIKV B6/J WNV Ripk3-/- WNV 
Snta1 -0.44 -0.89 -0.55 -0.60 -0.28 -0.98 -0.27 0.18 -0.23 1.90 1.90 1.60 -1.14 -0.75 -1.13 0.50 0.25 0.94 

Adk -0.81 -1.26 -1.27 -1.01 -0.35 -0.42 -0.77 -0.32 0.01 1.88 1.10 1.57 -1.23 0.16 0.15 0.53 1.07 0.98 

Gabrb1 -0.34 -1.11 -1.17 -0.13 0.40 -0.10 -0.40 -0.92 -0.30 1.93 1.17 1.25 -0.39 -1.69 -0.87 1.04 0.50 1.14 

Il18 -1.08 -1.03 -1.14 -1.16 -0.45 -0.84 -0.81 -0.62 -0.59 0.35 -0.16 0.07 1.17 0.93 1.58 1.07 1.62 1.10 

Ppt1 -1.06 -0.51 -1.25 -0.97 -0.37 -0.11 -0.62 0.22 -0.52 1.69 0.52 0.90 -0.39 -1.76 0.63 1.30 1.57 0.72 

Fcgr3 0.00 -0.33 0.24 -0.53 -0.50 0.18 -1.18 0.37 -0.87 1.14 0.93 1.38 -0.90 -2.46 -0.34 1.09 0.66 1.13 

Myd88 -0.88 -1.07 -1.06 -0.67 -0.54 -0.62 -0.63 -0.67 -0.59 0.00 -0.31 -0.23 1.66 0.03 1.04 0.89 1.53 2.12 

Dhdds -0.36 1.28 -0.72 -0.83 -0.56 -0.70 -1.38 -0.95 -0.22 1.30 0.88 1.52 0.76 0.45 0.83 -1.54 -0.80 1.04 

Gfap -0.67 -1.09 -1.56 -0.30 0.02 0.19 0.29 -0.76 -0.18 1.10 1.14 0.64 -0.24 -1.83 -0.43 1.34 0.45 1.90 

Fcgr2b -0.29 -0.58 -1.03 -0.48 0.83 0.79 -1.99 -0.51 -1.03 1.51 0.93 1.60 0.32 -0.99 1.12 -0.74 0.27 0.28 

Fos -0.84 -0.81 -1.74 -0.37 0.57 0.59 -1.15 -1.32 -0.47 1.72 0.62 0.76 -0.78 0.45 -0.25 0.31 1.47 1.23 

Pcmt1 -0.61 -1.31 -1.84 -0.95 0.62 0.01 -0.83 -0.32 -0.41 1.18 0.66 0.59 0.01 2.07 1.19 -0.97 0.34 0.57 

Pign -0.91 0.01 -0.85 -0.48 -1.19 -1.30 0.22 -0.57 -0.31 0.84 0.98 -0.36 1.53 -1.39 -0.09 1.70 1.51 0.67 

Abhd6 0.20 -1.00 -1.09 0.18 0.69 1.41 -0.95 -1.18 -0.43 1.25 0.91 2.00 -1.01 -1.00 -0.38 -0.10 -0.48 0.98 

Atp6v1a 0.22 0.52 -0.19 -1.03 0.73 0.44 -0.44 -0.11 -0.63 1.12 1.31 0.44 -0.15 -2.81 0.31 0.57 -1.32 1.00 

Tiparp -1.98 0.07 -1.66 -0.48 1.06 0.06 -0.78 -0.77 -1.14 1.53 0.47 0.60 0.31 0.06 1.43 -0.28 0.47 1.04 

Fbxo33 0.29 -1.21 0.12 -1.99 -0.75 -0.45 -1.07 -0.35 -0.58 0.62 0.65 -0.01 -0.18 0.25 2.00 -0.12 1.81 0.97 

Ctsd 0.55 0.90 0.66 0.30 -0.03 -0.06 -0.21 0.01 -0.08 0.66 0.62 0.93 -1.07 -3.11 -1.41 0.10 0.75 0.49 

Gabra4 0.32 -0.35 -0.76 2.06 0.49 0.23 -0.54 -0.14 -0.22 1.16 1.17 1.21 -1.19 -0.58 0.62 -1.91 -0.50 -1.06 

Parp1 0.51 -0.39 -0.76 -0.18 1.01 0.51 0.44 0.23 0.43 0.83 0.97 0.80 1.09 -1.36 0.50 -2.31 -1.73 -0.60 

Cxcr4 0.74 -0.10 0.91 -1.91 -1.42 -1.72 -0.14 0.98 0.27 1.22 1.37 0.47 -1.16 -0.68 0.38 0.58 0.27 -0.05 

Rgs2 0.19 -0.74 -0.61 -0.95 -0.71 0.04 -1.37 -1.46 -1.12 0.07 -0.33 -0.14 0.85 0.89 1.59 1.14 1.74 0.91 

Otud6b -0.30 -0.97 -0.78 0.29 1.77 1.23 -1.18 -1.20 -0.66 1.05 0.42 1.45 -1.21 -0.89 0.98 -0.43 -0.30 0.70 

Snx27 -0.94 0.17 -0.58 0.00 1.29 1.19 -0.09 -0.30 -0.35 0.93 0.82 0.66 0.08 -1.69 1.26 -1.47 -1.79 0.81 

Gabrb3 -0.49 -1.00 -0.63 -0.27 -0.11 0.66 1.15 0.44 -0.08 1.28 0.67 0.01 0.60 -0.76 2.13 -1.86 -1.51 -0.24 

Yipf5 -0.59 -0.03 -2.11 0.06 1.61 0.28 -0.79 -2.04 0.00 0.31 0.37 0.92 0.08 -0.69 1.57 -0.05 0.28 0.82 

Slc1a3 -0.94 -1.21 -1.58 0.83 1.65 1.17 -0.98 -0.60 -0.47 0.99 0.37 0.71 -0.89 -0.91 -0.64 0.74 0.72 1.05 

Impa1 -0.04 -0.34 0.19 -0.83 1.21 0.71 -1.70 0.77 -0.86 0.86 0.43 0.34 0.69 0.49 1.25 -0.99 -2.38 0.19 

Crem 1.52 -1.36 -1.57 -0.80 0.49 0.70 -1.94 -0.62 -0.38 0.15 -0.18 1.13 0.73 0.63 0.79 -0.55 0.04 1.23 

App -0.26 0.01 0.41 0.21 -1.07 -0.40 -0.31 0.41 2.18 2.44 -0.58 -0.20 -1.12 -0.55 -0.83 -0.42 0.95 -0.86 

Nampt -0.82 -0.90 -0.93 -0.78 -0.79 -0.79 -0.26 -0.67 -0.19 -0.89 -0.43 -0.57 1.21 0.90 1.48 1.42 1.53 1.46 

Lgi1 -0.88 -0.47 -0.77 0.48 0.17 1.67 -1.80 -1.27 -1.05 -0.27 -0.37 -0.24 1.11 0.59 1.00 -0.31 1.73 0.68 

Npy -0.48 -0.24 0.03 1.57 2.15 1.62 -1.40 -0.69 -1.48 0.51 0.07 0.21 -0.95 -0.78 -0.53 -0.23 0.25 0.38 

Mapt -0.73 -0.18 -0.45 -1.15 -0.67 -0.91 1.84 0.42 0.97 0.41 -0.01 -0.36 0.67 1.50 1.55 -0.84 -1.69 -0.38 

Ppp3cb -0.58 -0.51 0.01 -1.37 0.56 -0.35 0.53 0.35 0.48 0.80 -0.87 -0.18 -0.40 2.29 1.33 -2.11 -0.43 0.45 

Cacna1e -0.79 -0.38 -1.35 -0.95 -1.39 -0.29 1.35 1.24 1.25 0.17 -0.63 -0.35 0.68 1.51 1.34 -0.83 0.24 -0.83 

Akt3 -0.17 -0.03 -0.96 -0.27 0.36 -0.33 1.27 -0.48 0.39 0.37 -0.18 -0.59 2.35 -1.69 1.69 -0.17 -1.39 -0.19 

Nbea 0.15 -0.44 -0.94 -0.92 -0.85 -1.30 0.82 0.55 1.36 -0.27 -0.59 -0.11 0.22 2.35 1.43 -1.25 0.24 -0.46 

Pde4dip -0.27 0.64 1.13 1.30 0.23 0.91 0.88 0.15 -1.08 0.07 1.04 -0.27 -0.93 -2.76 0.25 -0.08 -0.22 -0.98 

Snap91 0.32 -0.85 -1.02 -0.59 -0.87 -0.31 1.36 -0.21 1.05 -0.04 -1.14 0.17 0.45 2.40 1.33 -0.92 -0.11 -1.02 

Cyfip2 -0.31 -0.47 -0.83 0.55 1.34 0.28 0.74 -0.38 -0.17 0.51 -0.58 -0.33 0.83 -2.30 1.81 -1.62 0.20 0.70 

Rhobtb2 -0.21 -0.74 -0.36 -1.13 -0.98 -0.72 -0.60 -0.25 -0.29 -1.10 -0.78 -0.29 1.64 2.30 0.75 0.97 0.74 1.04 

Tsc1 0.39 1.35 -0.50 1.18 -2.03 0.62 0.24 0.75 -0.07 -0.19 0.58 -0.89 0.65 0.67 0.61 -0.75 -2.27 -0.36 

Kcnc2 -1.23 -0.36 0.74 -1.46 -0.87 -0.61 0.86 1.22 0.80 -0.38 -0.68 -0.49 -0.11 1.88 1.70 -1.10 -0.27 0.37 

Atp1a3 0.16 0.62 -0.39 1.23 -1.86 -1.23 1.70 0.64 0.84 0.58 -0.84 -0.75 1.52 -0.64 -0.05 0.07 -0.37 -1.21 

Enc1 -0.07 -0.97 -0.92 -0.77 -0.55 -1.15 1.57 0.97 1.48 -0.36 -0.97 -0.67 0.36 1.62 1.37 -0.92 -0.46 0.44 

Tgm2 -1.20 -0.80 -0.72 -0.23 -0.85 -0.85 -0.03 0.75 0.32 -1.01 -0.60 -1.01 1.97 0.74 0.97 0.72 -0.15 1.98 

Tbc1d24 0.37 0.38 1.42 -0.16 -0.76 -0.43 0.94 1.46 1.09 -0.16 0.04 -0.49 -1.48 0.84 0.91 -1.81 -0.91 -1.27 

Plat 1.66 1.66 0.05 -1.04 -1.16 -0.76 1.14 -0.23 1.38 -1.04 -0.86 -0.24 -0.39 0.95 0.71 -0.26 -1.28 -0.31 

Scn1a -0.59 0.36 -0.32 -0.11 -0.49 -1.14 0.57 0.72 1.77 -1.51 0.17 -0.97 1.01 2.38 -0.26 -0.29 -0.62 -0.66 

Slc6a13 0.92 0.98 1.05 -1.29 -1.34 -1.12 0.67 1.24 1.08 -0.57 -0.89 -0.98 0.86 0.67 1.03 -0.92 -0.90 -0.49 

Grm5 -0.30 -0.25 -0.54 -0.38 0.42 -0.92 1.27 0.47 1.56 -0.47 -0.94 -0.81 0.74 0.35 2.41 -1.35 -1.01 -0.23 

Ntrk2 0.00 0.45 -0.88 1.01 1.39 0.81 0.98 -0.61 -0.05 -0.32 -0.35 -0.94 -0.11 -3.01 0.24 0.14 0.44 0.81 

Adgrv1 1.51 -0.60 0.12 -1.00 -0.62 -1.23 -0.12 -0.14 0.81 -1.76 -1.02 -0.68 1.28 1.84 0.99 0.12 0.37 0.12 

Scn3a 0.16 -0.14 -0.32 -1.32 -0.30 0.82 1.37 0.81 0.35 -1.74 -0.45 -0.30 2.22 0.49 0.00 -0.02 0.16 -1.79 



 

Grin2b -0.35 0.67 0.64 1.64 0.37 1.02 0.47 -0.41 -0.69 -0.49 -0.07 -0.91 0.01 -2.55 -1.38 1.21 0.27 0.56 

Plk2 -0.01 -0.35 0.07 -1.04 -1.27 -0.83 0.80 0.25 1.34 -0.79 -1.35 -1.20 0.54 1.93 1.61 -0.46 0.39 0.38 

Gls -0.97 -0.08 -0.28 -0.20 -1.33 -1.13 0.83 0.36 0.11 -1.16 -1.22 -1.00 1.04 1.43 0.42 1.73 1.39 0.07 

Igsf9 -0.53 0.27 -1.15 -0.78 0.39 0.85 0.41 -0.06 0.68 -0.61 -0.78 -1.00 1.69 -1.97 -0.40 0.14 1.10 1.75 

Gabra3 -0.33 0.80 0.02 -0.48 2.07 -1.10 -0.22 -0.15 0.38 -0.69 -1.54 -0.72 0.90 0.67 2.16 -0.59 -0.68 -0.48 

Itpr1 0.96 0.44 0.43 -0.91 -0.81 -1.58 0.38 1.03 0.64 -0.77 -1.55 -1.02 0.81 1.88 1.00 -0.94 0.02 -0.01 

Lingo1 0.17 0.65 0.81 1.32 0.61 -0.16 0.91 1.12 0.74 0.31 -0.12 0.01 0.02 -0.64 -0.49 -1.76 -2.51 -0.99 

Elavl3 0.80 1.26 1.32 0.38 0.95 -1.12 -0.11 1.14 0.98 -0.91 -0.60 0.07 -0.40 0.70 -1.35 -1.42 -1.67 -0.02 

Micall1 1.22 1.54 0.64 0.64 -1.64 0.07 0.84 0.29 0.49 -1.26 -0.43 -0.93 -0.67 0.58 -1.51 0.71 0.75 -1.35 

Kcnv1 0.07 0.45 -0.29 -0.86 1.58 -0.41 1.35 1.36 0.81 -0.86 -0.46 -1.21 1.12 -1.28 1.02 -1.42 -0.18 -0.76 

Nid1 0.85 0.80 0.88 -1.08 -0.62 -0.60 0.87 0.89 0.87 -0.75 -0.95 -0.97 1.01 1.08 1.30 -1.44 -1.12 -1.02 

Grm7 0.99 -0.47 0.88 1.91 0.97 1.11 0.50 -0.33 -0.40 -1.72 -0.70 -0.01 -0.86 0.97 -1.06 0.07 -1.54 -0.32 

Ank3 -0.69 1.27 -0.05 -0.99 0.74 -0.22 0.24 0.99 1.22 -0.74 -1.99 -0.67 -0.72 1.68 0.37 1.10 -0.84 -0.70 

Gng7 -0.42 0.65 -0.48 0.39 1.32 -0.67 1.08 1.20 1.48 -1.05 -0.27 -1.31 1.55 -0.46 -0.26 -1.26 -1.37 -0.13 

Cplx1 -0.91 0.78 1.15 -0.05 1.02 -0.69 0.25 0.91 0.38 -1.22 -0.68 -1.12 0.91 1.01 1.50 -1.68 -1.17 -0.40 

Dmxl2 0.15 0.99 1.42 1.78 -0.50 0.98 1.20 0.41 0.47 -0.43 -0.45 -0.88 -0.56 -0.58 -1.32 0.19 -1.30 -1.57 

Ncam1 1.65 0.64 0.46 0.57 0.74 -0.62 0.64 0.08 -0.11 -2.62 -1.10 -0.14 -0.29 -0.86 -1.04 1.29 0.19 0.52 

Gria1 -0.02 0.59 0.60 1.55 -0.90 0.85 1.11 0.21 0.17 -2.10 -1.05 -0.50 -0.16 -0.47 -1.66 1.38 0.60 -0.21 

Rbfox1 0.78 0.24 0.61 -0.48 -0.09 -0.59 0.98 1.50 1.25 -0.75 -1.20 -1.45 -0.15 1.51 0.91 -1.39 -0.99 -0.69 

Gdnf 2.58 0.35 -0.29 -0.51 0.46 0.08 0.73 0.86 0.61 -1.49 -1.63 -0.98 0.26 0.56 0.26 -0.09 -1.19 -0.57 

Cacna1h -0.14 0.77 0.52 1.85 0.58 0.83 -0.28 0.35 -0.44 -2.42 -1.13 -0.59 0.07 0.38 -1.68 0.83 0.32 0.18 

Ngfr 0.94 0.55 0.63 -0.45 -0.01 -0.45 0.25 -0.37 -0.11 -1.85 -0.51 -1.37 0.64 2.78 -0.45 0.58 -0.76 -0.04 

Ldlr -0.59 -0.06 0.00 -0.13 -0.08 -0.16 0.73 1.09 1.16 -1.02 -1.02 -1.49 1.39 1.87 1.01 -1.33 -0.48 -0.90 

Cacna2d2 0.56 1.55 0.68 0.44 2.33 0.05 -0.53 1.04 -0.25 -1.43 -1.09 -1.64 -0.08 -0.55 -0.54 -0.43 0.08 -0.20 

Ryr3 1.18 1.58 0.33 1.26 0.61 -0.36 0.79 -0.19 -0.01 -1.08 -0.82 -1.03 0.95 0.83 -0.10 -1.16 -0.83 -1.94 

Cdkl5 -0.48 -0.34 -0.06 0.31 0.44 0.79 -0.95 -0.09 0.32 -0.98 -1.14 -2.03 0.86 1.69 1.91 0.14 -0.90 0.53 

Kcnt2 0.25 0.44 0.40 1.77 0.92 2.03 0.80 0.28 0.39 -1.09 -1.26 -0.20 -0.29 -0.29 -0.53 -1.10 -1.23 -1.28 

Syn3 0.44 1.21 0.95 1.13 -0.09 -0.67 0.97 1.74 0.94 -1.18 -0.89 -0.88 0.69 -1.04 -0.45 -0.42 -1.33 -1.11 

Cacna1b 2.02 -0.16 0.29 0.77 -0.27 1.86 0.66 0.36 0.43 -0.79 -1.66 -1.45 0.61 -0.29 -0.05 -0.50 -1.02 -0.83 

Prdm8 0.36 0.37 0.09 0.49 0.63 -0.53 1.44 0.42 1.39 -0.56 -1.04 -1.69 0.21 1.14 0.84 -1.96 -1.10 -0.50 

Gng3 0.09 1.03 0.29 -0.27 0.75 0.08 0.97 0.84 0.75 -0.37 -1.76 -1.05 0.65 0.74 0.78 -2.41 -1.14 0.04 

Sv2b 0.33 0.03 0.09 0.55 2.09 1.17 0.86 0.18 0.55 -0.76 -1.47 -1.58 0.70 0.40 0.10 -1.54 -1.01 -0.68 

Klk8 -0.44 -0.17 0.00 0.46 1.44 -0.57 0.40 0.58 -0.28 -1.91 -1.45 -1.55 0.44 0.61 1.84 0.79 -0.75 0.57 

Scn3b 0.48 0.03 0.51 -0.73 -0.37 -0.17 1.00 0.52 0.58 -1.28 -1.19 -1.69 0.57 2.65 0.21 -0.79 0.17 -0.50 

Nrxn2 0.23 1.05 0.91 1.62 0.33 0.79 0.69 1.42 0.30 -1.08 -0.41 -0.60 -0.90 -2.12 -1.29 -0.56 -0.20 -0.20 

Pcdh19 0.79 2.01 1.11 0.47 0.27 0.12 0.80 0.45 0.06 -1.85 -0.81 -1.12 0.42 -1.11 -0.48 0.91 -1.20 -0.83 

Slc12a5 0.99 0.67 0.99 -0.04 -0.39 0.11 1.12 0.88 0.93 -1.05 -0.84 -1.26 0.30 1.32 0.50 -1.65 -1.29 -1.28 

Gabrg2 0.66 0.64 1.47 -0.49 0.53 0.47 -0.50 0.52 0.11 -1.31 -1.53 -1.42 0.94 1.08 1.28 -1.59 -0.48 -0.40 

Gal 0.45 0.74 0.98 1.40 -0.13 0.37 0.38 0.72 0.85 -1.28 -0.52 -0.59 -0.17 0.23 -2.61 0.97 -1.14 -0.65 

Snap25 1.26 1.50 0.83 0.16 0.46 -0.45 0.65 0.64 0.69 -0.89 -1.65 -1.04 0.36 -0.03 0.97 -1.25 -1.83 -0.39 

Kif5a 0.29 0.57 0.82 0.31 0.56 0.13 0.55 1.25 1.25 -0.86 -1.13 -0.28 0.37 1.33 -0.30 -1.83 -1.55 -1.49 

Cacna2d1 -0.13 0.98 -0.23 1.06 0.92 1.84 0.93 0.42 0.42 -1.02 -1.53 -1.98 0.45 -0.08 -0.01 -0.17 -0.74 -1.14 

Map1b 0.28 0.59 0.37 0.50 0.12 0.09 1.07 0.96 1.33 -0.91 -0.77 -1.37 1.37 -0.46 0.99 -1.29 -1.74 -1.13 

Gabra2 1.15 1.43 1.29 0.24 0.35 0.18 0.74 0.70 0.21 -0.90 -1.13 -1.03 0.79 -0.39 0.66 -1.63 -1.60 -1.05 

Kcna1 0.67 1.35 1.35 0.78 0.27 1.09 0.27 0.07 0.07 -1.71 -1.41 -0.82 0.78 0.58 0.21 -1.45 -1.14 -0.96 

Fgf13 -0.02 0.70 0.41 0.11 1.35 1.34 0.55 1.30 1.12 -1.78 -0.74 -1.55 0.03 -0.90 0.47 -1.35 -0.53 -0.51 

Phactr1 -0.29 0.36 0.94 0.55 0.55 1.20 0.47 0.31 1.03 -1.47 -0.77 -2.19 0.39 1.26 0.18 -1.57 -0.82 -0.15 

Scg2 1.00 1.61 0.96 0.25 0.95 0.83 0.22 0.09 0.05 -1.48 -1.76 -1.50 0.38 0.32 0.72 -1.16 -0.93 -0.55 

Scn2a 0.51 0.80 0.58 0.35 0.09 -0.10 1.44 0.82 0.73 -1.09 -2.06 -1.76 0.45 0.63 0.95 -1.29 -0.78 -0.28 

Dnm1 0.91 1.24 0.68 1.67 0.44 1.12 0.45 0.14 0.24 -1.78 -1.57 -1.21 0.17 0.22 -0.26 -1.24 -0.32 -0.90 

Sptbn2 0.97 1.82 1.04 0.84 0.39 1.05 0.35 0.75 0.54 -1.28 -1.05 -0.98 -0.21 -0.35 -0.23 -1.12 -1.66 -0.90 

Gabra1 0.88 1.19 1.21 0.57 0.48 0.85 0.25 0.41 0.39 -1.12 -1.26 -1.00 0.30 0.46 0.80 -1.94 -1.48 -0.99 

Neurod2 1.02 0.47 0.63 0.43 0.48 0.33 0.45 0.85 1.08 -0.91 -1.40 -1.21 0.81 1.10 0.22 -1.86 -1.33 -1.15 

Gap43 0.79 0.90 0.71 0.60 0.48 0.45 0.84 0.56 0.51 -0.61 -0.61 -1.10 0.52 0.22 1.07 -1.92 -1.81 -1.61 

 



 

Table S2. Genotyping and qRT-PCR primer list and description, Related to STAR Methods 
 

Target Note  Primer Sequence (5'-3') Product Size 
Genotyping 

Ripk3-/- 
RIP3_001 CGCTTTAGAAGCCTTCAGGTTGAC 

WT 733bp KO 485 
bp RIP3_002 GCAGGCTCTGGTGACAAGATTCATGG 

RIP3_003 CCAGAGGCCACTTGTGTAGCG 

Ripk3fl/fl 
R3FL_001 ACGATGTCTTCTGTCAAGTTATG 

WT 300bp  LoxP 
334bp R3FL_002 CAGTTCTTCACGGCTCAC 

R3FL_003 TCTGGTAAGGAGGGTCAC 

Ripk3-
2xFVfl/fl 

ROSA forward AGCACTTGCTCTCCCAAAGTC 
346bp 

ROSA reverse CCGACAAAACCGAAAATCTGTGGG 
Transgene forward CGCTTTAGAAGCCTTCAGGTTGAC 

349bp 
Transgene reverse GCAGGCTCTGGTGACAAGATTCATGG 

Syn1 Cre 

Transgene forward CTCAGCGCTGCCTCAGTCT 
300bp 

Transgene reverse GCATCGACCGGTAATGCA 
Internal control 

forward CTAGGCCACAGAATTGAAAGATCT 
324bp Internal control 

reverse GTAGGTGGAAATTCTAGCATCATCC 

Nestin Cre 
WT forward TTGCTAAAGCGCTACATAGGA 

WT 246bp Cre 
150bp Common reverse GCCTTATTGTGGAAGGACTG 

Transgene forward CCTTCCTGAAGCAGTAGAGCA 

Mlkl-/- 
MLKL_001 TATGACCATGGCAACTCACG 

WT 498bp KO 
158bp MLKL_002 ACCATCTCCCCAAACTGTGA 

MLKL_003 TCCTTCCAGCACCTCGTAAT 
qRT-PCR 

Cxcl10 
Forward GCCGTCATTTTCTGCCTCA   
Reverse CGTCCTTGCGAGAGGGATC   

 



 

Table S3. Primer pool used for Ripk3 Fluorescent In Situ Hybridization (FISH), Related to STAR 
Methods 
 
Pool name Sequence 
Ripk3_Ms_B2 TCACAGTTAACATGCTATGTTTATTAAATCATCCAGTAAACCGCC 
Ripk3_Ms_B2 CCTCGTAAATCCTCATCAAACTTTAAGGAGATGGGTCAAGAGTCA 
Ripk3_Ms_B2 GGTCCAACTGTCCTCACAGAATGTTAAATCATCCAGTAAACCGCC 
Ripk3_Ms_B2 CCTCGTAAATCCTCATCAAAGAGCTTCAGGAAGTGGCAAGGACTG 
Ripk3_Ms_B2 CCAGGTTGCTTAAAACGTGCTTTTTAAATCATCCAGTAAACCGCC 
Ripk3_Ms_B2 CCTCGTAAATCCTCATCAAATGCCACGCTGAATGGCACACTTCAG 
Ripk3_Ms_B2 GATTCTCTGAAGTCTACTTGTGGAAAAATCATCCAGTAAACCGCC 
Ripk3_Ms_B2 CCTCGTAAATCCTCATCAAAGCTGCCAGCCCCTACCCCTGCCGAA 
Ripk3_Ms_B2 CATACTTGGCCGAACTTGAGGCAGTAAATCATCCAGTAAACCGCC 
Ripk3_Ms_B2 CCTCGTAAATCCTCATCAAATTCTTGGTGGTGCTACCAAGGAGTT 
Ripk3_Ms_B2 TCTGCACTTCAGAACAGTTGTTGAAAAATCATCCAGTAAACCGCC 
Ripk3_Ms_B2 CCTCGTAAATCCTCATCAAACGAGAGCCGGTGGCCCTGTCATTGG 
Ripk3_Ms_B2 TCCAGGGATACCAAGGAGTGCCGTGAAATCATCCAGTAAACCGCC 
Ripk3_Ms_B2 CCTCGTAAATCCTCATCAAATTCCATCTCCCTGATTCCTTTGGGG 
Ripk3_Ms_B2 GAGTCTCAGTAAAGACTGGCCCAGGAAATCATCCAGTAAACCGCC 
Ripk3_Ms_B2 CCTCGTAAATCCTCATCAAATTGTGCCTCTGAAGGGTAAAGTATG 
Ripk3_Ms_B2 GAGTGCCAGCCACGGGGTCAGAAGAAAATCATCCAGTAAACCGCC 
Ripk3_Ms_B2 CCTCGTAAATCCTCATCAAATCCTTGCTGGTGTGGCAGGCCCAAC 
Ripk3_Ms_B2 GTGCTTGCCTCTCAGGACATTTTCCAAATCATCCAGTAAACCGCC 
Ripk3_Ms_B2 CCTCGTAAATCCTCATCAAAGAACTGGTCCGGAGGGTTCCTCCAA 
Ripk3_Ms_B2 CCAGCATTTTAGAAACCATGGTTTCAAATCATCCAGTAAACCGCC 
Ripk3_Ms_B2 CCTCGTAAATCCTCATCAAATCGGGCAATCCATTTCTGTGCCTCT 
Ripk3_Ms_B2 CTCTGGCAGACAAGTTTCTGCCGCTAAATCATCCAGTAAACCGCC 
Ripk3_Ms_B2 CCTCGTAAATCCTCATCAAATTCTGTGCTGAGACAGATAATGCTT 
Ripk3_Ms_B2 CAGCAGCATCTACCTTGTCCTTTACAAATCATCCAGTAAACCGCC 
Ripk3_Ms_B2 CCTCGTAAATCCTCATCAAAGATTGTAAACTTCATTGGTTTTTGG 
Ripk3_Ms_B2 GGAAGGATGGCCTGTTTTCGGACTGAAATCATCCAGTAAACCGCC 
Ripk3_Ms_B2 CCTCGTAAATCCTCATCAAAAACCCCAGCAATGAATCATTAACTC 
Ripk3_Ms_B2 CCAAGCCGGGAGTCTCAGGGCTACCAAATCATCCAGTAAACCGCC 
Ripk3_Ms_B2 CCTCGTAAATCCTCATCAAAGAGGCAGCTCTGTCAGTGGAGGACG 
Ripk3_Ms_B2 CACACACTGTTTCCCGGATTAGTGAAAATCATCCAGTAAACCGCC 
Ripk3_Ms_B2 CCTCGTAAATCCTCATCAAATCTTGTCTACCAACTCAGCTTCTCT 
Ripk3_Ms_B2 CTGCCCACACGAGGATCCCAAAGCTAAATCATCCAGTAAACCGCC 
Ripk3_Ms_B2 CCTCGTAAATCCTCATCAAAAGACATCACTCGCTTTAGAAGCCTT 
Ripk3_Ms_B2 CAAATAACAGCTCTGGGTCCAAGTAAAATCATCCAGTAAACCGCC 
Ripk3_Ms_B2 CCTCGTAAATCCTCATCAAACTAGGGTGCCCCCAGAGTCCCTGGA 
Ripk3_Ms_B2 ATCCTGACCCTGACTGGGACCCTCCAAATCATCCAGTAAACCGCC 
Ripk3_Ms_B2 CCTCGTAAATCCTCATCAAAGAAACGTGGACAGGCCAAAATCTGC 
Ripk3_Ms_B2 GGAGCTCTGGATCCAGCAGAATGTTAAATCATCCAGTAAACCGCC 
Ripk3_Ms_B2 CCTCGTAAATCCTCATCAAAAGGGCTTGAGGTCCCGGTGCAGGAG 
Ripk3_Ms_B2 AGCTGTGTAGGTAGCACATCCCCAGAAATCATCCAGTAAACCGCC 
Ripk3_Ms_B2 CCTCGTAAATCCTCATCAAACCACTTCCTGCAGCAGGCGACAGAG 



 

Ripk3_Ms_B2 GCCGAGGGCACTCGGGTTGCAGCAGAAATCATCCAGTAAACCGCC 
Ripk3_Ms_B2 CCTCGTAAATCCTCATCAAACTGCGAGGGAGCCATTCTCCATGAA 
Ripk3_Ms_B2 GAGCCTGCCCGGACACGAAGTCCCAAAATCATCCAGTAAACCGCC 
Ripk3_Ms_B2 CCTCGTAAATCCTCATCAAAGGAGGTCCTCAGTGACCCCCAGCAG 
Ripk3_Ms_B2 TCTCATTACGAAGATTAACCATAGCAAATCATCCAGTAAACCGCC 
Ripk3_Ms_B2 CCTCGTAAATCCTCATCAAATCACCTCCCAGGATATCTTCTTCGA 
Ripk3_Ms_B2 TGACTGCTACATCATGGTTCCATGTAAATCATCCAGTAAACCGCC 
Ripk3_Ms_B2 CCTCGTAAATCCTCATCAAATGTGGTGTGCCCGGAACACGACTCC 
Ripk3_Ms_B2 TACCCACAAACTCCAGCTTCTTCAGAAATCATCCAGTAAACCGCC 
Ripk3_Ms_B2 CCTCGTAAATCCTCATCAAACTTCACGGCTCACCAGAGGAACCGC 
Ripk3_Ms_B2 TAGGCCATAACTTGACAGAAGACATAAATCATCCAGTAAACCGCC 
Ripk3_Ms_B2 CCTCGTAAATCCTCATCAAATCGGGAGCTAGCGGCTTCCTGGAGT 
Ripk3_Ms_B2 AGACGGAGCTGGAAACCCGACGTCTAAATCATCCAGTAAACCGCC 
Ripk3_Ms_B2 CCTCGTAAATCCTCATCAAAGGCTCGGAGTGTGGACTGAGAGGAA 
Ripk3_Ms_B2 CAAAGGGAACAATCAGTAGGTCAAGAAATCATCCAGTAAACCGCC 
Ripk3_Ms_B2 CCTCGTAAATCCTCATCAAAACGGAGGTTCAGGCCCCGAATTCCG 
Ripk3_Ms_B2 GCTCCCCCGGACTTTGAATGAGCGAAAATCATCCAGTAAACCGCC 
Ripk3_Ms_B2 CCTCGTAAATCCTCATCAAATCACAACTTCCCTTTCAAATAAGAG 
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