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SUMMARY

Caspase-8-dependent pyroptosis has been shown to mediate host protection from Yersinia 
infection. For this mode of cell death, the kinase activity of receptor-interacting protein kinase 

1 (RIPK1) is required, but the autophosphorylation sites required to drive caspase-8 activation 

have not been determined. Here, we show that non-canonical autophosphorylation of RIPK1 

at threonine 169 (T169) is necessary for caspase-8-mediated pyroptosis. Mice with alanine in 

the T169 position are highly susceptible to Yersinia dissemination. Mechanistically, the delayed 

formation of a complex containing RIPK1, ZBP1, Fas-associated protein with death domain 

(FADD), and caspase-8 abrogates caspase-8 maturation in T169A mice and leads to the eventual 

activation of RIPK3-dependent necroptosis in vivo; however, this is insufficient to protect the 

host, suggesting that timely pyroptosis during early response is specifically required to control 

infection. These results position RIPK1 T169 phosphorylation as a driver of pyroptotic cell death 

critical for host defense.

In brief

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
*Correspondence: alexander.poltorak@tufts.edu.
AUTHOR CONTRIBUTIONS
Conceptualization, A.P. and D.J.; validation, D.J., H.I.M., and W.M.C.; formal analysis, D.J. and A.D.; investigation, D.J., H.I.M., 
Z.M., A.D., and W.M.C.; writing, J.M., A.P., and D.J.; visualization, D.J.; supervision, A.P. and D.J.; project administration, A.P.; 
funding acquisition, A.P. and A.D.

DECLARATION OF INTERESTS
The authors declare no competing interests.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/j.celrep.2024.114641.

HHS Public Access
Author manuscript
Cell Rep. Author manuscript; available in PMC 2024 October 10.

Published in final edited form as:
Cell Rep. 2024 August 27; 43(8): 114641. doi:10.1016/j.celrep.2024.114641.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://creativecommons.org/licenses/by-nc-nd/4.0/


The role of specific autophosphorylations driving RIPK1-dependent death is unclear. Jetton et al. 

demonstrate that autophosphorylation of RIPK1 T169 is required to initiate caspase-8-dependent 

pyroptosis in response to Yersinia but is dispensable for death complex assembly or activating 

necroptosis, positioning RIPK1 T169 as critical for host defense from Yersinia.

Graphical Abstract

INTRODUCTION

Receptor-interacting protein kinase 1 (RIPK1) is a key regulator determining the cellular fate 

of innate immune cells during bacterial infection, balancing inflammatory signaling and cell 

death.1–5 During infection, RIPK1 is recruited downstream of tumor necrosis factor (TNF) 

receptor as well as Toll-like receptors (TLRs) 3 and 4, where it acts as a poly-ubiquitinated 

scaffold leading to the transcription of cytokines, chemokines, and other pro-survival factors 

critical for the activation of the immune response.6 To circumvent the host inflammatory 

response, many successful pathogens have evolved strategies to inhibit these host signaling 

cascades to establish a niche for their replication and survival.7–10 In response, RIPK1 is 

released from the pro-inflammatory complex and becomes an active kinase available to 

drive the formation of various pro-death complexes that have been extensively characterized 

in recent years.4,5,11 One of these kinase-dependent complexes recruits Fas-associated 

protein with death domain (FADD) and caspase-8 (CASP8) to drive CASP8-dependent 

apoptosis and pyroptosis. If unbound from CASP8, RIPK1 recruits another member of RIPK 
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family, RIPK3, that phosphorylates mixed-lineage kinase-like pseudokinase (MLKL) to 

drive RIPK3-dependent necroptosis.4,5,11,12 In each of these complexes, the kinase activity 

of RIPK1 is exclusively engaged in autophosphorylation, with no trans-targets identified 

to date. Multiple studies using pharmacological inhibitors have identified RIPK1 kinase-

dependent death as critical to control bacterial dissemination by inducing pro-inflammatory 

signaling in uninfected bystanders and eliminating the bacterial survival niche.3,13,14 For this 

reason, the dual roles of RIPK1 in cell death and inflammation are highly regulated and vital 

host responses to infection.

Yersinia species are a group of gram-negative extracellular bacteria that induce disease in 

humans ranging from forms of gastroenteritis (Y. pseudotuberculosis and Y. enterocolitica) 

to plague (Y. pestis).10,15 To inhibit the antibacterial inflammatory host response, Yersinia 
species utilize a type III secretion system to inject several Yersinia outer proteins (Yops), 

whose broad goals are to inhibit cytosolic processes.1,10,16 One of them, YopJ, inhibits 

the kinase activity of transforming growth factor β activating kinase 1 (TAK1) via 

acetylation, causing the downregulation of multiple mitogen-activated protein kinases 

(MAPKs) downstream of TAK1 such as c-Jun N-terminal kinase, p38, and extracellular 

signal-regulated kinases 1 and 2, thereby inhibiting the activation of the downstream 

nuclear factor κB (NF-κB) and MAPK signaling cascades responsible for pro-inflammatory 

cytokine production and phagocyte recruitment.2,7,17,18 In response to this pathogen-

imposed inhibition, the affected macrophages downregulate ubiquitination of RIPK1, 

promoting the interaction of RIPK1 with FADD and CASP8 and leading to the activation 

of CASP8, cleavage of gasdermin D (GSDMD), and initiation of pyroptosis, a lytic form 

of cell death that is accompanied by the release of interleukin-1β (IL-1β).4,5 Because of 

this, RIPK1 kinase-inactive mice that are unable to properly assemble the death complex are 

more susceptible to Yersinia infection.1,2,11

Despite our understanding of the kinase activity of RIPK1 as a key contributor in driving 

cell death and antimicrobial defense, the exact sequence and function of each of its 

kinase-specific phosphorylation events remain unclear. What is known is that several 

autophosphorylation sites are associated with cell death in the mouse, including serine 

residues 14/15, 161, and 166 and threonine 169.14,19–23 It is also established that these 

phosphorylations work in concert to induce the conformational changes that allow for the 

oligomerization necessary to recruit downstream cell death effectors.24 Autophosphorylation 

of S166 has long been held as the canonical biomarker of RIPK1 kinase activity, and 

reports have established the importance of this event in efficient complex formation to drive 

apoptosis or necroptosis.20,25–30 However, the functional role of other autophosphorylation 

sites remains elusive. In extension of our previous work showing that lipopolysaccharide 

(LPS)-induced pyroptosis is driven by the RIPK1 kinase-dependent non-canonical activation 

of CASP8, here, we have utilized CRISPR-Cas9 technology and mass spectrometry to 

identify that T169 phosphorylation of RIPK1 is a critical event mediating cell death 

after infection with Yersinia. To relate this finding to the physiological context, we 

engineered a mouse with a T169 substitution on alanine and challenged them with Yersinia 
pseudotuberculosis (Y.ptb.). Excitingly, we report that loss of this phosphosite does not 

inhibit death complex assembly but rather inhibits the ability of the cell to activate caspases, 

thus leaving the host to have a greater susceptibility to YopJ-sufficient Y.ptb.
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RESULTS

Phosphorylation of RIPK1 T169, and not canonical S166, drives cell death after stimulation 
with a model of Yersinia

We and others have previously reported that RIPK1 kinase activity is central in CASP8-

dependent pyroptosis downstream of TLR4 driven by Yersinia species bacteria.1,2,4,5 In 

this and other RIPK1-dependent modes of cell death, the kinase activity of RIPK1 drives 

autophosphorylation of several residues.14,21 While RIPK1 S166 phosphorylation is the 

well-established biomarker of RIPK1 kinase activity, it has only been definitively shown to 

play a role in kinase-dependent apoptosis and necroptosis.14,21,25,26,30,31 However, previous 

work from our lab has identified a model of RIPK1 kinase-dependent pyroptosis that 

does not upregulate the phosphorylation of RIPK1 S166.32 This finding, together with the 

requirement for RIPK1 kinase activity, provided rationale for determining the phosphosite 

of RIPK1 that drives CASP8-dependent pyroptosis in the context of Yersinia-induced cell 

death. To gain support for this inquiry, we utilized immortalized bone marrow-derived 

macrophages (iBMDMs) and CRIPSR-Cas9 to generate two knockin RIPK1 mutant cell 

lines, one with substitution of serine at position 166 with alanine (RIPK1 S166A)21 and 

one with substitution of aspartic acid at position 138 with asparagine (RIPK1 D138N kinase 

inactive) from the endogenous RIPK1 genomic locus (Figures S1A and S1B).13 With these 

iBMDMs, we utilized LPS in combination with the inhibitor of TAK1, 5Z-7-oxozeaenol 

(5z7) as a model of YopJ-sufficient-Yersinia-induced death.4,32–34 Accordingly, we found 

that S166A substitution in RIPK1 in iBMDMs resulted in an approximately 1-h delay in 

the initiation of death kinetics compared to B6, but these cells quickly reached a similar 

extent of nearly 80%–100% death. Conversely, the RIPK1 D138N kinase-inactive iBMDMs 

showed a much greater delay in the kinetics and extent of death, initiating death 4 h after 

the B6 and reaching a maximum of 40%–50% death (Figure 1A). This suggests that other 

residues of RIPK1 targeted by its kinase activity must have an important contribution to 

LPS/5z7-induced death. Because of the pyroptotic nature of LPS/5z7-induced cell death,4,5 

we compared the release of IL-1β in D138N and S166A iBMDMs by priming them with 

LPS to allow for the upregulation of pro-IL-1β followed by 5z7 treatment to induce death. 

In agreement with requirement of the kinase activity of RIPK1 for pyroptosis, IL-1β release 

was significantly reduced in the RIPK1 D138N iBMDMs or with the use of necrostatin-1 

(Nec-1), a small-molecule inhibitor of RIPK1 kinase activity (Figure 1B), when compared 

to B6 iBMDMs primed with LPS and treated with 5z7. In contrast, RIPK1 S166A iBMDMs 

exhibited levels of IL-1β in the supernatants remarkably similar to the B6 iBMDMs, further 

suggesting that a different target of RIPK1 kinase activity drives the release of IL-1β. 

Because both pyroptosis and IL-1β release in the RIPK1 S166A iBMDMs were similar to 

B6 iBMDMs, we sought to further characterize any differences in death effector activation 

between D138N and S166A iBMDMs in response to LPS/5z7 treatment. To this end, we 

performed a time course of LPS/5z7 stimulation and assessed the activation of several 

caspases, GSDMD cleavage, and RIPK3 and MLKL phosphorylation by immunoblot. There 

were no significant changes to CASP8, CASP3, or GSDMD activation in the RIPK1 

S166A iBMDMs, though all three were delayed or inhibited in the RIPK1 D138N line. 

The largest change observed in the RIPK1 S166A mutant cells appeared to be that these 

cells were unable to undergo RIPK3-dependent necroptosis, evidenced by the loss of 
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RIPK3 phosphorylation and downstream phosphorylation of the canonical executioner of 

necroptosis, MLKL (Figure 1C). Taken together, the sensitivity of S166A iBMDMs to 

LPS/5z7 treatment, their ability to secrete IL-1β in response to LPS/5z7, and their activation 

of cell death effectors downstream of TLR4 suggest that autophosphorylation of S166 is 

not required for pyroptosis and IL-1β release after treatment with LPS/5z7 as a model of 

Yersinia.

Given that LPS/5z7-induced pyroptosis required the kinase activity of RIPK1 and loss of 

S166 phosphorylation was unable to inhibit this death significantly, we used an unbiased 

approach to determine other possible amino acids targeted by RIPK1. In addition to S166, 

the mouse RIPK1 has been shown to be auto-phosphorylated at serine residues 14/15 and 

161 and threonine 169, with all of these events being strongly inhibited by the addition of 

RIPK1 inhibitor Nec-114 (Figure 1D). To determine if any of these phosphorylations may 

have a role in CASP8-dependent pyroptosis, we precipitated RIPK1 from the lysates of 

BMDMs stimulated with LPS or LPS/5z7 and analyzed RIPK1-specific precipitates by mass 

spectrometry. Accordingly, we identified an upregulation of T169 and S14 phosphorylation 

in the BMDMs treated with LPS/5z7 but not those treated with LPS alone. To further 

investigate the requirement of T169 for CASP8-mediated pyroptosis, we knocked in alanine 

instead of threonine at position 169 in the endogenous Ripk1 genomic locus to generate the 

T169A iBMDM cell line (Figure S1C). Similar to D138N iBMDMs, T169A iBMDMs were 

highly protected from LPS/5z7-induced pyroptosis and showed a near complete ablation of 

the release of IL-1β, in full resemblance of the kinase-inactive phenotype (Figures 1E and 

1F). Taken together, the in vitro analysis of the role of the T169 residue in CASP8-mediated 

pyroptosis strongly suggested that autophosphorylation at T169 is essential for pyroptosis, 

thus supporting further investigation of the role of T169 in the context of Yersinia infection.

Inhibition of RIPK1 T169 phosphorylation inhibits CASP8-dependent death and 
downstream pyroptosis without altering inflammatory signaling

To address the role of RIPK1 T169 autophosphorylation in vivo, we used a CRISPR-

based approach to generate a knockin mouse line with the same substitution of RIPK1 

T169A (Figure 2A; Figure S2A). Ripk1T169A/T169A (RIPK1 T169A) mice were born at 

the expected Mendelian frequency and reached adulthood without abnormal pathology, 

indicating that loss of phosphorylation of RIPK1 T169 does not interfere with development 

and homeostasis. We first sought to confirm that the RIPK1 T169A BMDMs showed 

similar inflammatory signatures to B6 and that this mutation did not alter its inflammatory 

scaffolding functions. B6 and RIPK1 T169A BMDMs showed similar kinetics of activation 

of MAPK signaling in response to LPS or TNF-α (Figure S2B) as well of IκBα 
degradation and phosphorylation of NF-κB p65 (Figures S2C and S2D). We then sought 

to analyze changes in transcription by stimulating B6 and RIPK1 T169A BMDMs with 

LPS or LPS/5z7 for 2 h and collecting RNA for bulk sequencing analysis. Sample-sample 

comparison shows extremely high correlation within treatment groups, indicating that 

genotype does not seem to be a major driver of changes in transcriptional response (Figure 

2B). Principal-component analysis of the bulk sequencing shows samples primarily grouping 

by stimulation and not by genotype (Figure 2C). Taken together, these results indicate that 

the RIPK1 T169A mutation did not alter the role of RIPK1 in inflammatory signaling.
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We next asked if RIPK1 T169A mutation would alter RIPK1 kinase-dependent cell death in 

primary cells treated with models of Yersinia. To this end, we began by generating mouse 

embryonic fibroblasts (MEFs) to model RIPK1 kinase-dependent cell death and stimulated 

them with LPS and 5z7 as well as TNF-α and 5z7. RIPK1 T169A primary MEFs showed 

similar levels of protection from LPS/5z7 compared to B6 MEFs with the addition of 

Nec-1 (Figure 2E). Surprisingly, RIPK1 T169A MEFs showed an even greater level of 

protection from TNF-α/5z7 than B6 MEFs treated with TNF-α/5z7/Nec-1, indicating that 

the loss of phosphorylation at T169 may protect these cells even more than kinase inhibition 

(Figure 2E). Further, while we saw no change in death after treatment with TNF-α and 

cycloheximide, we saw that the RIPK1 T169A MEFs exhibited a reduction of death kinetics 

after treatment with the apoptosis inducer TNF-α and secondary mitochondrial-derived 

activator of caspases (smac) mimetics35 similar to that after the addition of Nec-1 (Figures 

S2E and S2F). However, the death we observed in RIPK1 T169A MEFs treated with TNF-

α, smac mimetics, and zVAD, which classically induces necroptosis,36 was significantly 

inhibited by the addition of RIPK3 inhibitor GSK’872, which implies that these cells are still 

capable of strongly activating RIPK3-dependent necroptosis (Figure S2G).

In vivo, Yersinia targets macrophages, and thus, we sought to understand the effect of 

this mutation on the target cells. We generated BMDMs from B6, RIPK1 T169A, and 

Ripk1D138N/D138N (RIPK1 D138N) mice, which express a catalytically inactive form of 

RIPK113 with LPS and 5z7. As expected, the RIPK1 D138N kinase-inactive BMDMs 

displayed delayed kinetics and increased viability compared to B6.37 Strikingly, the RIPK1 

T169A primary BMDMs showed an even greater level of protection from LPS/5z7 than 

the kinase-inactive cells (Figure 2F). A similar inhibition was observed in response to 

infection of BMDMs with Y.ptb. (Figure 2G), which was eliminated with the addition 

of zVAD (Figure 2H), indicating that the increase in viability was caspase dependent. 

These differences in death kinetics were dependent upon the expression of the bacterial 

effector YopJ (Figure 2I). Additionally, macrophages from either RIPK1 T169A or RIPK1 

D138N kinase-inactive mice also showed a significant reduction of IL-1β release into 

the supernatant after either infection with Y.ptb. or priming with LPS followed by 5z7 

when compared to B6 (Figure 2J), without showing differences in IκBα degradation and 

phosphorylation of NF-κB p65 (Figure 2K), indicating that this change was not due to 

inflammatory signaling but rather the activation and release of IL-1β via cell death. Taken 

together, these data show that the RIPK1 T169A mutation displays a strong inhibition of 

CASP8-dependent pyroptosis in models of Yersinia infection while maintaining the ability 

to activate RIPK3 in models of necroptosis in vitro.

RIPK1 T169A BMDMs form a delayed death complex but do not induce caspase cleavage

To further characterize the mechanism of RIPK1 T169A inhibition, we compared caspase 

activation in B6 and RIPK1 T169A BMDMs after treatment with LPS or LPS/5z7. B6 

BMDMs showed cleavage of CASP8 and downstream effectors CASP3 and CASP7 after 

2 and 3 h of LPS/5z7 stimulation; in contrast, RIPK1 T169A BMDMs showed a near 

complete loss of activation of CASP8 as well as CASP3 and CASP7 (Figure 3A). Given 

that maturation of CASP8 toward p18 requires self-cleavage via its oligomerization and 

complexing with FADD and RIPK1, we next assessed the formation of the death complex. 
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To this end, we treated BMDMs from B6, RIPK1 T169A, and RIPK1 D138N mice with 

LPS/5z7, used antibodies to precipitate the death complex via FADD, and performed 

immunoblots for the presence of RIPK1 in complex. Two hours after treatment, we observed 

RIPK1 in complex with FADD in B6 BMDMs, which was further supported by cleavage of 

RIPK1 in the inputs, indicative of partial activation of CASP8 in complex with the inactive 

caspase paralog cFLIPL (cellular FLICE-like inhibitory protein)38 and CASP8 that was fully 

matured to p18 at 2 and 4 h (Figure 3B). In agreement with previous reports, RIPK1 D138N 

BMDMs showed no association of FADD and RIPK1, along with a nearly complete loss of 

the RIPK1-cleaved fragment and CASP8 activation (Figure 3B). Strikingly, RIPK1 T169A 

BMDMs showed decreased association of FADD and RIPK1 at 2 h but increased association 

at 4 h. This coincided with the formation of a cleaved RIPK1 fragment but did not result in 

cleavage and full activation of CASP8 to the p18 fragment (Figure 3B).

We also confirmed that similar kinetics of complex formation were present when these 

BMDMs were infected in vitro with Y.ptb. (Figure 3C). After 1 h of infection with Y.ptb., 

we observed RIPK1 in complex with FADD in B6 BMDMs. In the inputs, we saw cleavage 

of RIPK1 by CASP8 that was fully matured to p18 and activation of GSDMD to the pore-

forming p30 fragment by 3 h (Figure 3C).39 In agreement with our previous publications, 

this also coincided with recruitment of ZBP1 into this complex (Figure 3C).33 RIPK1 

D138N BMDMs showed no association of FADD and RIPK1 or ZBP1, along with a nearly 

complete loss of the RIPK1-cleaved fragment, CASP8 activation, or GSDMD cleavage 

(Figure 3C). RIPK1 T169A BMDMs showed delayed association of FADD with RIPK1 and 

ZBP1 at 3 h, which coincided with the formation of a cleaved RIPK138 but did not result 

in the cleavage and full activation of CASP8 to the p18 fragment (Figure 3C). Furthermore, 

RIPK1 T169A-infected cells were unable to form the active p30 fragment of GSDMD, 

indicating the inhibition of pyroptosis in these cells (Figure 3C). These data suggested that 

phosphorylation of T169 regulates the kinetics of complex formation, which appears to be 

the key to the non-canonical activation of CASP8 and execution of pyroptosis. Collectively, 

these results show that despite the ability to promote death complex formation, the T169A 

mutation confers a significant delay in interactions between FADD, ZBP1, and RIPK1, 

which ultimately inhibits downstream activation of CASP8 and cell death even after the 

successful formation of a FADD-ZBP1-RIPK1 death complex.

T169A mice are more susceptible to Y.ptb. in vivo, corresponding to a decrease in splenic 
IL-1β during early infection

Based on our in vitro data (Figure 2G), RIPK1 T169A macrophages are highly resistant 

to Yersinia-induced cytotoxicity compared to both wild-type and RIPK1 D138N kinase-

inactive macrophages. Remarkably, this protection does not come at the expense of 

inhibiting death complex formation as in the case of the RIPK1 D138N allele. This offers a 

unique model in which we can determine whether attenuated activation of CASP8 in T169A 

mice is compensated by other modes of cell death in vivo, as has been shown previously 

in other models.40 To that end, we intravenously challenged B6, RIPK1 T169A, and RIPK1 

D138N mice with Y.ptb. and monitored them for survival using the loss of 15% of body 

mass as a threshold requiring humane euthanasia. Over 80% of B6 mice succumbed to 

Y.ptb. between 4 and 7 days after infection. Of these mice, 84.2% were sacrificed due 
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to 15% loss criterion, and 10.5% died prior to critical weight loss (Figures 4A and 4B). 

Interestingly, while RIPK1 T169A mice exhibited a very similar ratio of death by weight 

loss to B6 mice (Figure 4B), they were significantly more susceptible to Y.ptb. infection 

(Figure 4A), succumbing between 3 and 5 days after infection, suggesting that a lack of 

pyroptotic cell death and IL-1β production could be the reason for their susceptibility in 
vivo. RIPK1 D138N kinase-inactive mice were highly susceptible to infection, similar to 

RIPK1 T169A mice, and succumbed to it within 4 days (Figure 4A). In contrast, most 

of the RIPK1 D138N mice died before they reached 15% weight loss, which alluded 

to physiological differences in death between RIPK1 T169A and D138N mice (Figure 

4B). Finally, the changes in survival were YopJ dependent, as B6, RIPK1 T169A, and 

D138N mice infected with YopJ-deficient Yersinia show no difference in survival, all 

succumbing to infection around day 5 (Figure 4C). Taken together, these data suggest that 

the delayed assembly of the pro-death complex and its inhibition of CASP8 maturation 

have a significant impact on susceptibility to Yersinia, similar to that of kinase-inactive 

mice, where all modes of RIPK1 kinase-dependent death are abrogated. These data further 

emphasize that the timing of death complex assembly is a key factor in host-pathogen 

interactions.

To further understand the susceptibility in the RIPK1 T169A animals, we compared 

bacterial titers (colony-forming units [CFUs]) in the liver and spleen, which are targets 

of bacterial dissemination over the first 3 days of infection. We saw that although all three 

genotypes had similar tissue CFUs at days 1 and 2, there was a significant increase in 

bacterial burden in the spleen and liver of both the RIPK1 D138N kinase-inactive and 

RIPK1 T169A mice 3 days after infection when compared to B6 mice (Figure 4D). To 

determine whether relatively high bacterial growth in T169A mice might be conferred by 

the low levels of cytokines required for the recruitment of phagocytic cells, we compared 

cytokine responses to Yersinia infection on day 2 immediately preceding the divergence 

in CFUs. In the livers of all mice on day 2, there was no significant change in cytokine 

production (Figure S3A). Except for a significant increase in the TNF-α production in the 

RIPK1 D138N kinase-inactive spleen, we did not observe significant changes in IL-1β, IL-6, 

or CXCL1 compared to B6 (Figure 4E; Figure S3B). In contrast, there was a significant 

decrease in IL-1β in the RIPK1 T169A mice compared to the B6 mice (Figure 4E). We 

also sought to determine what changes may be present in the spleens of these mice on day 

3, when CFUs had diverged. We found that both the RIPK1 T169A and RIPK1 D138N 

mice had significantly elevated levels of CXCL1 in the spleen, while again, the RIPK1 

T169A mice showed a slight reduction in IL-1β compared to the RIPK1 D138N mice 

(Figure S3C). Taken together, these data support a model in which failure to timely assemble 

complex II in RIPK1 T169A mice results in the relative resistance of their macrophages 

to YopJ-mediated pyroptosis, low production of the IL-1β necessary to mount a sufficient 

antibacterial response, and a failure of RIPK1 T169A mice to control Yersinia infection 

when compared to B6 mice as disease progresses.
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RIPK1 T169A mice experience delayed onset of cell death in the spleen after early Y.ptb. 
foci formation that rapidly increases to levels similar to those seen in B6 mice

Due to the fact that RIPK1 T169A mice experience heightened bacterial burden and 

attenuated IL-1β release in their spleens, we focused on the spleen to examine the possibility 

of a correlation between cell death and bacterial foci formation during Yersinia infection. 

Utilizing a strain of Y.ptb. that expresses GFP, we first compared the total cell death in 

spleens from B6, RIPK1 T169A, and RIPK1 D138N mice across 3 days of infection using 

terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end labeling 

(TUNEL) staining. In B6 mice, there was no observation of GFP+ Y.ptb. foci in the B6 

spleens until day 3 (Figure 5A). These same B6 spleens saw TUNEL+ staining on day 

2, which preceded the formation of bacterial foci, and further expanded on day 3, where 

TUNEL+ staining was observed adjacent to GFP+ Y.ptb. (Figures 5A–5C). In the RIPK1 

D138N spleens, GFP+ Y.ptb. foci became visible on day 2 and greatly increased in number 

on day 3 (Figure 5A). These mice never saw a significant increase in TUNEL+ cells on 

day 2 or 3 (Figures 5A–5C). In contrast, the RIPK1 T169A spleens showed a striking 

delay in TUNEL+ cells (Figure 5A). In these spleens, we observed a significant decrease 

in TUNEL+ cells on day 2 compared to the B6 spleens, followed by a large number of 

TUNEL+ cells visible on day 3, which was quite comparable to the number of TUNEL+ 

cells in B6 spleens. Interestingly, RIPK1 T169A spleens had GFP+ Y.ptb. foci visible on 

day 2 when TUNEL+ staining was delayed, and these foci greatly grew in size on day 

3 adjacent to the newly upregulated TUNEL+ signal (Figures 5A–5C). Taken together, 

these data indicate that splenocytes of the RIPK1 T169A mice experience delayed cell 

death compared to B6 mice but significantly greater cell death than the RIPK1 D138N 

kinase-inactive mice. Nonetheless, the delay in cell death in RIPK1 T169A coincides with 

an increase in bacterial foci formation that implies that it is specifically the early cell death 

that restrains bacterial growth and that cell death that occurs after expansion of bacterial foci 

formation is insufficient to restrain further bacterial burden.

RIPK1 T169A mice activate p-MLKL, and not CASP8, in the spleen during in vivo Y.ptb. 
infection

Given that RIPK1 T169A BMDMs showed a near complete protection from LPS/5z7 in 
vitro, which correlated with the delay in TUNEL staining in vivo, it seemed important to 

determine how the T169 spleens were able to initiate cell death that was comparable to B6 

spleens after 3 days of infection. To identify the mechanism of cell death and cells that 

were undergoing this cell death, we performed immunofluorescence staining of sections of 

spleens from uninfected mice and mice infected with Y.ptb. for 3 days for colocalization 

of cleaved CASP8 and either CD68 or Ly6G. As expected, B6 spleens showed strong 

colocalization of CASP8 with CD68, indicating that monocytes and macrophages in the 

spleens were activating CASP8. While the Ly6G stain did not strongly colocalize with 

the CASP8+ stain in the B6 spleens, we did observe an increase in Ly6G+ neutrophil 

recruitment and formation of neutrophil swarms41 (Figures 6A–6C). Interestingly, neither 

the RIPK1 T169A or RIPK1 D138N spleens showed a significant increase in cleaved 

CASP8 staining (Figures 6A and 6B), indicating that the cell death we measured by 

TUNEL+ staining (Figure 6C) was CASP8 independent. We also did not observe neutrophil 

swarming in the RIPK1 T169A or RIPK1 D138N spleens, suggesting that the delay in cell 
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death negatively impacts neutrophil recruitment or activation (Figure 6A). To understand the 

mechanism of the death observed in the RIPK T169A mice, we looked for the activation 

of the effectors of pyroptosis and necroptosis in the spleen lysates from mice infected 

for 3 days with Y.ptb. Analysis of B6 spleens for CASP8 cleavage by means of western 

blot revealed an expected increase in CASP8 cleavage, suggesting the normal execution of 

CASP8-dependent death in these spleens (Figure 6D). Further, infected B6 mice showed 

an increase in phospho-RIPK3 and phospho-MLKL, indicating the activation of RIPK3-

MLKL-dependent necroptosis (Figure 6D). In contrast, there was no appreciable activation 

of CASP8 in infected RIPK1 T169A spleens, suggesting that these mice did not activate 

CASP8-dependent pyroptosis (Figure 6D). However, we did observe an increase in phospho-

RIPK3 and phospho-MLKL in the RIPK1 T169A spleens (Figure 6D), indicating a possible 

switch in the cell death mechanism from pyroptosis to necroptosis. We did not observe the 

cleavage of CASP8 or an increase in phospho-RIPK3 or phospho-MLKL in RIPK1 D138N 

kinase-inactive mice (Figure 6D). Taken together, these data emphasize the importance of 

early CASP8-dependent pyroptosis to the host control of dissemination of Y.ptb. in vivo; 

however, the ability for RIPK1 T169A mice to form a death complex may enable these 

cells to engage in delayed necroptosis, which is insufficient to protect these animals from 

increased susceptibility.

DISCUSSION

RIPK1 is a complex protein involved in both inflammation and cell death. In the context of 

Yersinia infection accompanied by bacterial effector inhibition of the host immune response, 

RIPK1 kinase-dependent cell death is beneficial to the host by limiting the replicative niche 

that otherwise facilitates bacterial dissemination. If dysregulated, this kinase-dependent cell 

death becomes detrimental and contributes to the pathogenesis of numerous inflammatory 

diseases. These examples highlight some of the many evolutionary pressures driving precise 

regulation of RIPK1 enzymatic activity, which makes our understanding of the precise 

molecular mechanisms of RIPK1 activation via autophosphorylation challenging. In further 

complication, RIPK1 deficiency is perinatally lethal.42 Previous work has established the 

importance of canonical RIPK1 S166 phosphorylation in driving apoptosis and necroptosis 

in several autoinflammatory settings, making this residue a useful biomarker for RIPK1 

kinase activity.21 However, the loss of S166 phosphorylation provides only partial protection 

from in vitro cell death compared to kinase-inactive animals, raising a question regarding 

the roles of other autophosphorylation sites. Given the ability of canonical RIPK1 S166 

phosphorylation to enhance death complex formation and RIPK1 kinase activity that further 

promotes autophosphorylation of other residues, such as T169,21 one possible model could 

be Yersinia-induced phosphorylation of S166 driving complex formation that enhances 

autophosphorylation of T169 to initiate CASP8 activation. Future studies will need to 

assess how RIPK1 autophosphorylation sites work in concert in a physiological setting 

by generating mouse models with mutations of multiple sites in combination to unravel 

the mechanisms by which autophosphorylation regulates the activation of RIPK1 kinase-

dependent cell death.

In the present study, we advance our understanding of these mechanisms regulating RIPK1 

kinase-dependent death and the role of that death in the control of Yersinia infection. 
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Specifically, in vitro experiments revealed that RIPK1 T169 autophosphorylation is required 

for CASP8-dependent pyroptosis and that the loss of RIPK1 T169 phosphorylation delays 

the formation of the death complex but does not inhibit it entirely. In vivo, the formation 

of the death complex is likely responsible for driving subsequent necroptosis during 

persistent Yersinia infection. Such a possibility is supported by cell death observed from 

in-vivo-infected RIPK1 T169A spleens (Figure 5A) and phosphorylation of MLKL in in-
vitro-infected T169A BMDMs (Figure 6D). Considering our findings that show that loss of 

phosphorylation via the RIPK1 T169A mutation nearly completely abolishes Y.ptb.-induced 

death in vitro, but delays death in vivo, further characterization of the molecular basis of 

this dichotomy is necessary. Yet, these results highlight that the timing of death complex 

assembly and non-canonical activation of CASP8 is critical for host protection. Given that 

the loss of early pyroptosis cannot be replaced by the activation of necroptosis in later stages 

of infection, this indicates that RIPK1 acts as a rheostat for the prompt initiation of cell 

death. The delay of early pyroptosis also coincides with the loss of the necessary swarming 

of neutrophils, thereby reducing their necessary antimicrobial functions.15,37

Of note, human and murine myeloid cells behave very differently in response to Yersinia 
infection. While pathogenic Yersinia are often used to study cell death in murine systems, 

human macrophages and neutrophils appear to be much more resistant to YopJ- or 

5z7-induced cell death compared to their murine counterparts.4,43,44 In fact, human 

peripheral blood mononuclear cell-derived macrophages treated with LPS/5z7 display 

greater resistance than even RIPK1 D138N kinase-inactive BMDMs, just like RIPK1 T169A 

BMDMs (Figure 2A).4 This is of some interest, as RIPK1 T169 is a highly conserved 

residue from fish to apes, but like our Ripk1T169A/T169A mice, humans do not possess 

RIPK1 T169. The loss of this autophosphorylation and the similar responses to both Y.ptb. 
and LPS/5z7 in vitro may suggest that Ripk1T169A/T169A mice exhibit a more human-like 

response to Yersinia. The differential response of human and murine macrophages to 

Yersinia supports the need to further study both mouse and human cells to understand 

the course of illness in humans and suggests that Ripk1T169A/T169A mice may be ideally 

positioned for future investigation.

Limitations of the study

The authors recognize that the RIPK1 T169 autophosphorylation site does not exist 

in humans and generated the T169A mutant specifically to investigate the loss of the 

autophosphorylation, not to explore the role of the human residue RIPK1 N169. Further 

understanding of human autophosphorylations will need to be done in the future with this 

understanding. This study also utilized an intravenous injection of Yersinia that specifically 

bypasses the intestine to determine the effect that the RIPK1 T169A mutation has on 

macrophage function. Possible roles for the RIPK1 T169A mutation have not been assessed 

in models that assess a role for RIPK1 in the gut, and therefore, the inability for necroptosis 

to rescue the loss of CASP8-dependent pyroptosis may be dependent on the route of 

infection.
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STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Requests for further information, resources and reagents should be 

directed to the lead contact, Alexander Poltorak (alexander.poltorak@tufts.edu).

Materials availability—Mouse line Ripk1T169A/T169A generated in this study will be 

available by request after the signing of an MTA from the corresponding author.

Data and code availability—All data reported in this paper will be shared by the lead 

contact upon request. This paper does not report original code. Any additional information 

required to reanalyze the data reported in this paper is available from the lead contact upon 

request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals—Balb/c mice were obtained from The Jackson Laboratory for generation of 

BMDMs to run mass spectroscopy analysis. For all other experiments, C57BL/6J mouse 

strain was obtained from The Jackson Laboratory. miRipk1 D138N/D138N mice were a 

generous gift from Dr. M.A. Kelliher (University of Massachusetts Medical School) and 

were generated in collaboration with Dr. M. Pasparakis (University of Cologne). All 

genetically modified mice were fully backcrossed to the C57BL/6 background. All mice 

were housed in a pathogen-free facility at the Tufts University School of Medicine and 

experiments were performed in accordance with regulations and approval of the Tufts 

University Institutional Animal Care and Use Committee.

CRISPR/Cas9-mediated generation of Ripk1T169A/T169A mice—For the generation 

of Ripk1T169A/T169A mice, S.p. Cas9 (IDT) together with the 120 bp ssDNA repair 

oligo (IDT) and the short guide RNA (sgRNA) comprised of both crRNA and tracrRNA 
sequences (IDT) were microinjected into the pronucleus of fertilized oocytes obtained 

from C57BL/6J mice by University of Massachusetts Medical School Transgenic Animal 

Modeling Core. A sgRNA targeting a site adjacent to position 169 of the murine Ripk1 

gene was used (5′ GAC ATG GAG CAA ACT GAC TA3′). On the next day, the injected 

embryos were transferred to foster mothers and allowed to develop to term. Mutations in 

the genome of progeny were determined by analysis of genomic DNA by sequencing. The 

sequence of the ssDNA oligo used as repair template for the RIPK1 T169A knock-in was 

5′ CGA TCT TGG TGT GGC TTC CTT TAA GAC ATG GAG CAA ACT GGC TAA 

GGA GAA AGA CAA CAA GCA GAA AGA AGT GAG CAG CAC CA 3’. Primers to 

amplify gDNA fragments for sequencing were: (5′ GGT TAT CTT TCT CTG CCT TTA 

TGT G 3′) and (5′ TGT CTT ACT CTC ATA GGG CTC C 3′). Mice containing the 

desired knock-in were backcrossed to C57BL/6J mice for 4 generations before progeny from 

separate founders were crossed to generate the homozygote Ripk1T169A/T169A.

Mouse bone marrow derived macrophages (BMDMs)—Bone marrow was flushed 

from femurs of indicated mouse strains with cold RPMI. Isolated cells were pelleted and 

re-suspended in BMDM differentiating media (RPMI with L-glutamine, 20% FBS, 30% 
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L-cell conditioned media, 2% Pen-Strep) and cultured for 7 days at 37°C in 5% CO2 

to differentiate. Matured BMDMs were rested overnight in RPMI with L-glutamine 10% 

FBS, 2% Pen-Strep prior to experiments. Yersinia based experiments were conducted in the 

absence of antibiotics.

Generation of MEFs—C57Bl/6J or RIPK1 T169A mice were bred, and pregnancy was 

harvested between day 12.5–14.5 of gestation. Uterine horns were dissected, the embryo 

head and livers were removed, and individual embryos were homogenized and treated with 

trypsin and primary MEFs were cultured in high-glucose DMEM supplemented with 10% 

FBS, and 2% penicillin and streptomycin and allowed to reach 85% confluency before 

passage. At passage 3, primary MEFs were frozen for use in future experiments or plated 

directly for viability assays.

Yersinia pseudotuberculosis infection model—Prior to infection with Y.ptb., mice 

were co-housed for at least two weeks. For survival studies, 8–10-week-old male and female 

C57Bl/6J, RIPK1 T169A, and RIPK1 D138N mice were injected intravenously with 5×102 

colony forming units of Yersinia pseudotuberculosis IP2666 or Yersinia pseudotuberculosis 
IP2666 ΔYopJ in sterile PBS (100 μl), or equal volume of sterile PBS for control mice. Mice 

were monitored and temperature was monitored daily by rectal thermometer. When mouse 

body mass reached <85% of starting weight, mice were euthanized by CO2 asphyxiation. 

For CFU, tissue collection, or tissue specific ELISA, C57Bl/6J, RIPK1 T169A, and RIPK1 

D138N mice were injected intravenously with 5×102 colony forming units of Yersinia 
pseudotuberculosis IP2666 or Yersinia pseudotuberculosis IP2666 GFP+ in sterile PBS (100 

μl), or equal volume of sterile PBS for control mice. Mice were monitored and temperature 

was monitored daily by rectal thermometer. At indicated timepoints after administration of 

Y.ptb., or when mouse body mass reached <85% of starting weight, mice were euthanized 

by CO2 asphyxiation, and tissue was collected for appropriate quantification. Tissue specific 

cytokines were analyzed at indicated timepoints after infection with Y.ptb IP2666. Tissues 

were weighed and single cell suspensions were generated in 0.5 mL PBS and cytokine 

secretion was measured by ELISA. Murine TNFα (DY410) and CXCL-1 (DY453) and IL-6 

(DY406) and IL-1β (DY401) DuoSet ELISA kits were used according to the manufacturer’s 

instructions. To determine bacterial burden, mice were euthanized at indicated timepoints 

and tissues were harvested, homogenized in 0.5 mL of PBS, and serially diluted on Luria–

Bertani (LB) agar. All experiments were performed in accordance with regulations and 

approval of the Tufts University Institutional Animal Care and Use Committee.

Immortalized bone marrow derived macrophages (iBMDM)—Immortalized B6 

BMDMs were a generous gift from Dr. K. Fitzgerald (University of Massachusetts Medical 

School) and were maintained in complete DMEM (DMEM with glucose, L-glutamine, 10% 

FBS, and 1% Pen-Strep).

CRISPR/Cas9-mediated generation of iBMDMs—For the generation of RIPK1 

D138N, RIPK1 S166A, and RIPK1 T169A iBMDMs, Alt-R S.p. Cas9 Nuclease V3 (IDT, 

1081058) together with Alt-R Cas9 Electroporation Enhancer (IDT, 1075915), Alt-R HDR 

Enhancer V2 (IDT, 10007910) the 80–120 bp ssDNA repair oligo (IDT) and the short guide 
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RNA (sgRNA) comprised of both Alt-R CRISPR-Cas9 crRNA and tracrRNA sequences 
(IDT) were nucleofected into B6 iBMDMs using the Nucleofector IIb system on program 

Y-001. Nucleofected cells were allowed to rest for 48 h, and single cell clones were grown 

in 96 well plates. Mutations in the clones were determined by analysis of genomic DNA 

by sequencing. To generate RIPK1 D138N sgRNA targeting a site adjacent to position 138 

of the murine Ripk1 gene was used (5′ TGA CAA AGG TGT GAT ACA CA 3′). The 

sequence of the ssDNA oligo used as repair template for the RIPK1 D138N knock-in was 

5′ ATA GAA GGC ATG TGC TAC TTA CAT GAC AAA GGT GTG ATA CAC AAG 

AAC CTG AAG CCT GAG AAT ATC CTC GTT GAT CGT GAC TTT CA 3’. To generate 

RIPK1 S166A sgRNA targeting a site adjacent to position 166 of the murine Ripk1 gene 

was used (5′ GAC ATG GAG CAA ACT GAC TA3′). The sequence of the ssDNA oligo 

used as repair template for the RIPK1 S166A knock-in was 5′ TCT TTT CCA GAT AGC 

CGA TCT TGG TGT GGC TTC CTT TAA GAC ATG GGC CAA ACT GAC TAA GGA 

GAA AGA CAA CAA GCA GAA AGA AGT GA 3’. To generate RIPK1 T169A sgRNA 

targeting a site adjacent to position 169 of the murine Ripk1 gene was used (5′ GAC ATG 

GAG CAA ACT GAC TA3′). The sequence of the ssDNA oligo used as repair template 

for the RIPK1 T169A knock-in was 5′ CGA TCT TGG TGT GGC TTC CTT TAA GAC 

ATG GAG CAA ACT GGC TAA GGA GAA AGA CAA CAA GCA GAA AGA AGT 

GAG CAG CAC CA 3’. Primers to amplify gDNA fragments for sequencing RIPK1 D138N 

were: (5′ TAT ATT TCA CCA TTT TCT CCT TCC C 3′) and (5′ GGA AAC AAA ACC 

CAG GAA CC 3′). Primers to amplify gDNA fragments for sequencing RIPK1 S166A and 

RIPK1 T169A were: (5′ GGT TAT CTT TCT CTG CCT TTA TGT G 3′) and (5′ TGT CTT 

ACT CTC ATA GGG CTC C 3′).

METHOD DETAILS

Reagents—LPS Escherichia coli 011: B4 (10 ng/mL for all BMDM assays and 100 ng/mL 

for all MEFs, L4391), 5z7 (125 nM, O9890), GSK’872(3 μM, 530389), and Nec-1 (10 μM, 

N9037) were purchased from Sigma- Aldrich.

Cell viability assays—MEFs were plated in tissue culture treated, 384-well, optical 

bottom plates (Nunc 142761) at 8.3×104 cells per well in DMEM with 10% FBS with 

2% Pen-Strep. BMDMs were plated in tissue culture treated, 384-well, optical bottom 

plates (Nunc 142761) at 25×104 cells per well in RPMI with L-glutamine 10% FBS with 

or without 2% Pen-Strep. Indicated treatments were added to cells in media containing 

10 μg/mL propidium iodide (Life Technologies, P3566). The Cytation3 Imager (BioTek) 

was used to maintain temperature at 37°C and 5% CO2 during the experiments. Kinetic 

microscopy was performed by the Cytation3 Imager to quantify propidium iodide uptake 

every 30 min. Wells containing 0.1% Triton X-100 lysed cells were used as 100% 

cytotoxicity controls, and wells containing unstimulated cells were used as controls for 

baseline death overtime.

ELISA—1×105 BMDMs were plated on 96-well TC treated plates and stimulated as 

indicated for 16 h. LPS priming (10 ng/mL) occurred 4 h before the addition of 5z7 or 

nigericin, respectively. Cell free supernatants were analyzed for IL-1β (DY401) protein 

levels using the DuoSet ELISA kit from R&D Systems.
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Mass spectrometry analysis—Balb/c BMDMs were treated as indicated for 30 min 

followed by IP of RIPK1. Eluted RIPK1 was run on a 4–15% Tris HCl gradient gel 

(BioRad, 3450028), visualized by Coomassie stain and sent to the laboratory of Dr. S. 

Gerber (Dartmouth University). RIPK1 was trypsinized and run on LS-MS/MS and peaks 

corresponding with phosphosites were identified.

Yersinia growth conditions—Wild-type IP2666 and ΔYopJ IP2666 Y. 
pseudotuberculosis bacterial strains were generously provided by R. Isberg. Bacteria were 

grown from frozen glycerol stocks on LB plates containing Irgasan (Sigma-Aldrich). 

Cultures were grown overnight in 2XYT broth at 26°C before addition of 200nM Sodium 

Oxalate and 2M MgCl2 and cultured for 2 additional hours before a shift to 37°C for 2 h. 

Macrophages were infected at a multiplicity of infection (MOI) of 12 colony-forming units 

per cell.

Next generation sequencing—5×105 BMDMs were plated on 24-well TC treated 

plates and total RNA was isolated from unstimulated, LPS, and LPS/5z7 stimulated B6 

BMDMs using TRIzol as recommended by the manufacturer. A TrueSeq kit was used to 

make a directional cDNA library. Seventy-five bp pair-end reads from cDNA libraries were 

generated on MiSeq (Illumina). Raw read data were trimmed to remove adapters using Trim 

Galore with default settings. Reads were aligned with STAR (reference GRCm39) using 

default settings. FeatureCounts counted raw read counts using gene annotation data from 

gencode M32. Differential gene expression between all pairs of conditions was performed 

with DESeq2 and plots were produced using ggplot R package.

Western blotting—Whole-cell lysates were prepared by lysing cells directly in 1X 

Laemmli Buffer with 5% β-mercaptoethanol. Tissue lysates were prepared by removing 

and weighing the tissue and generating single cell suspensions in PBS. Cell suspensions 

were lysed in 1X Laemmli Buffer with 5% β-mercaptoethanol at approximately 1 μg/μL 

final concentration. Samples were boiled for 15 min, followed by a 10-min incubation on 

ice. Protein lysates were resolved on a 10% or 15% Bis-Tris SDS gel and transferred to a 

nitrocellulose membrane using the Pierce Power transfer system. Membranes were blocked 

with 5% BSA in PBS-T for 1 h. Primary antibodies were diluted to 1:1000 in 1% BSA in 

PBS-T, and membranes were incubated with primary antibodies overnight at 4°C. Infrared 

secondary antibodies (680 or 700 nm) were diluted 1:30,000 in 1% BSA in PBS-T, and 

membranes were incubated with secondary antibodies for 40 min at room temperature. 

Membranes were imaged using an Odyssey CLx Imaging System, and image analysis was 

performed using Image Studio software.

FADD and RIPK1 immunoprecipitations—Cells were plated on 6 well TC treated 

plates, stimulated as indicated, and harvested in IP lysis buffer [0.5% Triton X-100, 50 

mM Tris base (pH 7.4), 150 mM NaCl, 2 mM EDTA, 2 mM EGTA, and 1× protease 

inhibitor cocktail] as previously described.47 Lysed cells were rotated for 60 min at 4°C 

with intermittent vortexing and centrifuged at 5000×g for 5 min, and the supernatant 

was incubated with α- FADD (Millipore Sigma, 05–048) or α- RIPK1 antibody (BD 

Biosciences, 610458) –conjugated Protein G–agarose beads (Cell Signaling Technology, 
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37478) overnight after removal of 10% of sample to be used as inputs. Samples were washed 

three times in IP lysis buffer, and protein complexes were eluted with 1× Laemmli buffer 

containing 5% β-mercaptoethanol at 90°C for 15 min.

TUNEL staining—For histology and TUNEL staining, spleens were isolated from GFP+ 

Y.ptb.- or PBS-injected mice after indicated timepoints, fixed in 4% paraformaldehyde in 

PBS (4%PFA) (Thermo Scientific, J19943-K2) for 4 h, and flash frozen in Tissue Plus 

O.C.T Compount (Fisher Scientific, 4585). Tissue sections were generated from frozen 

blocks by iHisto. Sections were fixed with 4% PFA for 20 min, washed with PBS, 

and permeabilized with 0.1% Triton in sodium citrate solution (Novus, NB900–62075). 

TUNEL staining was performed with In Situ Cell Death detection Kit, TMR red (Roche, 

12156792910). Imaging and analysis of % TUNEL+ cells per field of view were calculated 

on the BioTek Lionheart Automated microscope. All experiments were performed in 

accordance with regulations and approval of the Tufts University Institutional Animal Care 

and Use Committee.

Histology and immunofluorescent staining—For histology and immunofluorescent 

staining, spleens were isolated from Y.ptb.- or PBS-injected mice after indicated timepoints, 

fixed in 10% formalin for 48 h, and transferred to 75% ethanol. Tissue sections were paraffin 

embedded by iHisto. Sections were deparaffinized with use of Xylene for 10 min and 

decreasing concentrations of ethanol in 3-min washes. Antigen retrieval was performed in 

sodium citrate buffer (Novus, NB900–62075) in a vegetable steamer for 20 min. Sections 

were washed in TBS plus 0.025% Triton X-100 and blocked in 10% normal serum and 

1% BSA in TBS for 2 h. Primary antibodies were diluted at 1:250 in TBS with 1% BSA. 

Fluorophore conjugated secondary antibodies were diluted 1:100 in TBS with 1%BSA. 

All experiments were performed in accordance with regulations and approval of the Tufts 

University Institutional Animal Care and Use Committee.

QUANTIFICATION AND STATISTICAL ANALYSIS

For all in vitro experiments, mean values are presented +/− standard deviation. Error bars 

in ELISA experiments represent the standard deviation of three independent experiments. 

Data from kinetic cytotoxicity experiments and western blots are representative of 3 or more 

experiments, and error bars represent the standard deviation between triplicate samples. For 

in vivo experiments, values from individual mice are presented (n ≥ 4), as well as mean 

values+/− standard deviation. two-way ANOVA was used for comparison between groups: 

ns, nonsignificant (p > 0.05); *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Autophosphorylation of RIPK1 T169 drives CASP8 activation in response to 

Yersinia infection

• A delay in death complex assembly in RIPK1 T169A mutant BMDMs 

abrogates CASP8 activation

• RIPK1 T169A mice switch from pyroptosis to necroptosis, which fails to 

protect from Y.ptb.
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Figure 1. Phosphorylation of RIPK1 T169, and not canonical S166, drives cell death after 
stimulation with LPS/5z7
(A) Cell death as measured by propidium iodide (PI) incorporation over time in B6, RIPK1 

S166A, and RIPK1 D138N knockin immortalized BMDMs stimulated with LPS/5z7.

(B) IL-1β release from B6, RIPK1 S166A, and RIPK1 D138N knockin immortalized 

BMDMs after 16 h of indicated treatments. LPS priming (10 ng/mL) occurred 4 h before the 

addition of 5z7 or 5z7/Nec-1.

(C) Western blot for GapDH, cleaved CASP8, CASP3, GSDMD, total RIPK1, phospho-

S166 RIPK1, total RIPK3, phospho-RIPK3, total MLKL, and phospho-MLKL in LPS/5z7-

stimulated B6, RIPK1 S166A, and RIPK1 D138N immortalized BMDMs stimulated with 

LPS/5z7 over the indicated amounts of time.
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(D) Schema depicting workflow of phospho-specific mass spectroscopy. Phosphosites 

detected by liquid chromatography-tandem mass spectrometry (LC-MS/MS) in BMDMs 

treated with LPS or LPS/5z7 for 30 min. Previously reported autophosphorylations are 

highlighted in yellow and identified in the representation on the bottom. Schemas were 

created in BioRender.

(E) Cell death as measured by PI incorporation over time in B6, RIPK1 T169A, and RIPK1 

D138N knockin immortalized BMDMs stimulated with LPS/5z7.

(F) IL-1β release from B6, RIPK1 S166A, and RIPK1 D138N knockin immortalized 

BMDMs after 16 h of indicated treatments. LPS priming (10 or 100 ng/mL) occurred 4 

h before the addition of 5z7 or nigericin, respectively.</p/> Data from cell death assays 

and western blots are representative of 3 or more independent experiments, cell death data 

are presented as the mean ± SD of triplicate wells, and n = 10,000 cells examined in three 

individual wells. IL-1β release data are presented as the mean ± SD for triplicate wells 

from n = 3 independent experiments. Data from (A) and (E) as well as (B) and (F) were 

generated concurrently using the same B6 and D138N controls but are presented separately 

for narrative purposes. Two-way analysis of variance (ANOVA) was used for comparison 

between groups: ns, non-significant (p > 0.05), *p < 0.05, **p < 0.01, ***p < 0.001, and 

****p < 0.0001.

See also Figure S1.
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Figure 2. Inhibition of RIPK1 T169 phosphorylation inhibits CASP8-dependent death and 
downstream pyroptosis without altering inflammatory signaling
(A) Schema depicting the establishment of the Ripk1T169A/T169A mouse line created in 

BioRender.

(B) Sample-sample correlation heatmap of B6 and RIPK1 T169A BMDMs treated with 

LPS, LPS/5z7, or unstimulated. N = 3 for each genotype and stimulation.

(C) Principal-component analysis (PCA) plot of bulk RNA sequencing analysis of B6 and 

RIPK1 T169A BMDMs treated with LPS or LPS/5z7 or unstimulated. N = 3 for each 

genotype and stimulation.
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(D–I) Cell death as measured by PI incorporation over time in (D and E) B6 and RIPK1 

T169A MEFs or (F–I) B6, RIPK1 T169A, and RIPK1 D138N primary BMDMs stimulated 

with (D and F) LPS/5z7, (E) TNF-α/5z7, (G and H) Y. ptb. at an MOI of 12, or (I) 

ΔYopJ-deficient Y. ptb. at an MOI of 12, respectively.

(J) IL-1β release from B6, RIPK1 T169A, and RIPK1 D138N primary BMDMs after 16 h of 

indicated treatments. LPS priming (10 ng/mL) occurred 4 h before the addition of 5z7.

(K) Western blot for GapDH, RIPK1, RIPK1 phospho-S321, total IκBα, NF-κB phospho-

p65, and NF-κB total p65 in B6 and RIPK1 T169A BMDMs stimulated with Y. ptb. at MOI 

of 12 over indicated time.

Data from cell death assays and western blots are representative of 3 or more biologically 

independent experiments, cell death data are presented as the mean ± SD of triplicate wells, 

and n = 10,000 cells examined in three individual wells. IL-1β release data are presented as 

the mean ± SD for triplicate wells from n = 3 independent biologic experiments. Two-way 

ANOVA was used for comparison between groups: ns, non-significant (p > 0.05), *p < 0.05, 

**p < 0.01, ***p < 0.001, and ****p < 0.0001.

See also Figure S2.
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Figure 3. RIPK1 T169A BMDMs form a delayed death complex but do not induce caspase 
cleavage
(A) Western blot for GapDH, RIPK1, cleaved CASP8, CASP3, and CASP7 in B6 and 

RIPK1 T169A BMDMs stimulated with LPS or LPS/5z7 over the indicated amounts of 

time.

(B) FADD immunoprecipitation (IP) of B6, RIPK1 T169A, and RIPK1 D138N primary 

BMDMs stimulated with LPS/5z7 for 0, 2, or 4 h and probed for FADD and RIPK1. Inputs 

were probed for GapDH, FADD, RIPK1, and cleaved CASP8.

(C) FADD IP of B6, RIPK1 T169A, and RIPK1 D138N primary BMDMs stimulated with 

Y.ptb. for 0, 1, and 3 h and probed for FADD, ZBP1, and RIPK1. Inputs were probed 

for GapDH, FADD, RIPK1, ZBP1, cleaved CASP8, cellular FLICE-like inhibitory protein 

(cFLIP), and GSDMD.
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Figure 4. RIPK1 T169A mice are more susceptible to Y.ptb. in vivo, corresponding to a decrease 
in splenic IL-1β during early infection
(A) Kaplan-Meir survival curve of 8- to 10-week-old B6, T169A, and D138N mice treated 

with 5 × 102 CFUs of Y.ptb. via intravenous (i.v.) injection.

(B) Percentage of mice that reached the 85% of original body weight sacrifice criterion or 

experienced spontaneous death across all mice in (A).

(C) Kaplan-Meir survival curve of 8- to 12-week-old B6, T169A, and D138N mice treated 

with 5 × 102 CFUs of Y.ptb. deficient for YopJ via i.v. injection. N = 3.

(D) Spleen and liver CFUs for mice sacrificed on the indicated day post-infection. For each 

time point and genotype, N = 4.

(E) TNF-α and IL-1β protein levels measured by ELISA in the spleen of B6, T169A, and 

D138N mice injected i.v. with Y.ptb. for the indicated amounts of time. For PBS mice, N 
= 2–4 mice per genotype. For 2-day infected mice, N = 8–9 mice per genotype. Log-rank 

(Mantel-Cox) test was used for comparison of survival curves.

Two-way ANOVA was used for comparison between groups: ns, non-significant (p > 0.05), 

*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

See also Figure S3.
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Figure 5. RIPK1 T169A mice experience delayed onset of cell death in the spleen after early 
Y.ptb. foci formation that rapidly increases to levels similar to those seen in B6 mice
(A) TUNEL staining and (B and C) quantification of percentage of total cells that are 

TUNEL+ in the spleens of B6, RIPK1 T169A, and RIPK1 D138N mice injected i.v. with 

GFP+ Y.ptb. for the indicated times. DAPI, 4′,6-diamidino-2 phenylindole. Each point 

represents one field of view, with a total of 5 fields of view across four biological replicates. 

Two-way ANOVA was used for comparison between groups: ns, non-significant (p > 0.05), 

*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Figure 6. RIPK1 T169A mice activate p-MLKL, and not CASP8, in the spleen during in vivo 
Y.ptb. infection
(A and B) Immunofluorescence staining for cleaved CASP8 and (A) CD68 or (B) Ly6G in 

the spleens of B6, RIPK1 T169A, and RIPK1 D138N mice injected i.v. with Y.ptb. for 0 or 3 

days. DAPI, 4′,6-diamidino-2 phenylindole. All scale bars shown represent 400 μm.

(C) Quantification of (A) and (B) for percentage of total cells that are cleaved CASP8+ in 

the spleens of B6, RIPK1 T169A, and RIPK1 D138N mice and quantification of cleaved 

CASP8+ colocalization with either CD68 or Ly6G. Each point represents one tissue field of 

view across four biological replicates. Two-way ANOVA was used for comparison between 

groups: ns, non-significant (p > 0.05), *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 

0.0001.

(D) Western blot of spleen lysates from B6, RIPK1 T169A, and RIPK1 D138N mice i.v. 

injected with either PBS or Y.ptb. for 3 days as indicated probed for GapDH, cleaved 

CASP8, GSDMD, phospho-RIPK3 and total RIPK3, and phospho-MLKL and total MLKL. 

Data from western blots are representative of 4 or more biological replicates for each 

indicated treatment.
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KEY RESOURCES TABLE

REAGENTor RESOURCE SOURCE IDENTIFIER

Antibodies

CD68 BioRad Cat#: MCA1957; RRID: AB_322219

Ly6G BD Biosciences Cat#: 551459; RRID: AB_394206

Goat anti-Rabbit IgG Alexa Fluor 488 Invitrogen Cat#:A21202; RRID: AB_141607

Goat anti-Rat IgG Alexa Fluor 555 Invitrogen Cat#: A21434; RRID: AB_2535855

RIPK1 Cell Signaling Technology Cat#: 3493; RRID: AB_2305314

RIPK1 p-S166 Cell Signaling Technology Cat#: 31122; RRID: AB_2799000

Caspase 3 Cell Signaling Technology Cat#: 9662; RRID: AB_331439

Caspase 7 Cell Signaling Technology Cat#: 9492; RRID: AB_2228313

cleaved CASP8 Cell Signaling Technology Cat#: 8592; RRID: AB_10891784

RIPK3 Cell Signaling Technology Cat#: 95702; RRID: AB_2721823

p-RIPK3 Cell Signaling Technology Cat#: 91702; RRID: AB_2137060

MLKL Millipore Cat#: MABC604; RRID: AB_2820284

p-MLKL-S345 Abcam Cat#: ab196436; RRID: AB_2687465

SAPK/JNK Cell Signaling Technology Cat#: 9252; RRID: AB_2250373

p-SAPK/JNK Cell Signaling Technology Cat#: 9255; RRID: AB_2307321

p38 Cell Signaling Technology Cat#: 9212; RRID: AB_330713

p-p38 Cell Signaling Technology Cat#: 4511: RRID: AB_2139682

ERK1/2 Cell Signaling Technology Cat#: 4696; RRID: AB_390780

p-ERK1/2 Cell Signaling Technology Cat# 4370: RRID: AB_2315112

GAPDH Cell Signaling Technology Cat#: 2118; RRID: AB_561053

FADD Millipore Sigma Cat#: 05-486; RRID: AB_ 2100627

ZBP1 (Zippy) Adipogen Cat#: AG-20B-0010-C100; RRID: 
AB_2490191

RIPK1 BD Biosciences Cat#: 610458; RRID: AB_397831

GSDMD Abcam Cat#: Ab209845; RRID: AB_2783550

RIPK1- pS321 Cell Signaling Technology Cat#: 38662; RRID: AB_3094762

IκBα Cell Signaling Technology Cat#: 4812; RRID: AB_10694416

NF-κB p-p65 Cell Signaling Technology Cat#: 3033; RRID: AB_331284

NF-κB p65 Cell Signaling Technology Cat#: 8242; RRID: AB_10859369

cFLIP Cell Signaling Technology Cat#: 56343; RRID: AB_2799508

anti-rabbit IgG (H + L) (DyLight™ 800 4X PEG Conjugate) Cell Signaling Technology Cat#: 5151; RRID: AB_10697505

anti-mouse IgG (H + L) (DyLight™ 800 4X PEG Conjugate) Cell Signaling Technology Cat#: 5257; RRID: AB_10693543

Bacterial and virus strains

Yersinia pseudotuberculosis IP2666 Ralph Isberg N/A

Yersinia pseudotuberculosis IP2666 ΔYopJ Ralph Isberg N/A

Yersinia pseudotuberculosis IP2666 GFP+ Ralph Isberg N/A

Chemicals, peptides, and recombinant proteins
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REAGENTor RESOURCE SOURCE IDENTIFIER

Bio Safe Coomassie G250 stain Biorad 1610786

Propidium iodide Invitrogen P3566

Hoechst ThermoFisher 62249

Alt-R Cas9 Electroporation Enhancer IDT 1075915

Alt-R HDR Enhancer V2 IDT 10007910

Alt-R S.p. Cas9 Nuclease V3 IDT 1081058

Alt-R CRISPR-Cas9 tracrRNA IDT 1072532

LPS Escherichia coli 011: B4 Sigma Aldrich L4391

5Z-7-Oxozeaenol (5z7) Sigma Aldrich O9890

Necrostatin-1 Sigma Aldrich N9037

GSK’872 Sigma Aldrich 530389

Critical commercial assays

Murine TNF ELISA kit R&D Systems DY410

Murine IL1 β ELISA kit R&D Systems DY401

Murine CXCL1 ELISA kit R&D Systems DY453

Murine IL-6 ELISA kit R&D Systems DY406

In Situ Cell Death Detection Kit, TM Texas Red Roche 12156792910

Deposited data

Gene Expression Omnibus This paper GEO: GSE263905

Experimental models: Cell lines

BMDM Cells: C57BL/6J Jackson Laboratory JAX: 000664

BMDM Cells: Balb/c Jackson Laboratory JAX: 000651

BMDM Cells: RipkiD138ND138N Dr. M. Kelliher N/A13

BMDM Cells: Ripk1Tle9Ame9A This paper N/A

BMDM Cells: Immortalized C57BL/6J Dr. K. Fitzgerald N/A

MEF Cells: C57BL/6J Jackson Laboratory JAX: 000664

MEF Cells: Ripk1Tle9A/Tle9A This paper N/A

Experimental models: Organisms/strains

Mouse: C57BL/6J Jackson Laboratory JAX: 000664

Mouse: RipklD138ND138N Dr. M. Kelliher N/A13

Mouse: Ripk1Tle9A/Tle9A This paper N/A

Oligonucleotides

Alt-R CRISPR-Cas9 crRNA Target sequence for generation of 
D138N:
5′ TGA CAA AGG TGT GAT ACA CA 3′

IDT CD.HC9.JJB0317.AL

Alt-R CRISPR-Cas9 crRNA Target sequence for generation of 
S166A or T169A:
5′ GAC ATG GAG CAA ACT GAC TA3′

IDT CD.HC9.VNMJ0917.AH
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REAGENTor RESOURCE SOURCE IDENTIFIER

ssODN rapair oligo for generation of D138N iBMDM: IDT
5′ ATA GAA GGC ATG TGC TAC TTA CAT GAC
AAA GGT GTG ATA CAC AAG AAC CTG AAG
CCT GAG AAT ATC CTC GTT GAT CGT GAC TTT CA 3’

N/A

ssODN rapair oligo for generation of S166A iBMDM:
5′ TCT TTT CCA GAT AGC CGA TCT TGG TGT GGC
TTC CTT TAA GAC ATG GGC CAA ACT GAC TAA
GGA GAA AGA CAA CAA GCA GAA AGA AGT GA 3′.

IDT N/A

ssODN rapair oligo for generation of T169A iBMDM:
5′ CGA TCT TGG TGT GGC TTC CTT TAA GAC ATG
GAG CAA ACT GGC TAA GGA GAA AGA CAA CAA
GCA GAA AGA AGT GAG CAG CAC CA 3′

IDT N/A

ssODN rapair oligo for generation of T169A mouse:
5′ CGA TCT TGG TGT GGC TTC CTT TAA GAC ATG
GAG CAA ACT GGC CAA GGA GAA AGA CAA CAA
GCA GAA AGA AGT GAG CAG CAC CA 3′

IDT N/A

Forward primer for sequencing genomic DNA of D138N mutant:
5’ TAT ATT TCA CCA TTT TCT CCT TCC C 3’

IDT N/A

Reverse primer for sequencing genomic DNA of D138N mutant:
5’ GGA AAC AAA ACC CAG GAA CC 3’

IDT N/A

Forward primer for sequencing genomic DNA of S166A and 
T169A mutant:
5’ GGT TAT CTT TCT CTG CCT TTA TGT G 3’

IDT N/A

Reverse primer for sequencing genomic DNA of S166A and 
T169A mutant:
5’ TGT CTT ACT CTC ATA GGG CTC C 3’

IDT N/A

Software and algorithms

Prism 10 GraphPad N/A

Gen5 Image Prime 3.10 Agilent N/A

TrimGalore Altos Labs N/A

STAR Dobin et al.45 N/A

FeatureCounts Liao et al.46 N/A

DESeq2 Bioconductor N/A
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