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RIPK1 kinase drove brain microvascular
endothelial cells death and blood-brain
barrier disruption in neonatal Escherichia
coli meningitis

Xuhang Wang1, Yuhan Zhang1, Xinru Chen1, Kailai Fu1, Jiaqi Cui1, Jiaoling Wu1,
Yu Sun1, Jianluan Ren1, Feng Xue1, Jianjun Dai1,2 & Fang Tang 1,2

Neonatal meningitis Escherichia coli (NMEC) breaching the blood-brain barrier
(BBB) is a critical event in the development of E. coli meningitis. Brain micro-
vascular endothelial cells (BMECs), the primary structural component of the
BBB, play a central role in defending against pathogen invasion. In this study,
we employ the NMEC strain RS218 (O18:K1:H7) to investigate the molecular
mechanisms of cell death in BMECs and its pivotal contribution to BBB dis-
ruption. The study reveals that RS218 infection promotes assembly of the
Ripoptosome complex. This leads to the coordinated activation of apoptosis,
pyroptosis, and necroptosis. Notably, necroptosis can also occur through
RIPK1-independent pathways. By generating Ripk1 D138N/D138N, Gsdmd -/-, and
Casp8 -/- Ripk3 -/- mice, we demonstrate that the regulation of BMECs death was
an important factor in BBB resistance to infection. Among these models,
kinase-dead Ripk1 D138N/D138N mice exhibit the most effective BBB protection,
independent of innate immune responses. Inhibition of RIPK1 kinase sig-
nificantly preserves BBB integrity, and lowers RS218 invasion and neuroin-
flammation. Moreover, the combination of RIPK1 inhibition with antibiotics
yields additive therapeutic effects. Our study advances the understanding of
NMECpathogenesis and supports thepotential of RIPK1 as a therapeutic target
for E. coli meningitis.

Neonatal meningitis Escherichia coli (NMEC) is the second most pre-
valent bacterial pathogen responsible for meningitis, posing a sub-
stantial threat to neonates and accounting for approximately 35% of
clinical cases1,2. Current antibiotic therapies include ampicillin/peni-
cillin, gentamicin, and cefotaxime, administered alone or in
combination3. Although combinations of two or more antibiotics can
have additive or synergistic effects, the increasing prevalence of anti-
biotic resistance has led to mortality rates for E. coli meningitis

remaining between 15% and 40% annually. In the absence of treatment,
mortality approaches 100%1,4. The NMEC strain RS218 (O18:K1:H7) is
the prototypical model in many studies, with its capacity to traverse
the blood-brain barrier (BBB) playing a pivotal role in the pathogenesis
of meningitis4. Brain microvascular endothelial cells (BMECs), critical
components of the BBB, maintain its integrity through tight junctions
that effectively block the paracellular transport of small molecules5,6.
The survival of BMECs during bacterial invasion is thus intimately
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linked to the preservation of BBB integrity. Understanding the
mechanisms by which RS218 crosses the BBB and developing novel
therapeutic approaches remain critical challenges for treating neona-
tal meningitis.

Programmed cell death (PCD) is a tightly regulated biological
process essential for maintaining host homeostasis and modulating
disease progression7,8. The principal modes of cell death in host cells
during infection include caspase-8-dependent apoptosis, receptor-
interacting protein kinase 1 (RIPK1) and RIPK3-dependent necroptosis,
and caspase-1/caspase-11-dependent pyroptosis9. Recent studies have
revealed complex interactions among these distinct pathways. Inacti-
vation of caspase-8 can trigger necroptosis and inflammation10.
Although MLKL deficiency can block this process, it instead activates
caspase-1/ASC signaling and leads to fatal pyroptosis11,12. Notably,
necroptosis can promote caspase-1 activation by triggering the NLRP3
inflammasome13,14. These interactionsmake it challenging to define the
precise roles of each pathway in disease pathogenesis. As a key reg-
ulatory factor in both apoptosis and necroptosis, caspase-8 has
recently been shown to cleave gasdermin D, thereby directly initiating
pyroptosis15. These findings position caspase-8 at the center of the
regulatory network governing cell death. The cross-regulation of dif-
ferent cell death pathways may serve multifaceted roles in disease
progression. For example, during Yersinia infection, switching
between death pathways can disrupt intracellular niches and facilitate
bacterial clearance16.

RIPK1 serves as a pivotalmediator of cell death and inflammation,
fundamentally influencing cell fate. RIPK1 is activated by signals from
various death receptors (TNFR1, TRAILR, and FasR), TLR3/4, and ZBP1.
It exhibits kinase activity while also serving scaffolding functions
independent of this activity. Numerous inflammatory and infectious
diseases are associated with the kinase activity of RIPK117. To date,
RIPK1 has been identified as the sole substrate for its own kinase
activity, which primarily facilitates autophosphorylation18. This
autophosphorylation induces conformational changes in RIPK1,
allowing interactions with downstream effectors such as RIPK3 and
FADD to initiate cell death18. Identified autophosphorylation sites in
humans include S14/15, S20, S161, and S166, and phosphorylation of
S161 and S166 is critical for downstream signaling18–20. In addition,
RIPK1’s scaffold function contributes to cell survival by stabilizing pro-
survival NF-κB signaling pathways. Deficiency in RIPK1 resulted in
diminished NF-κB-mediated transcription of pro-survival proteins.
Loss of RIPK1 in mice led to systemic inflammation and death shortly
after birth21,22. However, mice expressing kinase-dead RIPK1 (D138N)
alone did not exhibit the same detrimental phenotype and showed a
reduced incidence of disease23–25. This observation underscores the
delicate balance between the stabilization of RIPK1’s pro-survival
scaffolding and the activation of its pro-death kinase activity, which
may critically influence disease prognosis.

In this study, we delineated the mechanisms by which the NMEC
strain RS218 induced cell death in BMECs. RS218 activated multiple
signaling pathways, leading to distinct forms of programmed cell
death. Gene-editing models revealed a central role for RIPK1 kinase in
mediating BBB disruption and driving meningitis pathogenesis. These
findings identified RIPK1 as a promising therapeutic target in E. coli
meningitis and provided a foundation for the development of targeted
intervention strategies.

Results
RS218 activated multiple cell death pathways in hBMECs
To assess the potential induction of cell death in human BMECs
(hBMECs) by NMEC RS218 infection, we performed live cell imaging
analysis. As the infection progressed, dying cells became shrunken and
exhibited plasma membrane protrusions (Fig. 1a and Supplementary
Movie 1). Furthermore, cytotoxicity (Fig. 1b) and degree of cell mem-
brane rupture (Fig. 1c) increased in a time- and dose-dependent

manner, indicating that hBMECs underwent membrane rupture-
associated cell death during infection.

hBMECs were treated with the pan-caspases inhibitor z-VAD-FMK
(zVAD) (Supplementary Fig. S1a, b) or the necroptosis and pyroptosis
inhibitor necrosulfonamide (NSA) (Supplementary Fig. S1c, d), with
20μMidentified as the optimal inhibitory concentration. Compared to
the RS218-treated group, both inhibitors significantly reduced cyto-
toxicity (Fig. 1d) and membrane rupture (Fig. 1e) 6 h post-infection at
MOIs of 1 or 10. Notably, NSA exhibited amore pronounced protective
effect (Fig. 1d, e). These findings suggested the differential effects of
the two inhibitors reflected the involvement of multiple pathways in
RS218-induced hBMECs death. Annexin V-FITC and propidium iodide
(PI) labeling revealed that Annexin V-FITC⁺/PI⁺ cells comprised the
majority of the infected cell population, increasing in a time-
dependent manner (Fig. 1f). Peak levels of Annexin V-FITC⁺/PI⁻ cells
were observed at 3 h (Fig. 1f), indicating significant early apoptotic
activity in hBMECs.

We further detected activation of necroptotic, pyroptotic and
apoptotic signature proteins, MLKL, GSDMD, caspase-3, and PARP1 by
Western blot. The results showed phosphorylation of MLKL (pMLKL)
and cleavage of GSDMD into its N-terminal fragment (GSDMD-N) were
detected during infection, similar to the positive control for pharma-
cologically induced hBMECs death (Fig. 1g). Cleavage of the effector
caspase-3 into its active p17 form (cl. CASP3), alongwith cleavage of its
substrate PARP1 (cl. PARP1), was predominantly observed at 3 h post-
infection (Fig. 1g). This time point corresponded with the Annexin V-
FITC/PI staining (Fig. 1f) and was selected as the optimal window for
subsequent experiments. These results suggested that necroptosis,
pyroptosis and apoptosis were activated in hBMECs. Furthermore, co-
immunoprecipitation (Co-IP) assays revealed that the formation of a
cytoplasmic death complex composed of caspase-8, RIPK1, RIPK3,
ZBP1, and ASC at 3 h post-infection (Fig. 1h), confirming the coordi-
nated activation of multiple PCD pathways. In addition, a neonatal
meningitismodel by intraperitoneal infection of 2-day-oldmice. Active
forms of caspase-3 (p17), GSDMD (GSDMD-N), and MLKL (pMLKL)
were detected in the BMECs of neonatal mice (Fig. 1i), indicating that
RS218 activated apoptosis, pyroptosis, and necroptosis in BMECs
in vivo.

RIPK1 kinase drove the assembly of Ripoptosome
To investigate whether RIPK1 functioned upstream of the death com-
plex, we generated RIPK1 knockout (KO) cells using the CRISPR/Cas9
gene-editing system (Supplementary Fig. S2a). Co-IP analyses revealed
that the loss of RIPK1 inhibited the complex formation (Fig. 2a), con-
firming the assembly of the Ripoptosome. Although ZBP1was involved
in Ripoptosome assembly, its deletion did not substantially disrupt the
formation of the complex (Fig. 2a and Supplementary Fig. S2b). The
knockout of RIPK1 resulted in the simultaneous loss of scaffold and
kinase functions. To differentiate between the scaffold and kinase
functions of RIPK1, we reintroduced a kinase-dead RIPK1 mutant
(D138N) into RIPK1 KO cells (Supplementary Fig. S2c). Despite retain-
ing scaffold function, RIPK1 D138N failed to restore Ripoptosome
formation (Fig. 2b), indicating that the kinase activity of RIPK1 pre-
ceded its scaffold function in driving Ripoptosome assembly.

In RS218-infected hBMECs, phosphorylation at both the S161 and
S166 sites of RIPK1 was detected (Fig. 2c). To identify key residues
regulating kinase activity, we introduced S161N and S166N mutants
into RIPK1 KO cells (Supplementary Fig. S2d). The results demon-
strated that RIPK1 S161N effectively inhibited Ripoptosome assembly,
whileRIPK1 S166N exhibited a limited inhibitory effect on its formation
(Fig. 2d). Thesefindings suggested that the S161 residuewaspivotal for
the regulation of RIPK1 kinase-driven Ripoptosome assembly.

Next, we aimed to elucidate the activation mechanism of RIPK1,
focusing on TNFR1 and TLR4 as important receptors involved in this
process. In knockout cells (Supplementary Fig. S2e), the deletion of
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either receptor significantly reduced cytotoxicity (Fig. 2e) and mem-
brane rupture (Fig. 2f) in hBMECs. However, autophosphorylation at
RIPK1 S161 and S166 was inhibited specifically by TNFR1 knockout
(Fig. 2c), suggesting that the activation of RIPK1 was related to the
TNFR1 signaling pathway. Co-IP further found that RIPK1 activation
occurs through recruitment to TNFR1, independently of TLR4 (Fig. 2g).
Deletion of TNFR1 prevented Ripoptosome assembly (Fig. 2h),

indicating that TNFR1 was the activating receptor for RIPK1-driven
death. In addition, Ripoptosome formationwas diminished in ZBP1 KO
(Fig. 2a). Subsequent investigations revealed that ZBP1 enhanced the
assembly of RIPK1 with TNFR1 (Fig. 2g) and facilitated S161 autopho-
sphorylation (Fig. 2i). This suggested that ZBP1, as a non-essential
component of Ripoptosome, was able to promote the recruitment of
RIPK1 to TNFR1. Collectively, these findings indicated that RIPK1 was
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recruited to TNFR1 with the aid of ZBP1, mediating S161 autopho-
sphorylation to activate its kinase activity and promote the Ripopto-
some assembly.

RS218 mediated necroptosis through RIPK1-dependent and
independent pathways activation of RIPK3
Mechanistically, a mutation at RIPK1 S161 was able to inhibit down-
stream cell death by restricting the assembly of Ripoptosome. To
investigate this hypothesis, we compared RIPK1 WT and S161N acti-
vation differences in apoptosis, pyroptosis, and necroptosis under
infection conditions. Compared to RIPK1 WT, the latter significantly
reduced the cleavage of apoptosis-related caspase-3, PARP1, and
pyroptosis-related GSDMD in response to RS218 infection (Fig. 3a).
This reflected the dependence of apoptosis and pyroptosis on RIPK1.
For necroptosis, while RIPK1 S161 was not phosphorylated, the down-
stream effectors RIPK3 (pRIPK3) andMLKL (pMLKL) still exhibited the
presence of partial phosphorylation. (Fig. 3a). These findings sug-
gested that RIPK3-MLKL activationmight not have been entirely reliant
on RIPK1 kinase. To further investigate whether RIPK1’s non-kinase
function contributed to RIPK3 activation, we conducted assays in
RIPK1 KO. The results showed that cleaved caspase-3, PARP1, and
GSDMD were significantly inhibited in RIPK1 KO (Fig. 3b), demon-
strating that the knockout of RIPK1 similarly inhibited pyroptosis and
apoptosis. Intriguingly, unlike the results for RIPK1 S161N, RIPK3 and
MLKL exhibited increased phosphorylation in RIPK1 KO, and only the
knockout of RIPK3 (Supplementary Fig. S2f) completely abrogated
MLKL activation (Fig. 3b). This finding indicated that the RIPK3-MLKL
pathway could be activated independently of RIPK1, while the pre-
sence of RIPK1’s non-kinase function appeared to inhibit this pathway
to some extent.

We next sought to elucidate the activation mechanism of addi-
tional RIPK3-MLKL signaling. TNFR1 functioned as RIPK1-activating
receptor, and the observed decrease in RIPK3 and MLKL phosphor-
ylation following TNFR1 deletion was anticipated (Fig. 3c). However,
TLR4 knockout effectively reduced the phosphorylation of RIPK3 and
MLKL without affecting RIPK1 phosphorylation (Fig. 3c). Co-treatment
of cells abrogated RIPK3 and MLKL activation (Fig. 3c) while mini-
mizing cytotoxicity and membrane rupture (Fig. 2e, f). This suggested
that TLR4 acted as a receptor that independently activated the RIPK3-
MLKL pathway. To further clarify this speculation, we performed
assays in RIPK1 S161N to exclude interference from RIPK1-dependent
RIPK3 activation. In this context, the presence or absence of TNFR1 did
not affect RIPK3 phosphorylation (Fig. 3c). In contrast, only TLR4
deletion suppressed the phosphorylation of RIPK3 and downstream
MLKL (Fig. 3c). These findings demonstrated that the TLR4-activated
RIPK3-MLKL pathway was not regulated by the Ripoptosome. More-
over, the formation of TLR4-TRIF-RIPK3 complexwasobserved in both
RIPK1 WT and S161N (Fig. 3d). Loss of TRIF (Supplementary Fig. S2g)
disrupted the formation of this complex (Fig. 3e) and the RIPK1-
independent activation of RIPK3 (Fig. 3f). When VQLG, the critical

domain of RIP homotypic interaction motif (RHIM) utilized by TRIF to
bind RIPK3, was mutated to AAAA (TRIF mRHIM) (Supplementary
Fig. S2h), TLR4-TRIF-RIPK3 complex formation (Fig. 3e) and the
phosphorylation of RIPK3 (Fig. 3f) were no longer detected in RIPK1
S161N. This suggested that TRIF interaction with RIPK3 via the RHIM
domain was critical for triggering TLR4-mediated necroptosis. Col-
lectively, these results indicated that RS218 induced TLR4 to activate
the RIPK3-MLKL pathway, mediating necroptosis in a manner inde-
pendent of the Ripoptosome. This explained the continued activation
of RIPK3 and MLKL following inhibition of RIPK1 kinase activity.

Compared to WT, cytotoxicity (Supplementary Fig. S3a) and
membrane rupture (Supplementary Fig. S3b) were significantly
reduced in RIPK1 D138N and S161N due to the inhibition of cell death.
However, no significant differences were observed between RIPK1 KO
andWT (Supplementary Fig. S3a, b).WhileRIPK1 depletion suppressed
pyroptosis and apoptosis, the exacerbation of necroptosis likely con-
tributed to this observation (Fig. 3b). We hypothesized that the RHIM
domain of RIPK1 might inhibit TLR4-TRIF-mediated phosphorylation
by competitively binding to RIPK3, thereby blocking its activation
within the signaling cascade. To exclude the confounding effects of
RIPK1-dependent RIPK3 activation, we introduced an IQIG-to-AAAA
mutation in the RHIM domain (RIPK1 mRHIM) on the RIPK1 S161N
background (Supplementary Fig. S2i). The results showed that RIPK1
mRHIM induced significantly elevated cytotoxicity (Supplementary
Fig. S3c) and membrane rupture (Supplementary Fig. S3d) compared
to RIPK1 with the wild-type RHIM domain (RIPK1 RHIM). Further ana-
lysis revealed that the RHIM mutation in RIPK1 enhanced RIPK3
recruitment to TLR4 (Supplementary Fig. S3e), leading to markedly
increased phosphorylation of RIPK3 and MLKL (Supplementary
Fig. S3f). These findings suggested that the RHIM domain of RIPK1
inhibited TLR4 signaling by binding to RIPK3, making RIPK1 the
essential protein for cell survival, while its kinase activity was critical
for reducing cell death in hBMECs.

Next, we analyzed the dynamics of necroptosis in hBMECs. Con-
tinuous monitoring of the phosphorylation of RIPK1, RIPK3, and MLKL
revealed that RIPK1 phosphorylation occurred 2 h post-infection and
progressively increased, whereas phosphorylation of RIPK3 and MLKL
was detectable as early as 1 h post-infection (Supplementary Fig. S3g).
This indicated that during the early stages of infection, the activation of
RIPK3 andMLKL preceded that of RIPK1. Compared to the death signal
induced by TNFR1, necroptosismediated by TLR4 elicited amore rapid
response and played a critical role in early cell death in hBMECs. In
addition, RIPK1 activation gradually increased at later time points
(Supplementary Fig. S3g), implying that RIPK1 and RIPK3 may regulate
distinct cell death pathways at different stages during infection.

Caspase-8 was critical to balancing cell death in hBMECs
Caspase-8 was found to be involved in the assembly of the Ripopto-
some in RS218-infected hBMECs, and exhibiting time-dependent acti-
vation of its enzymatic activity during infection (Supplementary

Fig. 1 | RS218 induced multiple death pathways in BMECs in vitro and in vivo.
a Time-lapse microscopy of PI-stained (red) hBMECs infected with RS218 (MOI =
10), showing 8min interval images taken at 60 ×magnification. The 10 frames
demonstrated the progression of cell death within 72min before membrane rup-
ture. White dashed lines indicate the boundaries of the cell membrane. Scale bar,
20μm. b, c hBMECs stimulated with RS218 (MOI = 1 or 10) were used to determine
cytotoxicity by LDH release (b,n = 3 biologically independent samples) and kinetics
of cell death of PI penetration (c, n = 5 biologically independent samples).
d, e hBMECs were pretreated with NSA or zVAD alone or in combination for 0.5 h,
and cytotoxicity (d, n = 6 biologically independent samples) and cell death kinetics
of PI penetration (e, n = 3 biologically independent samples) were assayed. f Flow
cytometry of Annexin V-FITC and PI staining in hBMECs infected with RS218
(MOI = 1). Representative images of immunofluorescence represented morpholo-
gical analysis of Annexin V-FITC and PI-labeled cells for the indicated times

postinfection. Scale bar, 20μm. g Immunoblot analysis of MLKL phosphorylation,
GSDMD, caspase-3, and PARP1 cleavage in hBMECs infected with RS218 (MOI = 1) at
the indicated times. Blots for GAPDH served as loading controls. +, indicated
pharmacologically-induced death of hBMECs. FL, full-length. h Pro caspase-8 was
co-immunoprecipitated with RIPK1, RIPK3, ZBP1 and ASC in uninfected or RS218-
infected hBMECs (MOI = 1) for 3 h. i Immunofluorescence representative images of
2-day-old mice brain tissue sections 18 h after injection. The nucleus was labeled in
blue, pMLKL or GSDMD-N or caspase-3 p17 in green, and endothelial cell marker
CD31 in red. Scale bar, 20μm. All experiments were representative of at least three
independent experiments with similar results. Bars indicated the mean plus SD.
Statistical significance was determined by one-way ANOVA with Tukey’s post-hoc
test, with P-values denoted as follows: **** P <0.0001, *** P <0.0005, ** P <0.005, *
P <0.05, n.s., no significant difference. Exact P-values were provided in the source
data. Source data are provided as a Source Data file.
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Fig. S4a), suggesting that caspase-8may play a role in the regulation of
multiple death pathways. To test this hypothesis, we compared cell
death activation between caspase-8 deficient cells (Supplementary
Fig. S2j) and WT. RS218 infection induced greater cytotoxicity (Sup-
plementary Fig. S4b) and cellular membrane disruption (Supplemen-
tary Fig. S4c) in CASP8 KO cells compared toWT. At 3 h post-infection,
the number of PI-labeled cells was significantly greater in CASP8 KO

than in WT (Supplementary Fig. S4d). These findings demonstrated
that caspase-8 knockout exacerbated RS218-induced cell death in
hBMECs.Western blot analysis revealed that cleavage of caspase-3 and
PARP1 was undetectable in CASP8 KO (Fig. 4a), suggesting that
apoptosis was inhibited following loss of caspase-8, and the observed
exacerbation of cell death in CASP8 KO resulted from increased
necroptosis or pyroptosis.
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Significant increases in the phosphorylation of RIPK1 and its
downstream effectors, RIPK3 and MLKL (Fig. 4a), confirmed that
caspase-8 knockout triggered enhanced necroptosis. Intriguingly,
intracellular RIPK1 levels decreasedby approximately 51% followingWT
infection with RS218, but returned to baseline levels in caspase-8

knockout conditions (Fig. 4a, b). In contrast, RIPK3 did not exhibit a
similar trend (Fig. 4a, c). These findings suggested that caspase-8might
regulate necroptosis by cleaving RIPK1. To test this hypothesis, we
generated RIPK1 D324A cells with mutations at the caspase-8 cleavage
site (Supplementary Fig. S2k). Compared to RIPK1 WT, cytotoxicity

Fig. 2 | RIPK1 kinase acted as the upstream effector driving Ripoptosome
assembly. a Co-IP of pro-caspase-8 with RIPK1, RIPK3, ZBP1, and ASC in WT, RIPK1
KO, or ZBP1 KO cells infected with RS218 (MOI = 1). b Co-IP of pro-caspase-8 with
RIPK1, RIPK3, ZBP1, andASC in hBMECs expressingRIPK1WTorD138Nunder RS218
infection (MOI = 1). c Immunoblot of RIPK1 total protein and phosphorylation levels
at S161 and S166 in WT, TNFR1 KO, TLR4 KO, or double KO cells post RS218
infection (MOI = 1). Blots for GAPDH served as loading controls. d Co-IP of pro-
caspase-8withRIPK1, RIPK3, ZBP1, andASC inhBMECs expressingRIPK1WT, S161N,
or S166N cells (MOI = 1). e, f In WT, TNFR1 KO, TLR4 KO, or double KO cells, the
cytotoxicity was assessed by LDH release (e, n = 3 biologically independent sam-
ples), and cell death kinetics were measured by PI uptake (f, n = 3 biologically

independent samples). g Co-IP analysis of RIPK1 with TNFR1 and TLR4 interactions
inWT and ZBP1 KO cells. hCo-IP of pro-caspase-8 with RIPK1, RIPK3, ZBP1, and ASC
in WT, TNFR1 KO, TLR4 KO or double KO cells (MOI = 1). i Immunoblot of RIPK1
total protein and phosphorylation levels at S161 in WT or ZBP1 KO cells. Blots for
GAPDH served as loading controls. All experiments were representative of at least
three independent experiments with similar results. Bars indicated the mean plus
SD. Statistical significance was determined by one-way ANOVA with Tukey’s post-
hoc test, with P-values denoted as follows: **** P <0.0001, *** P <0.0005, **
P <0.005, * P <0.05, n.s., no significant difference. Exact P-values were provided in
the source data. Source data are provided as a Source Data file.
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Fig. 3 | Necroptosis was activated through RIPK1-dependent and RIPK1-
independent pathways. a, b Immunoblot analysis of cleaved caspase-3, PARP1,
GSDMD, and phosphorylated RIPK1, RIPK3, andMLKL in RIPK1WT and RIPK1 S161N
cells (a) or in WT, RIPK1 KO, and RIPK3 KO cells (b) after RS218 infection (MOI = 1).
Blots for GAPDH served as loading controls. c Immunoblot analysis of total and
phosphorylated levels of RIPK1, RIPK3, and MLKL in WT, TNFR1 KO, TLR4 KO, or
double KO hBMECs expressing RIPK1 WT or S161N. Blots for GAPDH served as
loading controls. d TLR4was co-immunoprecipitated with RIPK3 and TRIF in RIPK1

WT and S161N cells. e In RIPK1 S161N background, TLR4 was co-
immunoprecipitated with RIPK3 and TRIF in TRIF WT, TRIF KO, and TRIF mRHIM
cells. f In the RIPK1 S161N background, immunoblot analysis of total and phos-
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cells. Blots for GAPDH served as loading controls. All experiments were repre-
sentative of at least three independent experiments with similar results. Source
data are provided as a Source Data file.
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(Fig. 4d) and membrane disruption (Fig. 4e) were significantly
increased upon infection in RIPK1 D324A. Western blot analysis
revealed that blocking RIPK1 cleavage by caspase-8 led to a significant
increase in the phosphorylation of RIPK1, RIPK3, and MLKL (Fig. 4f).
These results demonstrated that caspase-8 inhibited necroptosis in the
RIPK1-dependent RIPK3-MLKL pathway by cleaving RIPK1. To examine
the effect of RIPK1 cleavage on necroptosis within the TLR4-RIPK3-

MLKL pathway, we introduced the D324A mutation into RIPK1 S161N.
The results showed that blocking caspase-8-mediated cleavage of
RIPK1 reduced phosphorylation of RIPK3 andMLKL (Fig. 4f), indicating
that the non-kinase function of RIPK1 suppressed necroptosis in the
TLR4-RIPK3-MLKL pathway. These findings suggested that caspase-8
cleavage of RIPK1 inhibited RIPK1-associated necroptosis while pro-
moting necroptosis through the TLR4-RIPK3-MLKL pathway.
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We next investigated the potential involvement of caspase-8 in
pyroptosis. While GSDMD was typically activated via pro-caspase-1
cleavage, RS218 infection of hBMECs failed to produce detectable
levels of the cleavage fragment p10 of pro-caspase-1, despite a time-
dependent increase in pro-caspase-1 expression (Fig. 4g). Activation of
pro-caspase-1 required inflammasome formation with ASC. Colocali-
zation analysis revealed that pro-caspase-1 did not form specks with
ASC (Fig. 4h and Supplementary Fig. S4e, f), confirming that pro-
caspase-1 was not incorporated into RIPK1 death complex and was not
activated during associated pyroptosis. In contrast, caspase-8 exhib-
ited strong colocalization with ASC (Fig. 4h and Supplementary Fig.
S4e, f). Correspondingly, the absence of pro-caspase-1 (Supplementary
Fig. S2l) did not affect GSDMD cleavage, whereas the additional
knockout of caspase-8 significantly inhibitedGSDMDcleavage (Fig. 4i).
These findings suggested that hBMECs undergo caspase-8-dependent
pyroptosis, independent of pro-caspase-1-ASC inflammasome.

Basedon thesefindings, wehypothesized thatGSDMDcleavage in
hBMECs would be abolished upon caspase-8 knockout. Contrary to
expectations, the GSDMD-N level was significantly increased in CASP8
KO compared to WT (Fig. 4a). Further analysis revealed that pro-
caspase-1 expression was markedly elevated in CASP8 KO, accom-
panied by the appearance of its active p10 fragment (Fig. 4a). This
unexpected observation indicated that caspase-8 deficiency activated
pro-caspase-1. Co-IP assays confirmed the formation of pro-caspase-1-
ASC complexes in CASP8 KO (Fig. 4j), and colocalization analysis
detected pro-caspase-1-ASC specks (Supplementary Fig. S4g). These
results demonstrated that caspase-8 suppressed excessive pyroptosis
by inhibiting the formation of pro-caspase-1-ASC inflammasome and
the activation of pro-caspase-1. In summary, Caspase-8 played a crucial
role in restraining excessive pyroptosis and necroptosis, acting as an
essential regulator for maintaining the balance of cell death.

We next investigated the upstream events governing caspase-8
activation.Western blot analysis revealed a significant reduction in the
caspase-8 p18 fragment in RIPK1 KO compared to WT following RS218
infection (Supplementary Fig. S4h), accompanied by a loss of caspase-
8 enzymatic activity (Supplementary Fig. S4i). Similarly, mutation of
RIPK1 S161 inhibited both caspase-8 cleavage (Supplementary Fig. S4j)
and enzymatic activity (Supplementary Fig. S4i). These findings indi-
cated that caspase-8 activation was regulated by RIPK1 kinase. In
summary, caspase-8was activated by RIPK1 and, in turn, cleaved RIPK1
in a negative feedback loop to maintain its levels at low abundance.
This regulatory mechanism mitigated excessive necroptosis and pyr-
optosis, highlighting caspase-8 as a critical regulator in preserving the
balance of cell death in hBMECs (Fig. 4k).

RIPK1 kinase drove BBB disruption through endothelial cell
death in E. coli meningitis
To investigate how RIPK1, caspase-8, and RIPK3 affect BBB function
through the regulation of BMECs death, we employed a Transwell-based
in vitro model (Supplementary Fig. S5a). The permeability of the BBB

was evaluated by measuring transendothelial electrical resistance
(TEER), and the efficiency of paracellular transport was assessed using
fluorescent tracer NaFI permeability. The results showed a time-
dependent reduction in TEER with increasing infection duration (Sup-
plementary Fig. S5b). RIPK1 knockout failed to reverse the TEER reduc-
tion (Supplementary Fig. S5b) or limitNaFIpermeability (Supplementary
Fig. S5c). In contrast, RIPK1 kinase-inactive mutants (D138N and S161N)
significantly reduced TEER loss and NaFI leakage (Supplementary
Fig. S5b, c), highlighting the specific role of RIPK1 kinase activity in
maintaining BBB integrity. Although RIPK3 deletion blocked MLKL
phosphorylation, it promoted the transition of hBMECs toward pyr-
optosis and apoptosis (Fig. 3b), leading to increased cytotoxicity (Sup-
plementary Fig. S3a) and membrane rupture (Supplementary Fig. S3b).
As a result, RIPK3 deficiency did not protect the BBB (Supplementary
Fig. S5b, c), suggesting limited therapeutic value as a standalone target
during RS218 infection. Similarly, the loss of caspase-8 exacerbated cell
death and showed a trend toward impaired BBB integrity (Supplemen-
tary Fig. S5b, c), emphasizing its essential role in hBMECs. These results
indicated that RIPK1 kinase activity was a key molecular switch driving
BBB disruption and increased paracellular permeability, while targeting
RIPK3 or caspase-8 alone did not provide protection.

Building on in vitro findings, we generated Ripk1 D138N/D138N,
Gsdmd -/-, and Casp8 -/- Ripk3 -/- mice to examine regulatory mechan-
isms in vivo. Casp8 and Ripk3 were co-deleted to avoid embryonic
lethality associated with caspase-8 deficiency. In the neonatal
meningitis model,Gsdmd -/-mice exhibited a trend towards improved
survival compared toWT, though not statistically significant (Fig. 5a).
In contrast, both Ripk1 D138N/D138N and Casp8 -/- Ripk3 -/- mice showed a
marked survival benefit (Fig. 5a). RIPK1 kinase mutation conferred
stronger protection, with recovery of body weight observed at 30 h
post-infection (Fig. 5b). These results suggested that pyroptosis was
not the primary lethal mechanism in this context, and that RIPK1
kinase and necroptosis played central roles in meningitis pathogen-
esis. Histological analysis revealed extensive erythrocyte extravasa-
tion in the WT brain (Fig. 5c), consistent with BBB disruption. This
pathology was still evident in Gsdmd -/- and Casp8 -/- Ripk3 -/- mice. In
contrast, Ripk1 D138N/D138N mice exhibited a marked reduction in
hemorrhage, although vascular congestion remained (Fig. 5c). These
findings indicated mechanistic differences underlying host protec-
tion between kinase-inactive RIPK1 and combined Casp8/Ripk3 defi-
ciency. Bacterial loads were subsequently assessed across major
organs. Brain bacterial loads were significantly reduced in both Ripk1
D138N/D138N and Casp8 -/- Ripk3 -/- mice compared to WT, while levels in
Gsdmd -/- mice remained comparable to WT (Fig. 5d). Similarly, bac-
terial loads in the liver and lung were markedly reduced in Ripk1 D138N/

D138N and Casp8 -/- Ripk3 -/- mice, with no significant differences
observed in the spleen (Supplementary Fig. S5d). In contrast, per-
ipheral blood bacterial loads did not differ across genotypes (Sup-
plementary Fig. S5e). These findings indicated that the reduced
bacterial loads in the brain, liver, and lung of Ripk1 D138N/D138N and

Fig. 4 | Caspase-8 balanced hBMECs death by suppressing excessive necrop-
tosis and pyroptosis. a Immunoblot analysis of the processing of caspase-3,
PARP1, caspase-1, and GSDMD, as well as total and phosphorylated levels of RIPK1,
RIPK3, and MLKL in WT or CASP8 KO cells. Blots for GAPDH served as loading
controls. FL, full-length. b, c Bar graphs represent the relative expression levels of
RIPK1 (b, n = 3 biologically independent samples) and RIPK3 (c, n = 3 biologically
independent samples) based on (a). d, e Cytotoxicity was assessed by LDH release
(d, n = 3 biologically independent samples), and cell death kinetics were detected
by PI penetration (e, n = 5 biologically independent samples) in RIPK1 WT and
D324A cells stimulated with RS218 (MOI = 1). f In RIPK1 WT or S161N backgrounds,
immunoblot analysis of total and phosphorylated levels of RIPK1, RIPK3, andMLKL
in RIPK1 D324 (non-mutated) or RIPK1 D324A (point-mutated) cells. Blots for
GAPDH served as loading controls. g Immunoblot analysis of the expression of pro-
caspase-1 and its cleaved fragment (p10). Blots for GAPDH served as loading

controls. h Representative immunofluorescence images showing co-localization of
caspase-1 or caspase-8 with ASC in hBMECs. Scale bar, 20μm. Line plots show
fluorescence intensity profiles over 250 pixels for co-localization analysis in each
image. i Immunoblot analysis of GSDMD, caspase-3, and PARP1 processing in WT,
CASP1 KO, or CASP1/8KOcells. Blots forGAPDHserved as loading controls. FL, full-
length. jCo-IP of ASCwith pro-caspase-8 or pro-caspase-1 inWT or CASP8 KO cells.
k Schematic representation of the modes of RS218-induced hBMECs death. All
experiments were representative of at least three independent experiments with
similar results. Bars indicated the mean plus SD. Statistical significance was deter-
mined by two-tailed unpaired Student t tests, with P-values denoted as follows: ****
P <0.0001, *** P <0.0005, ** P <0.005, * P <0.05, n.s., no significant difference.
Exact P-values were provided in the source data. Source data are provided as a
Source Data file.
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Casp8 -/- Ripk3 -/- mice could not be attributed to variations in sys-
temic bacterial burden.

To clarify the sourceof resistance in the twomousegenotypes, we
employed clodronate liposomes to systemically deplete phagocytes,
thereby eliminating potential confounding effects of innate immune
cell-mediated bacterial clearance linked to genetic modifications.
Following depletion, neutrophil infiltration in the brain was virtually

absent (Supplementary Fig. S5f). Under these conditions, all WT mice
succumbed within 12 h post-infection (Fig. 5e), indicating that the loss
of innate immune defense precipitates rapid progression to lethal
systemic infection. Although Ripk1 D138N/D138N and Casp8 -/- Ripk3 -/- mice
exhibited significantly prolonged survival, none survived beyond 24 h
(Fig. 5e). Notably, Gsdmd -/- mice demonstrated a distinct delay in
mortality under immunodeficient conditions (Fig. 5e), suggesting that
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in the absence of phagocytes, pyroptosis played a more pronounced
role in controlling infection progression. Body weight loss trajectories
did not differ significantly between infection groups (Fig. 5f). Histo-
logical analysis revealed extensive erythrocyte extravasation in the
brains of immunodeficient WT mice (Fig. 5g), whereas Ripk1 D138N/D138N,
Gsdmd -/- and Casp8 -/- Ripk3 -/- mice exhibited attenuated pathology to
varying degrees, with the most prominent protection observed in
Ripk1 D138N/D138N mice (Fig. 5g). These findings suggested that genetic
inhibition of cell death pathways could partially preserve BBB integrity
even in the context of impaired innate immunity. Furthermore, while
immune depletion markedly increased bacterial burdens in the brains
of WT mice, bacterial loads in Ripk1 D138N/D138N, Gsdmd -/-, and Casp8 -/-

Ripk3 -/- mice remained comparable to those observed under immu-
nocompetent conditions (Fig. 5d). The shift in statistical significance
for Gsdmd -/- mice from non-significant to significant (Fig. 5d) under-
scores the heightened contribution of pyroptosis to infection control
in the absence of phagocytic clearance. These results indicated that all
three mutant mice retained resistance to meningitis under immuno-
compromised conditions, highlighting a non-immune cell-dependent
role of the BBB in preserving brain homeostasis. In contrast, no dif-
ferences in bacterial clearance were observed among groups in per-
ipheral organs following immune depletion, including the liver, lung,
spleen and blood (Supplementary Fig. S5d, e), indicating that the
antibacterial effects of Ripk1 D138N/D138N and Casp8 -/- Ripk3 -/- in peripheral
tissues were primarily dependent on phagocyte-mediated immunity.
In addition, the regulatory role of pyroptosis on the BBBwas amplified
under specific immune conditions, underscoring its secondary yet
non-negligible role in host defense.

We hypothesized that the varying degrees of meningitis resis-
tance conferred to the BBB in mice were related to the regulation of
BMECs death. Therefore, we focused on delineating the impact of
BMECs death modalities on BBB structural integrity. In WT mice, the
presence of significant activation of pMLKL, GSDMD-N and cleaved
caspase-3 (p17) was detected in BMECs (Fig. 5h), with all three forms of
cell death further exacerbated under conditions of immune depletion
(Fig. 5i). Concordantly, tight junction protein expression declined
markedly following immune suppression (Fig. 5j, k). Under immuno-
competent conditions, GSDMD deficiency abrogated pyroptosis in
BMECs, while necroptosis and apoptosis remained unaffected
(Fig. 5h). Correspondingly, tight junction protein levels in Gsdmd -/-

mice were comparable to those in WT mice (Fig. 5j), indicating that
pyroptosis contributed modestly to BBB impairment in the context of
an intact immune system. However, in the setting of immune defi-
ciency, the protective effect of GSDMD deletion became more pro-
nounced, as evidenced by increased expression of tight junction
proteins compared with WT mice (Fig. 5k). This correlated with a
reduction in bacterial burden in the brain (Fig. 5d), collectively sug-
gesting thatGSDMD loss conferred a selective advantage in preserving
BBB integrity under immunosuppressed conditions. In Casp8 -/- Ripk3 -/-

mice, both necroptosis and apoptosis were effectively suppressed in
BMECs irrespective of immune status (Fig. 5h, i). In fact, these cells
exhibited heightened GSDMD-N cleavage (Fig. 5h, i) and specific

caspase-1 activation (Supplementary Fig. S5g), consistent with in vitro
findings. In contrast, Ripk1 D138N/D138N mice displayed simultaneous
suppression of necroptosis, pyroptosis and apoptosis (Fig. 5h, i). This
divergence in BMECs death regulation was reflected in greater tight
junction protein expression in Ripk1 D138N/D138N mice relative to Casp8 -/-

Ripk3 -/- mice (Fig. 5j), which also explained their differences in
meningitis resistance (Fig. 5c). To further quantify BBB function, we
assessed NaFI permeability in brain tissue. Gsdmd -/- mice exhibited
significant barrier protection only under immune-depleted conditions
(Supplementary Fig. S5h). In contrast, Ripk1 D138N/D138N andCasp8 -/- Ripk3
-/- mice demonstrated consistent and robust BBB preservation
regardless of immune status (Supplementary Fig. S5h). Nevertheless,
Casp8 -/- Ripk3 -/- mice showed a non-significant trend toward increased
BBB permeability following immune depletion (Supplementary
Fig. S5h), potentially attributable to excessive pyroptotic activation.
Collectively, these data indicated that the extent and nature of BMECs
death directly govern BBB integrity. Among the cell death pathways
examined, inhibition of RIPK1 kinase activity conferred the most
effective protection against BBB disruption induced by E. coli.

Intervention with RIPK1 kinase improved treatment outcomes
in neonatal mouse E. coli meningitis
The above results provided a rationale and potential for RIPK1 kinase
to serve as a therapeutic target for E. coli meningitis. To explore this
approach, necrostatin-1 stable (Nec-1s), a selective RIPK1 kinase inhi-
bitor targeting the activation loop at S161, was chosen. Initially, the
efficacy of Nec-1s was tested in vitro to determine whether its effects
were consistent with the experimental outcomes of RIPK1 D138N and
S161N mutations. As expected, Nec-1s treatment significantly sup-
pressed Ripoptosome formation (Supplementary Fig. S6a) and
downstream cell death, including apoptosis (cl. caspase-3 and cl.
PARP1), pyroptosis (GSDMD-N) and necroptosis (pRIPK1, pRIPK3 and
pMLKL) (Supplementary Fig. S6b). The inhibition of caspase-8 activa-
tion downstream of Ripoptosome by Nec-1s resulted in the rescue of
cleaved RIPK1, thereby increasing cellular RIPK1 abundance (Supple-
mentary Fig. S6b), which subsequently enhanced the inhibitory effect
of RIPK1 on the TRIF-RIPK3 complex (Supplementary Fig. S6c). Nec-1s
did not interfere with RIPK1 recruitment to TNFR1 (Supplementary
Fig. S6d). These factors were finally reflected in significant inhibition of
membrane rupture (Supplementary Fig. S6e) and cytotoxicity (Sup-
plementary Fig. S6f). Furthermore, Nec-1s intervention prevented the
reduction in TEER of the BBB (Supplementary Fig. S6g) and NaFI per-
meability (Supplementary Fig. S6h), thereby preserving BBB integrity.
For comparison, the caspase-8 inhibitor Z-IETD-FMK (IETD) and the
RIPK3 inhibitor GSK’872 were also included. In line with findings from
knockoutmodels, neither inhibitor alone conferred a protective effect
on the BBB (Supplementary Fig. S6g, h). In addition, we excluded the
potential impact Nec-1s, IETD, and GSK'872 could have on the viability
of RS218 (Supplementary Fig. S7a).

Based on these findings, we assessed these interventions in 2-day-
old CD1 mice. Mice were infected with RS218, followed by intraper-
itoneal administration of Nec-1s, IETD, or GSK'872 6 h post-infection.

Fig. 5 | RIPK1 kinase was critical for BMECs death-mediated BBB disruption.
a, b Two-day-old mice of indicated genotypes were challenged with 1 × 105 CFU of
RS218. Survival curve (a, n = 12 biologically independent samples) and body weight
change (b, n = 6 biologically independent samples) of mice were recorded. c H&E-
stained brain sections. Black arrows showed erythrocytes within vessels, red arrows
showedextravasated erythrocytes, andorange arrows showedvascular congestion.
Scale bars, 20 μm. d Bacterial load in brain tissue with or without immune
exhaustion (n = 6 biologically independent samples). e, f In the background of
immune exhaustion, survival curve (e,n = 12 biologically independent samples) and
body weight change (f, n = 6 biologically independent samples) of mice were
recorded. gH&E staining of brain sections under immune exhaustion. Black arrows
showed erythrocytes within vessels, red arrows showed extravasated erythrocytes,

andorange arrows showed vascular congestion. Scalebars, 20μm.h, iActivationof
BMECs death in the brain detected by immunofluorescence. The nucleus was
labeled in blue, endothelial cell marker CD31 in red, and pMLKL or GSDMD-N or
caspase-3 p17 in green. Scale bars, 20μm. j, kDetection of tight junctionproteins in
thebrain. Thenucleuswas labeled in blue, CD31 in red, andVE-cadherin or claudin-5
in green. Scale bars, 20μm. All experiments were representative of at least three
independent experiments with similar results. Bars indicate the mean plus SD.
Statistical significance was determined by Log-rank (Mantel-Cox) test (a, e), two-
tailed unpaired Student t tests (b, f) and one-wayANOVAwith Tukey’s post-hoc test
(d), with P-values denoted as follows: **** P <0.0001, *** P <0.0005, ** P <0.005, *
P <0.05, n.s., no significant difference. Exact P-values were provided in the source
data. Source data are provided as a Source Data file.

Article https://doi.org/10.1038/s41467-025-62760-4

Nature Communications |         (2025) 16:7309 10

www.nature.com/naturecommunications


PBS was exclusively administered to the blank control group (Fig. 6a).
Over the 48 h observation period, mice in the RS218, IETD, and
GSK'872 groups exhibited progressive weight loss until mortality,
whereas Nec-1s treated mice showed gradual weight recovery begin-
ning 30 h post-infection (Fig. 6b). Notably, Nec-1s treatment sig-
nificantly improved survival rates in meningitis model, achieving 40%
survival, whilemice in the IETD andGSK'872 groups succumbedwithin

18 h (Fig. 6c). Histopathological examination unveiled pronounced
erythrocyte extravasation (Fig. 6d) and neutrophil infiltration (Fig. 6e)
within the meninges of mice from the RS218, IETD, and GSK'872
groups, but these features were absent in the Nec-1s group (Fig. 6d, e).
These observations indicated that IETD and GSK'872-mediated inhi-
bition of caspase-8 and RIPK3 failed to protect mice from E. coli
meningitis, in contrast to the effects seen with Nec-1s.
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Mice subjected to Nec-1s treatment exhibited significantly
reduced bacterial loads in the brain, liver, and lung compared to the
RS218 group,with themost substantial reduction observed in thebrain
(Fig. 6f). In contrast, mice treated with IETD showed markedly higher
bacterial loads in both the brain and liver (Fig. 6f). GSK'872 group did
not exhibit a significant difference from the RS218 group in other
assessed organs, except for a notable decrease in bacterial loads in the
lung (Fig. 6f). In peripheral blood, bacterial load tended to decrease in
the Nec-1s-treated mice (Fig. 6f), suggesting that Nec-1s may facilitate
bacterial clearance through additional mechanisms. To explore whe-
ther the inhibitors enhanced the phagocytic activity of macrophages,
we treated differentiated THP-1 and RAW 264.7 cells with inhibitors,
respectively. The results showed that neither IETD nor GSK'872 sig-
nificantly affected macrophage phagocytosis, while Nec-1s appeared
to a certain extent to enhance phagocytic activity (Supplementary
Fig. S7b), suggesting that macrophage activation contributed to bac-
terial clearance in the blood to a certain extent.

Compared to themodest reduction in bacterial load in the blood,
a dramatic decrease was observed in the brain (Fig. 6f), indicating that
Nec-1s treatment primarily reduced brain bacterial load through
mechanisms other than blood bacterial clearance. Therefore, we fur-
ther investigated themechanisms underlying Nec-1s-induced bacterial
clearance in the brain. In the RS218 group, clear evidence of pMLKL,
GSDMD-N, and caspase-3 p17 was observed, which was nearly com-
pletely suppressed following Nec-1s administration (Fig. 6g). In con-
trast, the levels of pMLKL in the IETD group remained similar to those
in the RS218 group (Fig. 6g). GSK'872 treatment also failed to inhibit
GSDMD and caspase-3 activation in BMECs (Fig. 6g). These findings
indicated that Nec-1s-mediated inhibition of RIPK1 kinase significantly
reduced RS218-induced cell death in BMECs, whereas an effect not
observed with IETD or GSK'872. To further explore the impact of
BMECs survival on BBB integrity in mice, the expression levels of the
tight junction proteins VE-cadherin and claudin-5 were examined. In
comparison to the PBS group, VE-cadherin and claudin-5 expression
were significantly reduced in BMECs in the RS218 group (Fig. 6h). This
reduction was exacerbated in the IETD and GSK'872 groups but was
recovered following treatment with Nec-1s (Fig. 6h). These results
demonstrated that Nec-1s-inhibited BMECs death was essential for the
restoration of BBB integrity. Coupled with the significant reduction in
bacterial load in the brain of the Nec-1s group (Fig. 6f), these findings
indicated that increased BBB permeability due to BMEC death was a
critical factor in RS218 invasion of the brain.

In addition to BMECs, we also examined the damage in brain
parenchymal cells. The results demonstrated that in comparison to the
RS218 group, IETD inhibited the cleavage of GSDMD-N, caspase-3, and
PARP1, but high levels of pRIPK1, pRIPK3 and pMLKL caused necrop-
tosis in the brain (Fig. 6i). GSK'872 treatment detected significant
cleavage of caspase-3, PARP1 and GSDMD, maintaining high levels of
apoptosis and pyroptosis (Fig. 6i). Pro-caspase-1 expression in the
brain increased under RS218 infection compared to the PBS group.
IETD treatment suppressed this increase (Fig. 6i), likely due to the

inhibitory effect of caspase-8 on pro-caspase-1. A small amount of
activated pro-caspase-1 was only detected following GSK'872 treat-
ment (Fig. 6i), suggesting that pro-caspase-1 contributed to pyroptosis
in the brain within the GSK'872 group. In contrast, Nec-1s reduced
necroptosis without activating pro-caspase-1 and simultaneously
inhibited both apoptosis and pyroptosis (Fig. 6i). GFAP expression in
the brain was significantly downregulated in the Nec-1s group (Fig. 6j).
These findings indicated that Nec-1s targeted RIPK1 to alleviate cell
death in the brain, thereby mitigating neurological damage. In addi-
tion, the IETD group displayed similar levels of CXCL-1, IL-1β, and IL-6
as the RS218 group, while TNF-α exhibited a significant increase
(Fig. 6k). IL-1βwas also increased in the GSK'872 group (Fig. 6k). Nec-1s
treatment reduced the release of CXCL-1, IL-1β, TNF-α, and IL-6 in the
brain (Fig. 6k), which correlated with lower bacterial loads. Collec-
tively, these findings suggested that Nec-1s attenuated meningitis-
induced brain damage by limiting excessive inflammation and redu-
cing neurological injury.

Treatment with Nec-1s significantly reduced RS218 counts in the
brain but did not substantially decrease bacterial load in peripheral
blood (Fig. 6f). This reflected the therapeutic limitations of targeting
BMECs death inhibition for bacterial clearance. Cefotaxime (CTX), a
third-generation cephalosporin antibiotic, was a primary treatment for
E. colimeningitis3,26. We evaluated the effects of Nec-1s and CTX, both
individually and in combination. Over the 48 h observation period,
mice treatedwith Nec-1s or CTX, either alone or in combination, began
to regain body weight 30 h post-infection in comparison to the RS218
group (Supplementary Fig. S8a). Survival rates were comparable
between the Nec-1s and CTXmonotherapy groups, while combination
therapy rescued a greater proportion of mice (Fig. 6l), indicating a
synergistic effect between Nec-1s and CTX. Although the Nec-1s and
CTX monotherapy mice showed similar changes in body weight and
survival, the brain from the latter mice exhibited distinct hemorrhagic
spots, similar to those observed in RS218-infected mice (Supplemen-
tary Fig. S8b). Histopathological analysis showed reduced congestion
in the treatment groups compared to the RS218-infected group (Sup-
plementary Fig. S8c). Moreover, none of the treatment groups exhib-
ited the severe hemorrhagic phenomena observed in the IETD or
GSK'872 treatment groups (Fig. 6d). CTX monotherapy did not sig-
nificantly alleviate the RS218-induced reduction in VE-cadherin and
claudin-5 expression as evidenced by tight junction protein labeling
(Supplementary Fig. S8d). However, Nec-1s alone or in combination
with CTX reversed these changes (Supplementary Fig. S8d). These
findings underscore the critical role of BMECs death inhibition in
maintaining BBB integrity and revealed the limitations of antibiotic
therapy alone in preventing cell death.

Compared to the RS218 group, CTX-treated mice exhibited sig-
nificantly reduced bacterial loads in the brain, liver, spleen, lung, and
particularly in peripheral blood (Supplementary Fig. S8e), indicating
the efficacy of CTX in bacterial clearance. The combination of Nec-1s
and CTX further reduced bacterial loads in brain tissue (Supplemen-
tary Fig. S8e), with CTX enhancing bacterial clearance in other organs

Fig. 6 | The roles of caspase-8, RIPK1, and RIPK3 in E. coli meningitis in
neonatal mice. a Schematic of the neonatal mouse E. coli meningitis model and
treatments. b, c Two-day-old mice were challenged with 1 × 105 CFU of RS218 and
treated with PBS or Nec-1s or IETD or GSK’872. Body weight (b, n = 6 biologically
independent samples) and survival curve (c, n = 12 biologically independent sam-
ples) were recorded. d H&E-stained brain sections. Black arrows showed ery-
throcytes within vessels, and red arrows showed extravasated erythrocytes. Scale
bars, 20μm. e Immunofluorescence analysis of neutrophil infiltration. The nucleus
was labeled in blue, MPO in red, and GFAP in green. Scale bars, 20μm. f Bacterial
load in brain, liver, lung, spleen, and blood. n = 6 biologically independent samples.
g Activation of BMECs death in the brain detected by immunofluorescence. The
nucleus was labeled in blue, endothelial cell marker CD31 in red, and pMLKL or
GSDMD-Nor caspase-3 p17 ingreen. Scalebars, 20μm.hDetectionof tight junction

proteins. Thenucleus was labeled in blue, CD31 in red, and VE-cadherin or claudin-5
in green. Scale bars, 20μm. i Immunoblotting of brain tissue. GAPDH served as a
loading control. j The analysis of CNS injury. The nucleus was labeled in blue, and
GFAP in green. Scale bars, 20μm. kCytokine levels in brain tissue. n = 6 biologically
independent samples. l Survival curve of mice was recorded. All experiments were
representative of at least three independent experiments with similar results. Bars
indicate the mean plus SD. Statistical significance was determined by one-way
ANOVA with Tukey’s post-hoc test (c, f, k, and 6–24 h for b), two-tailed unpaired
Student t-tests (30–48h for b), and Log-rank (Mantel-Cox) test (l), with P-alues
denoted as follows: **** P <0.0001, *** P <0.0005, ** P <0.005, * P <0.05, n.s., no
significant difference. Exact P-values were provided in the source data. Source data
are provided as a Source Data file.
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compared with Nec-1s monotherapy. (Supplementary Fig. S8e). Cyto-
kine levels in the brain showed no significant inhibition in the CTX
group compared to the RS218 group (Supplementary Fig. S8f), and
GFAP expression remained elevated (Supplementary Fig. S8g), indi-
cating the limitations of CTX monotherapy in controlling brain
inflammationandneurological damage.However, improvedoutcomes
were observed with the combined treatment of Nec-1s and CTX
(Supplementary Fig. S8f, g). These results suggested that targeting
BMECs death via RIPK1 kinase inhibition, in combination with bacterial
clearance, may offer enhanced therapeutic efficacy in E. coli
meningitis.

Discussion
It is well known that infection with NMEC compromises the structural
integrity of the BBB27,28. Here, we identify a key mechanism by which
the NMEC strain RS218 disrupts BBB function through intricate
crosstalk amongmultiple PCDpathways inBMECs (Fig. 7). The absence
of a single death effector molecule resulted in a shift in the type and
extent of cell death, thereby breaking cellular equilibrium. This dys-
regulation was detrimental to the maintenance of BBB function and
neural homeostasis during E. coli meningitis. Cell death increases the
paracellular translocation of RS218 intobrain tissue, representing a key
mechanism underlying bacterial invasion. Previous studies have indi-
cated thatmice deficient in caspases-1, − 11, − 12, − 8, and RIPK3 exhibit
impaired bacterial clearance following infection with low doses of
attenuated Salmonella strains, ultimately resulting in mortality. Host
defense was facilitated by the activation of apoptosis, pyroptosis and
necroptosis, which promoted bacterial clearance and the release of
inflammatory mediators, yielding beneficial outcomes29. This

comparison underscores that the advantages and disadvantages of
PCD activation varied across different cell types and infectious agents.
Thus, a comprehensive investigation of the molecular mechanisms
governing PCD crosstalk is essential to advancing understanding and
developing intervention strategies for infectious diseases.

Although RS218 induces caspase-8-mediated apoptosis in
hBMECs by secreting the effector Hcp1 through its type VI secretion
system (T6SS)30, the precise mechanism underlying cell death
remained unclear. In this study, we provide direct evidence that RS218
triggers BMECs death and underscore the central role of caspase-8 in
maintaining cell death homeostasis. The cleavage of RIPK1 and RIPK3
represents a key mechanism through which caspase-8 prevents
excessive cell death12,31. Our findings indicate that RIPK1, rather than
RIPK3, serves as the major substrate of caspase-8 during RS218 infec-
tion. The expression of a cleavage-resistant RIPK1 mutant (D324A)
further supports the importance of RIPK1 processing in limiting
necroptosis. This observation aligns with studies in RIPK1 D325A
knock-in mice, in which midgestational lethality was rescued by com-
bined deletion of RIPK3 and FADD11,32,33. Moreover, caspase-8 cleaves
GSDMD independently of canonical caspase-1 activity. Thismechanism
resembles that observed in L. pneumophila infection, where caspase-8
was recruited by Naip5/NLRC4/ASC inflammasomes in the absence of
caspase-1, resulting in GSDMD cleavage and pyroptosis in bone
marrow-derived macrophages (BMDMs). The study also suggested
that caspase-8 activation occurred only when caspase-1 was
inhibited15,34. In contrast, our data reveal that caspase-8 remains active
despite the presence of caspase-1 during RS218 infection in BMECs.
Indeed, caspase-1-ASC inflammasome formation and caspase-1 activa-
tion were detectable only in the absence of caspase-8. Given that
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Fig. 7 | Model of RS218-induced death of BMECs.Under physiological conditions,
the integrityof the BBB ismaintainedby endothelial cells, tight junctions, pericytes,
the basement membrane, and astrocytes, effectively preventing macromolecules
and pathogens from translocating from the bloodstream (top) into the brain
(bottom). In E. colimeningitis, RS218 induced BMECs death through RIPK1 kinase-
dependent and independent pathways. While caspase-8 limited programmed
necrosis and pyroptosis by cleaving RIPK1 and suppressing caspase-1-ASC

inflammasome formation, the death of membrane-compromised BMECs remained
inevitable. This detrimental effect on BMECs directly compromised BBB integrity,
facilitating RS218 penetration into brain tissue via the paracellular pathway. Phar-
macological inhibition of RIPK1 kinase activity with Nec-1s effectively suppressed
BMECs death and preserved RIPK1. The scaffolding function of RIPK1 was thus
maintained, enhancing its ability to inhibit RIPK3-MLKL-mediated necroptosis.
Ultimately, this mitigated BMECs death and BBB disruption.
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caspase-1 cleaves GSDMD more efficiently than caspase-815,35, its acti-
vation resulted in heightened pyroptosis. This demonstrated the role
of caspase-8 in inhibiting caspase-1 activation and preventing exces-
sive pyroptosis. Elevated pyroptosis levels in BMECs exert a more
pronounced disruptive effect on the BBB. The complex regulatory
relationship between caspase-8 and caspase-1 under specific stimuli
was revealed.

In this study, we demonstrated that RS218-induced BMECs death
is critically dependent on RIPK1 kinase activity. The serine S161 is a
critical site for the kinase to function, with its mutation producing
effects equivalent to those of the kinase-dead D138N variant. While a
mutation at S166 affected RIPK1 activity, it did not completely block
Ripoptosome assembly. It had been pointed out that the S161 site
played a crucial role in determining the binding of downstream
effector molecules by altering the conformation of RIPK119,20,36. In
contrast, S166 enhanced kinase activity only in the presence of RIPK1
activation, but was insufficient to initiate activity independently37.
Mechanistically, targeting the RIPK1 S161 locus appearedmore aligned
with effective therapeutic strategies. We demonstrated the efficacy of
inhibiting autophosphorylation at RIPK1 S161 in preserving BBB
integrity in BMECs in vitro and in vivo. A recent study indicated that
blocking RIPK1 kinase activity with Nec-1s mitigated macrophage
migration inhibitory factor (MIF)-promoted apoptosis and necroptosis
in BMECs, thereby reducing BBB permeability38. Together with the
infection resistanceobserved inRipk1 D138N/D138Nmice in this study, these
findings collectively supported the concept that the RIPK1 kinase
activity was involved in BBB disruption due to BMECs death in
inflammatory and infectious diseases33. Furthermore, increasing evi-
dence suggests that RIPK1 promotes cell survival signals through its
scaffolding function and inhibits downstream cell death checkpoints
in TNFR1 signaling39–41. Concurrently, RIPK1 competitively inhibited
RIPK3-mediated necroptosis by interacting with the RHIM domain in
TRIF andZBP1, independently of its kinase activity40,42. In this study, we
also acknowledged the importance of RIPK1 scaffolding function in
BMECs during E. coli meningitis. Although RIPK1 knockout blocked
caspase-8-mediated apoptosis and pyroptosis, it relieved RIPK1 inhi-
bition of RIPK3 and promoted necroptosis of the RIPK1-independent
pathway. This alteration negatively impacted the in vitro BBB model
constructed by BMECs. The necessity of the scaffold function for the
BBB could not be confirmed by constructing RIPK1-null mice, as loss of
this function proved lethal during embryonic development21,43. This
underscored the indispensable role of RIPK1 scaffolding in cell death
regulation. Notably, RIPK1 (D138N) mice expressing loss of kinase
activity did not exhibit a spontaneous phenotype and significantly
reduced pathogenesis in experimental models of inflammatory and
degenerative diseases inmice23–25. This suggested that inhibiting RIPK1
kinase activitymay represent a potential therapeutic target tomitigate
or prevent tissue damage, provided it did not adversely affect RIPK1
expression levels or its prosurvival scaffolding function under ideal
circumstances.

RIPK1 has been the focus of numerous small-molecule inhibitors.
These kinase inhibitors were classified based on their binding sites and
mechanisms of action into three categories: type I (bound the active
DFG/DLF-in conformation), type II (bound the inactive DFG/DLF-out
conformation), and type III (bound the allosteric pocket)44. Nec-1 (the
prototype of Nec-1s) was the first identified type III RIPK1 inhibitor19,45.
The nitrogen atom in the indole ring of Nec-1 inhibited autopho-
sphorylation at Ser161 and prevented conformational changes in RIPK1
by binding to the hydroxyl oxygen in the activation loop44. While Nec-1
exhibited moderate potency in inhibiting RIPK1 kinase, it demon-
strated significant therapeutic efficacy in various mouse models,
including those for cardiovascular, neurodegenerative, renal, hepatic,
systemic, and intestinal inflammatory diseases46. As more RIPK1 inhi-
bitors were designed, multiple potent kinase inhibitors were dis-
covered. Type II inhibitors GSK'414 and GSK'157 were reported to be

10-100 times more effective than Nec-1 in inhibiting RIPK1 kinase and
proved more effective in blocking TNF-induced RIPK1-dependent cell
death47,48. However, it was important to note that greater inhibitor
potency did not necessarily correlate with improved therapeutic out-
comes. The type III inhibitor 6E11, although less effective than Nec-1 in
TNF-induced cell death and exhibiting lower binding affinity for
human RIPK1, provided better protection for human aortic endothelial
cells during hypothermic hypoxia/reoxidation49. This suggested the
importance of selecting appropriate agents for targeted therapy
among the diverse array of RIPK1 inhibitors. Further studies were
warranted to evaluate whether Nec-1s was the most potent inhibitor
for targetingRIPK1 kinase tomitigateBMECsdeath in E. colimeningitis.
Caspase-8 and RIPK3 were also significant targets for small-molecule
drug development. The multiple roles of caspase-8 made it an attrac-
tive target for therapeutic interventions. However, as caspase-8 func-
tioned both as an inducer and an inhibitor of cell death, targeted
therapy presents challenges12,50. Our findings indicated that inhibiting
caspase-8 enhanced necroptosis and pyroptosis of the caspase-1
pathway in BMECs, leading to increased BBB permeability and
exacerbation of RS218 infection. Similarly, inhibition of RIPK3 did not
confer benefits in E. coli meningitis in mice, suggesting that targeting
RIPK3 alonewas not a viable strategy, consistent with the observations
of KimNewtonet al.51. Todate, noRIPK3 inhibitor has been selected for
the treatment of RIPK3-driven inflammatory diseases44,52, likely due to
the minimal benefits observed in disease progression following RIPK3
inhibition. These results highlighted the limitations of targeting
caspase-8 and RIPK3, suggesting that they may not represent optimal
therapeutic strategies for E. colimeningitis. Taken together, given the
pivotal role of RIPK1 kinase in orchestrating cellular responses, prior-
itizing upstream RIPK1 kinase activity emerges as a more promising
avenue for drug development and therapy in E. coli meningitis.

The contribution of cell death to E. coli meningitis has remained
largely underappreciated. Here, we elucidate the regulatory mechan-
ism by which RS218 induced cell death in BMECs and identify RIPK1
kinase as a therapeutically actionable target within the intricate net-
workof PCDcrosstalk. Inmice, theD138Nmutation inRIPK1 attenuates
BMECsdeath, and enhances resistance toRS218 invasionby preserving
BBB integrity. Pharmacological inhibition of RIPK1 kinase recapitulates
this protective effect and stabilizes RIPK1 protein levels, thereby aug-
menting its scaffold function to suppress RIPK1-independent necrop-
totic signaling. Furthermore, preventing BMECs death mitigated
excessive neutrophil infiltration into the brain, which arose from the
release of cellular contents, leading to heightened inflammatory
responses and central nervous system damage. The combination of
RIPK1 kinase inhibition and antibiotic treatment resulted in improved
outcomes. Therefore, RIPK1 warrants further investigation as a
potential therapeutic target for E. coli meningitis.

Methods
Ethics statement
All animals were housed individually in the Laboratory Animal Center
of Nanjing Agricultural University. All animal studies were performed
according to protocols approved by the Animal Ethics Committee of
Nanjing Agricultural University, procedure number SYXK (SU) 2011-
0036, Nanjing. All experiments were performed according to the
International Code of Practice for the Care and Use of Animals for
Scientific Purposes. Temperature and humidity were maintained at
21–23 °C and 60–65%, respectively.

Animal infections
Gsdmd -/- mice (Strain NO. T010437) were purchased from Gem-
Pharmatech (Nanjing, China). Ripk1 D138N/D138N mice were generously
provided by Junying Yuan lab (Harvard Medical School) and Daichao
Xu lab (Chinese Academy of Sciences). Casp8 -/- Ripk3 -/- mice were
generously provided by Xin Lin lab (Tsinghua University). All
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genetically modified strains were maintained on a C57BL/6 J back-
ground. Two-day-old female neonates were genotyped and randomly
assigned to experimental groups. To establish the E. coli meningitis
model, RS218 was inoculated intraperitoneally at a dose of 1 × 105 CFU
in a volume of 20μL per mouse, as previously described53. For pha-
gocyte depletion, neonatal mice received daily intraperitoneal injec-
tions of 10μL of Clodronate Liposomes (YEASEN, 40337ES08) or PBS
Liposomes (YEASEN, 40338ES08) from day 0 to day 2. For pharma-
cological intervention, 2-day-old female CD1 mice (Specific pathogen
free, from Sipeifu, Beijing, China) treated intraperitoneally with Nec-1s
(5mg/kg) or IETD (5mg/kg) or GSK’872 (5mg/kg) or cefotaxime
(30mg/kg) at 6 h post-infection. Treatments were administered every
12 h thereafter. The control group was injected intraperitoneally with
PBS. The dose was 20μL per mouse. All mice were monitored every
6 h. The neonates were euthanized humanely if they showed signs of
severe illness. The euthanasia was performed by Cervical Dislocation
(CD) and counted as death. The monitoring of body weight and sur-
vival curves in the experiment continued until 48 h post-infection. For
downstream analyses, tissue samples were collected at 12 h post-
infection or 12 h after the first drug intervention. Bacterial loads were
quantified by plating tissue homogenates on Luria-Bertani (LB) agar.
Cytokine concentrations in serum or brain tissue were measured by
ELISA. Histopathological assessment was performed using hematox-
ylin and eosin (H&E) staining and immunohistochemistry (IHC) of
brain tissue. For assessment of BBB integrity, NaFI infiltration into
brain tissue was quantified as previously described54. Relative perme-
ability was calculated by normalizing to the control group.

Bacterial strains and growth conditions
NMECstrainRS218were stored at− 80 °C,melted in a 37 °Cwater bath,
and streaked on sheep blood plates. On the following day, single
colonies were picked up and cultured in LB medium at 37 °C and
120 rpm for 8 h. They were inoculated into LB medium at 1:100 and
subcultured at 37 °C and 120 rpm until the log phase of growth for
subsequent tests.

Cell culture
The hBMECs used in this study were purchased from ScienCell
Research Laboratories (Catalog #1000). HEK293T cells (ATCC® CRL-
3216), THP-1 cells (ATCC® TIB-202), RAW 264.7 cells (ATCC® TIB-71),
and U-118MG cells (ATCC® HTB-15) were obtained from the American
Type Culture Collection. RIPK1 KO, ZBP1 KO, RIPK3 KO, TRIF KO,
CASP8 KO, CASP1 KO, CASP1/8 KO, TLR4 KO, TNFR1 KO, and TLR4/
TNFR1 KO cell lines were obtained by the CRISPR/Cas9 gene editing
system. The mutant lines were generated by introducing the Ripk1
gene with the D138N, S161N or S166N or D324A or RHIM mutated site
into RIPK1 KO and the Trif gene with the RHIM mutated site into TRIF
KO via the lentiviral system. The cell lines of hBMECs, U-118MG,
HEK293T, andRAW264.7were cultured inDulbecco’sModified Eagle’s
Medium (DMEM, Gibco, Cat# C11995500BT) supplemented with 10%
fetal bovine serum (FBS, Gibco, Cat# 10270-106) and 1% (v/v)

penicillin/streptomycin (Solarbio, Cat# P1400) at 37 °C with 5% CO2.
THP-1 was cultured in RPMI-1640 supplemented with 10% fetal bovine
serumand 1% (v/v) penicillin/streptomycin at 37 °Cwith 5%CO2. Before
the experiment, THP-1 cells were differentiated into macrophages by
treatment with 30 ng/mL phorbol 12-myristate 13-acetate (PMA) for
48 h. Following this treatment, themediumwas replaced, and the cells
were cultured for an additional 24 h to prepare for subsequent
experiments.

Generation of knockout hBMECs by CRISPR/Cas9
sgRNAs targeting proteins of interest or non-targeting sgRNAs were
cloned into lentiCRISPRv2 puro (Addgene, 98290) according to the
instructions given by Zhang Feng’s laboratory55,56, and an additional G
was added at the beginning of the sgRNA sequence. LentiCRISPRv2
puro, pCMV-VSV-G (Addgene, 8454), and psPAX2 (Addgene, 12260)
were transfected into HEK293T packaging lentiviruses at a ratio of
4:2:3 by LipofectamineTM3000 Transfection Reagent (ThermoFisher
Scientific, L3000008). After incubation for 6 h at 37 °C, 5% CO2, the
medium was replaced with fresh medium, and the incubation was
continued until 60 h. Lentiviruses were obtained after filtration of the
collected supernatants. Lentiviral titers were detected, and hBMECs
containing 5μg/mL polybrene (MedChemExpress, HY-112735) were
infected at an MOI of 20. After 6 h, the supernatant was replaced with
fresh medium. Stable stress-resistant cells were then selected with
1μg/mL puromycin (MedChemExpress, HY-B1743A), and positive cell
lines were obtained by limiting dilution.

The most effective sequences among multiple sgRNA sequences
were selected for further experiments by Western blot. Specific
sgRNAs used were listed in Table 1.

Construction of the mutant cell lines
RIPK1 mRNA sequence (GenBank ID: NM_003804.6) or TRIF mRNA
sequence (GenBank ID: NM_001385678.1) was obtained from the
NCBI database. The gene sequence with aspartic acid mutation to
alanine at position 324 or aspartic acid mutation to asparagine at
position 138 or serine mutation to asparagine at position 161 and
166 or IQIG of RHIM mutation to AAAA for RIPK1 and the gene
sequence with VQLG of RHIM mutation to AAAA for TRIF were
synthesized and ligated into GL208 pcSLenti-EF1-EGFP-F2A-BSR-
CMV-MCS-3×FLAG-WPRE vector (purchased from Obiosh) by EcoR I
(Takara, 1040 A) and Xba I (Takara, 1093 A). The products were
amplified by CMV-F: CGCAAATGGGCGGTAGGCGTG and WPRE-R:
CATAGCGTAAAAGGAGCAACA, and sequenced. Lentiviruses were
generated as described, and RIPK1 KO cells or TRIF KO cells were
infected at an MOI of 20, and fresh medium containing blasticidin S
(10 μg/mL, Merck, SBR00022) was replaced 12 h later to select
stable stress-resistant cell populations. Flag tag expression was
verified by Western blot. Gene sequence analysis and editing were
performed using SnapGene software.

Cell stimulations
hBMECs, or knockout cell or mutant cell lines, were plated at a con-
centration of 1 × 105 cells/cm2 and cultured until reaching a confluent
monolayer. Cells were counted before all infection assays to ensure an
accurate MOI. For assays associated with inhibitor treatment, cells
were pretreated with 20μM Z-VAD-FMK (Medchem Express, HY-
16658B) or 20 μM necrosulfonamide (Medchem Express, HY-100573)
or 20μM necrostatin-1 stable (Nec-1s, Merck, 5.04297) or 5μM
GSK'872 (Medchem Express, HY-101872) or 20μM Z-IETD-FMK (Med-
chem Express, HY-101297) or DMSO (Sigma, D1435) for 0.5 h at 37 °C,
5% CO2, and incubated with RS218 at an MOI of 1 or an MOI of 10. For
drug-induced positive assays, apoptosis was triggered by treatment
with 10μM Raptinal (Sigma, SML1745) for 0.5 h; necroptosis was
obtained by treating hBMECs with Z-VAD-FAM at 20μM for 0.5 h and
then adding TNF-α (Sigma,H8916) at a final concentrationof 20 ng/mL

Table 1 | sgRNA-targeting sequence for gene knockout

Gene sgRNA targeting sequence

Ripk1 GCTCTGCTGGGAAGCGAATC

Ripk3 TACACGAGTGATGGTTCGGT

Caspase-8 GCCTGGACTACATTCCGCAA

Caspase-1 TTATCCGTTCCATGGGTGA

Zbp1 GCAGGATTCTTTGTTCAAGG

Trif GTAGGCCACGTCCCGCAGCG

Tnfr1 CTGATGGGGATACATCCATC

Tlr4 GGGGTTTCCTGTCAATATTA
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and SM-164 (Medchem Express, HY-15989) at 100 nM for an additional
8 h; pyroptosis was obtained by treating hBMECs with 200 ng/mL LPS
(E. coli O55: B5, Sigma) for 6 h and then adding nigericin at a final
concentration of 20μM for an additional 45min as previously
described57. Supernatantswereused for LDH release assays or cytokine
assays, RNA was extracted for analysis of transcriptional levels of the
indicated genes, and cell extracts were used for expression level
detections of given proteins bywesternblot. These inhibitors were not
significantly cytotoxicity to hBMECs or mice at the indicated
concentrations.

Time-lapse microscopy analysis
Time-lapse microscopy analysis was performed as previously
described58. Briefly, hBMECs were seeded overnight in a 0.17mm thick
cell culture dish, and DMEM containing a final concentration of 10μg/
mL PI (Solarbio, C0080) was replaced before testing. RS218 was
inoculated at an MOI of 10, and kinetic imaging analysis of viable cells
was performed using a cell observer automated microscope at 37 °C
and 5% CO2. Cell morphology and PI uptake were photographed at 60-
fold magnification every minute with natural light and excitation at
535 nm and emission at 615 nm. Real-time images of cell death were
processed with ZEISS ZEN 2.3 lite software. The images shown repre-
sent three randomly selected regions.

LDH release assay
hBMECs were seeded into 96-well plates and cultured until reaching a
confluent monolayer at 37 °C, 5% CO2. Fresh DMEM medium contain-
ing RS218 (MOI of 1 or MOI of 10) was added by washing three times
with PBS before the assay. Supernatants were collected at indicated
times postinfection, centrifuged at 1000× g for 10min at 4 °C to
remove cell debris and bacteria, and the release of LDH was detected
using the Lactate Dehydrogenase (LDH) Cytotoxicity Colorimetric
Assay Kit (Sigma, MAK529) according to the manufacturer’s instruc-
tions. Expressed as a percentage of total cellular LDH (100% lysis), the
culture medium without cells was used for background subtraction.

PI analysis of cell membrane integrity
hBMECs were seeded into 96-well plates on the bottom of black
transparent glass and cultured until reaching a confluentmonolayer at
37 °C, 5%CO2. RS218 or0.5%TritonX-100was inoculated as infectedor
positive wells. DMEM medium containing PI (final concentration of
10μg/mL) was taken as control wells. Cell-free culture medium con-
taining PI served as blank wells for background subtraction. Each
group contained 3–5 replicate wells. Fluorescence intensity was
detected by using a multimode microplate reader (TECAN, Spark) for
8 h at excitation 535 nm and emission 615 nm, andmeasurements were
expressed as a percentage of total cellular PI uptake, as previously
described32. Formicroscopic analysis, 60-fold images were taken from
at least three randomly selected areas under the given conditions,
capturing approximately 100cells perfieldof view, and thepercentage
of PI-positive cells was calculated.

Flow cytometric analysis
hBMECs were transferred to dishes and cultured until reaching a
confluent monolayer at 37 °C, 5% CO2. The following day, cells were
washed three times with PBS, and inoculated with DMEM supple-
mented with RS218 and supernatants were collected at given times.
Cells were then washed three times with an equal volume of PBS, and
the PBS was transferred to a centrifuge tube. Cells were treated with
EDTA-free trypsinization and sedimentedbycentrifugationat 350 g for
5min. Cell sediments were labeled using Annexin V-FITC/PI Apoptosis
Kit (Elabscience, E-CK-A211) according to the manufacturer’s instruc-
tions and detected by BD Accuri C6 (BD Biosciences). The results were
processed by FlowJo V10 software.

Immunoblotting and co-immunoprecipitation
During all RS218 infections, unless otherwise indicated, hBMECs
lysates were collected for testing at an MOI of 1 for 3 h of infection.
hBMECs were first cleaved in RIPA (Proteintech, PR20001) supple-
mented with 1mM protease inhibitor PMSF (Solarbio, P0100). For
detection of phosphorylated proteins,hBMECs were treated with
RIPA combined with phosphatase inhibitor cocktail 2 (Apexbio,
K1013). Lysates were mixed with SDS-PAGE polyclonal loading buffer
(Solarbio, P1040), treated at 95 °C for 10min, centrifuged at
12,000 × g for 5min at 4 °C. 20 μg of lysate supernatants were loaded
onto 4–20% FuturePAGE (ACE Biotechnology, ET15420LGel), protein
gel electrophoresis was performed by an electrophoresis system
(Tanon, EPS 300), and proteins were then transferred to 0.2 μm or
0.45 μm PVDF membranes (Millipore, ISEQ00010 and IPVH00010)
according to target protein size. The PVDF membranes then blotted
with rabbit anti-caspase 3/p17 antibody (Proteintech, 19677-1-AP,
1:2000), mouse anti-PARP1 Monoclonal antibody (Proteintech,
66520-1-Ig, 1:20000), rabbit anti-GSDMD-NT polyclonal antibody
(Bioworld, BS67358, 1:2000), rabbit anti-MLKL Antibody (ABclonal,
A19685, 1:2000), rabbit anti-Phospho-MLKL (Ser358) Antibody (Affi-
nity, AF7420, 1:2000), rabbit anti-RIPK1-Specific Polyclonal antibody
(ABclonal, A19580, 1:2000), rabbit anti-Phospho-RIPK1 (Ser161)
Antibody (Abmart, TA7377, 1:2000), rabbit anti-Phospho-RIPK1
(Ser166) Antibody (Abmart, TA2398S, 1:2000), rabbit anti-RIP3
Polyclonal antibody (Proteintech, 17563-1-AP, 1:2000), rabbit anti-
RIP3 (phospho S227) antibody (abcam, ab209384, 1:2000), mouse
anti-caspase-1/p10 antibody (Santa Cruz Biotechnology, sc-56036,
1:500), rabbit anti-caspase 8/p43/p18 Polyclonal antibody (Pro-
teintech, 13423-1-AP, 1:1000), rabbit anti-ASC/TMS1 Polyclonal anti-
body (Proteintech, 10500-1-AP, 1:20000) or rabbit anti-TRIF
(TICAM1) antibody (abcam, ab302562, 1:1000) or rabbit anti-ZBP1
Polyclonal antibody (Proteintech, 13285-1-AP, 1:5000) or rabbit anti-
TLR4 Polyclonal antibody (Proteintech, 19811-1-AP, 1:2000) or rabbit
anti-TNF Receptor I antibody (abcam, ab223352, 1:1000) or rabbit
anti-GAPDH polyclonal antibody (Bioworld, AP0063, 1:10000), fol-
lowed by incubation overnight at 4 °C. Finally, the PVDF membranes
were incubated with secondary antibodies, goat anti-rabbit (Bio-
world, BS13278, 1:50000) or goat anti-mouse (Bioworld, BS12478,
1:50000) at room temperature for 1 h, followed by 5 times wash for
10min in PBST before addition of ECL reagent (Millipore,
WBKLS0100). Chemiluminescence was detected by an automated
chemiluminescence image analysis system (Tanon, Tanon 5200).

In co-immunoprecipitation experiments, cells were then har-
vested and lysed in NP-40 lysis buffer (Solarbio, N8032) containing
protease inhibitors. The lysate was incubated with protein A/G
immunoprecipitation beads (Bimake, B23202) combined with 2μg of
polyclonal antibody for 15min at room temperature. After washing
three times with NP-40 lysis buffer, antibody-coated beads were pel-
leted to ASC complexes from cell lysates at 4 °C. The precipitates were
treated in SDS-PAGE loading buffer at 95 °C for 10min and eluted from
the beads. Western blot was then performed as described above.
Secondary antibodies were horseradish peroxidase-conjugated goat
anti-rabbit IgG heavy chain (H) antibody (Abbkine, A25222) or goat
anti-mouse IgG light chain (L) antibody (Abbkine, A25012). Images
were grayscale measured by ImageJ and analyzed for changes in
expression levels of the indicated proteins in comparison to the
internal reference GAPDH. The images shown were representative of
three independent replicates.

Immunofluorescence
Cells were seeded into confocal dishes and cultured until reaching a
confluent monolayer. Supernatants were discarded and washed three
times with PBS. DMEM medium containing RS218 at an MOI of 1 was
added and incubated for 3 h at 37 °C in 5% CO2. After washing 3 times
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with PBS, cells were fixed with 5% paraformaldehyde at room tem-
perature for 20min and washed three times with PBS for 5min. Cell
membranes were punched for 5min at room temperature with 0.1%
Triton-100 and washed three times with PBS for 5min. Cells were then
blocked with 5% BSA for 1 h at room temperature and labeled over-
night in blocking buffer containing the following antibodies: rabbit
anti-ASC/TMS1 Polyclonal antibody (Proteintech, 10500-1-AP, 1:2000),
mouse anti-caspase 8 antibody (Santa Cruz Biotechnology, sc-56070,
1:200), or mouse anti-caspase-1/p10 antibody (Santa Cruz Bio-
technology, sc-56036, 1:200). Next, Cells were incubated with sec-
ondary antibodies Goat Anti-Rabbit IgG H&L (Alexa Fluor ® 647)
antibody (Abcam, ab150083, 1:1000) and Goat Anti-Mouse IgG H&L
(Alexa Fluor ® 488) antibody (Abcam, ab150113, 1:1000) for 1 h at room
temperature in the dark. Finally, DAPI was added to label the nuclei.
Images were obtained using confocal laser scanning microscopy
(ZEISS, LSM 800) and analyzed using ZEISS ZEN 2.3 lite software and
ImageJ software. The images shown were representative of three
independent replicates.

Caspase-8 activity assay
According to the manufacturer’s instructions, caspase-8 activity assay
was performed using FAM-FLICA® Caspase-8 Assay Kit (Immu-
noChemistry Technologies, 99). Briefly, hBMECs were seeded into 96-
well plates on the bottom of black transparent glass and cultured until
reaching a confluent monolayer at 37 °C, 5% CO2. After washing thrice
with PBS, RS218 at MOI of 1 was added. At indicated times postinfec-
tion, FAM-FLICA working solution was added to each well and incu-
bated for 1 h, during which the culture was gently mixed every 20min.
The supernatant was discarded and washed three times for 10min
each with Apoptosis Wash Buffer (AWB). Finally, FAM-FLICA fluores-
cence intensity was detected by a multimode microplate reader
(TECAN, Spark) at excitation wavelength 488nm and emission wave-
length 530 nm. For image acquisition, Hoechst 33342 was added at an
additional ratio of 1:200 per well for 10min at 37 °C. Cells werewashed
3 times with AWB, fixed for 15min at room temperature with fixative
buffer, and collected fluorescence images as described above. All
experiments were performed with at least three independent
replicates.

Cytokine release detection by ELISA
For tissue samples, fresh tissuewas collected andhomogenized in 1mL
PBS, and the supernatant was obtained by centrifugation at 5000 g for
10min at 4 °C.Mouse IL-1β (E-EL-M0037c), IL-6 (E-EL-M0044c), CXCL-1
(E-EL-M0018c), TNF-α (E-EL-M3063) ELISA kits were purchased from
Elabscience, and the detections of these cytokines were performed
according to the manufacturer’s instructions.

Growth curve
Growth curves were assessedwithin LBmedium. RS218was inoculated
at a 1:100 dilution into 20mL of fresh LB medium, with or without
20μMNec-1s or 5μM GSK'872 or 20μM Z-IETD-FMK, and growth was
monitored using an automated biological growth detection system,
RTS1 (BioSan, Riga, Latvia). Growth curves were generated from a
minimum of three independent experiments.

Transwell culture and analysis
The in vitro BBB model was established according to the previously
described59, with minor optimizations. In brief, cell culture inserts
(Corning, CLS3470) pre-coated with collagen (Sigma, 11179179001)
were conditioned in medium at 37 °C for 4 h. The inserts were then
inverted and placed in a 12-well plate, ensuring that the co-culture
medium was level with the bottom of the inserts. U-118MG cells were
seeded on the underside of the inserts at a density of 1 × 105 cells/cm2

and incubatedovernight at 37 °C and 5%CO2. Subsequently, the inserts
were returned to their upright position and transferred to a 24-well

plate containing 500 µL of co-culture medium. hBMECs were seeded
on the upper surface of the inserts at a density of 1 × 105 cells/cm2 and
cultured for 5 days. TEER was measured using an EVOM2 epithelial
voltohmmeter with STX2 electrodes to assess the resistance between
the luminal (upper) and abluminal (lower) chambers. TEER values from
cell-free inserts were used as blanks and subtracted from the experi-
mental readings. The measured resistance (Ω) was multiplied by the
membrane surface area (cm2) to obtain the TEER value (Ω•cm2). For
permeability assays, 1% NaFI was added to the luminal chamber, fol-
lowed by incubation at 37 °C with 5% CO2 for 0.5 h. The sample was
collected from the abluminal chamber, and fluorescence was mea-
sured at excitation and emission wavelengths of 460nm and 520 nm,
respectively. The calculation of the permeability coefficient (Papp) was
calculated based on the in vitro BBB model, as described60. All
experiments were performed with at least three independent
replicates.

Phagocytic function assessment
The phagocytic activity of cells against RS218 was assessed according
to established protocols61. Bacterial cultures were added to RAW264.7
or differentiated THP-1 cells at an MOI of 10. The mixture was cen-
trifuged at 200 g for 5min and subsequently incubated for 1 h at 37 °C
with 5% CO2. Following three washes with PBS, the cells were treated
with 200 µg/mL gentamicin for 1 h to eliminate extracellular bacteria.
After an additional three washes with PBS, the cells were lysed with
0.1% (v/v) Triton X-100 for 15min. Cell lysates were serially diluted in
PBS and plated onto LB agar, followed by incubation at 37 °C for 12 h.
The number of bacterial colonies was enumerated. Phagocytic activity
was calculated as the ratio of internalized bacteria at the designated
time point to the initial bacterial inoculum. The experiment was con-
ducted with a minimum of three biological replicates.

Statistical analyses
Thedata in this studywere representative of at least three independent
experiments. All statistical analyses were performed using GraphPad
Prism for two-tailed unpaired Student t tests, one-way ANOVA with
Tukey’s post-hoc test or Log-rank (Mantel-Cox) test. All data were
represented as mean ± standard deviation (mean± SD). Differences
were considered statistically significant when P <0.05, where *
P <0.05, ** P <0.005, *** P <0.0005, **** P <0.0001, n,s., no significant
difference.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The relevant data supporting the results of this study can be found in
the article, the Supplementary Information and the source
data. Source data are provided in this paper.
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