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Pseudomonas aeruginosa quorum-sensing
metabolite induces host immune cell death
through cell surface lipid domain dissolution
Dingka Song1, Junchen Meng1, Jie Cheng2, Zheng Fan3, Pengyu Chen4, Hefei Ruan1, Zhongyuan Tu5,
Ning Kang1, Nan Li6, Ying Xu1, Xiaobo Wang1, Fei Shu1, Libing Mu1, Tengfei Li1, Wenran Ren1, Xin Lin 1,
Jun Zhu7,8, Xiaohong Fang6, Matthias W. Amrein9, Weihui Wu3, Li-Tang Yan4, Junhong Lü 2, Tie Xia1
and Yan Shi 1,5*
Bacterial quorum-sensing autoinducers are small chemicals released to control microbial community behaviours. N-(3-oxododecanoyl) homoserine lactone, the autoinducer of the Pseudomonas aeruginosa LasI–LasR circuitry, triggers significant cell
death in lymphocytes. We found that this molecule is incorporated into the mammalian plasma membrane and induces dissolution of eukaryotic lipid domains. This event expels tumour necrosis factor receptor 1 into the disordered lipid phase for its spontaneous trimerization without its ligand and drives caspase 3–caspase 8-mediated apoptosis. In vivo, P. aeruginosa releases
N-(3-oxo-dodecanoyl) homoserine lactone to suppress host immunity for its own better survival; conversely, blockage of caspases strongly reduces the severity of the infection. This work reveals an unknown communication method between microorganisms and the mammalian host and suggests interventions of bacterial infections by intercepting quorum-sensing signalling.

Q

uorum sensing is a chemical-based communication mechanism in prokaryotes. In the basic mode, an autoinducer
released by select individuals is sensed by intracellular
receptors in other members of the community, leading to the collective isogenic autoinducer synthesis and synchronized activities.
This regulation is important for symbiosis with the host, virulence
and biofilm formation of the community1. Pseudomonas aeruginosa is a pathogen responsible for severe opportunistic pulmonary
infections and a considerable source of complications in the burn
wards2,3. In P. aeruginosa, there are two quorum-sensing circuits:
LasR–LasI and RhlR–RhlI; the former uses N-(3-oxo-dodecanoyl)
homoserine lactone (3OC12 HSL or 3oc) as the autoinducer, and
the latter uses C4 (butanoyl) HSL4,5. 3oc is the most studied quorum-sensing autoinducer and it has widespread affect in mammalian hosts. HSLs have been reported to regulate neutrophil
phagocytosis6,7, inhibit dendritic cell antigen presentation8, induce
pro-inflammatory cytokines9, exacerbate airway inflammation10,
counter lipopolysaccharide-induced nuclear factor-κB (NF-κB)
activation11 and, perhaps the most commonly reported, trigger
lymphocyte cell death7,12. As host responses to autoinducers are
independent of Toll-like receptor and NOD (nucleotide-binding
oligomerization domain) pathways13, the effector functions of
quorum-sensing autoinducer seem to be through a unique signalling platform.

3oc and analogues with similar acyl chain lengths are known
to interact with model and live-cell bilayer membranes14. At high
concentration (160 μM), 3oc breaks down the dipole potential of
the plasma membrane, which is suggested to affect receptor ligand
binding14. However, regulatory activities, particularly on T lymphocytes, neutrophils and macrophages, are evident at concentrations
as low as 5 μM15, implicating that more-subtle changes in the membrane are sufficient to achieve reported effects.
Here, we report an unexpected mechanism that ordered lipid
domains that are unique in the eukaryotic membrane are dissolvable in the presence of HSLs. This in turn results in a forced
expulsion of tumour necrosis factor receptor 1 (TNFR1) into the
disordered phase of the membrane, leading to a higher degree of
spontaneous trimerization and TNFR1 signalling without external
ligand. This distribution shift alone drives the entire process of caspase 8–caspase 3 axis activation and apoptotic cell death and is used
by P. aeruginosa to suppress host immunity. These findings suggest
a previously unknown mechanism for how eukaryotic cells sense
microbial metabolic products.

Results

3oc mediates TNFR1-dependent apoptosis. We first confirmed
the previous reports8,12 that 3oc can suppress T cell activation
(Supplementary Fig. 1a,b). However, at modest concentrations
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Fig. 1 | 3oc induces TNFR1 pathway-mediated apoptosis. a, C75BL/6 CD4+ T cells were cultured at 37 °C for 6 h in the presence of 3oc or TNFα +cycloheximide (CHX), and apoptosis/cell death was analysed by annnexin-5/PI double staining (left panel). The right panel shows the percentage of
cells that remained annexin/PI double negative (live cells). n =5. Data are mean ±s.e.m. Two-sided, unpaired t-test was used for this analysis. b, The proapoptotic activities of 3oc and its analogues, all at 50 μM, on CD4+ T cells were compared as in a. n =3. Data are the mean ±s.e.m. Two-sided, unpaired
t-test was used for this analysis. c, The molecular structure of 3oc (left panel) and the molecular structures and the abbreviations of all quorum-sensing
HSLs used in the study (right panel) are shown. Only 3-oxo-C12 HSL is further abbreviated to 3oc for simplicity. d, The cytotoxicity of 3oc on different cell
types was tested as in a. n =5. Data are mean ±s.e.m. Two-sided, unpaired t-test was used for this analysis. For this and all subsequent figures, the livecell percentage was determined by dividing the percentage of annexin-5–/PI– cells in the stimulated group with that of non-stimulated samples; the centre
values are the mean. e, Splenocytes from C67BL/6 mice stimulated with the indicated concentrations of 3oc for 1 h (left panel) and splenocytes from
C57BL/6 mice stimulated with 10 μM of 3oc for the indicated durations (right panel) are shown. Caspase 8 (Casp 8) and caspase 3 (Casp 3) cleavage was
detected by western blot. cld, cleaved. The result is representative of three independent experiments. f, 3oc-induced apoptosis was tested in the presence
of the indicated caspase inhibitors (inh) as in e. n =5. Data are mean ±s.e.m. Two-sided, unpaired t-test was used for this analysis. g, C75BL/6 splenocytes
(left panel) or THP-1 cells (right panel) were stimulated with 10 μM 3oc for the indicated durations, and the association of FADD and caspase 8 was
detected by reciprocal co-immunoprecipitations. Ctrl, control; IP, immunoprecipitation; expo, exposure. The result is representative. h, WT, Ripk3–/–Casp8–/–
or Tnfrsf1a–/– splenocytes were stimulated with different concentrations of 3oc for 6 h. Apoptosis was measured as in a. n =4. Data are mean ± s.e.m.
Two-sided, unpaired t-test was used for this analysis. a,b,d,f,h, Statistical analyses were carried out by comparing across n independent experiments, each
experiment having two technical replicates. b,d,f, ****P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.05.
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Fig. 2 | 3oc disrupts the structure of the plasma membrane. a, Standard curve with defined concentrations of 3oc, with a reporter system as described
in the Methods. b, H9 cells (used to avoid the interference of cell death) were incubated with 100 μM 3oc (left) or 3-oxo-C8 HSL (right) for 5 or 10 min.
The cells were fractionated and 3oc or 3-oxo-C8 HSL in different fractions (supernatant, cytosol and membrane) was extracted and analysed as in a. The
percentage values of each faction for the treatment group are shown. In this assay, the total Miller units changed over time probably due to degradation.
The system sensitivity to each HSL was not uniformed; thus, the values are displayed in relative Miller units (%) within each treatment group. n = 3. Twosided, unpaired t-test was used for this analysis. c, Different lipid solutions (1 mg ml−1 total) were coated on clean glass slides and incubated with 100 μM
3oc for 5 min at 37 °C. The glass slides were then washed with PBS and lipids were recovered by DMSO. The amounts of 3oc in equal volume of solvent
were measured. n =5. Two-sided, unpaired t-test was used for this analysis. Chol, cholesterol. d, H9 cells were pre-treated with 10 mM MβCD dissolved
in Opti-MEM for 30 min and incubated with 100 μM 3oc; the amount of 3oc in the membrane fraction compared to untreated cells was measured as in
a. n =4. Two-sided, unpaired t-test was used for this analysis. b–d, Statistical analyses were carried out by comparing across n independent experiments,
each experiment having two technical replicates. ****P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.05. Data are mean ± s.e.m.

of 10 and 20 μM, 3oc triggered significant T cell death (Fig. 1a).
Among the analogues of 3oc16, apoptosis was strongly induced by
those with long acyl chains (10 or more carbons) and with an oxo
group at position 3 (Fig. 1b; see Fig. 1c for structural comparisons
and the nomenclature). Figure 1d shows that immune cell types,
including EL4, DC2.4, A20, Raw264.7 and THP-1, were apoptotic
in response to 3oc. Supplementary Fig. 1c shows that 3oc-, 3-oxoC10 HSL-, 3-oxo-C14 HSL-, TNF-α- and nigericin- but not 3-oxoC8 HSL-treated cells displayed typical apoptotic membrane ruffling
(Supplementary Fig. 1c). 3oc detected in biological specimens varies
greatly in quantity, ranging from low nanomolars to several hundred
micromolars17,18. Cell death was tested at low 3oc concentrations
(Supplementary Fig. 1d). This cell death was detectable at the nanomolar range and was blocked by pan-caspase and caspase-8-specific
inhibitors (Supplementary Fig. 1e). Similar levels of 3-oxo-C10 HSL
and 3-oxo-C14 HSL were also effective (Supplementary Fig. 1f).
In 3oc-treated CD4 T cells, caspase 8 and caspase 3 were cleaved
(Fig. 1e). Among the analogues, 3-oxo-C10 HSL, 3oc and 3-oxoC14 HSLs induced the caspase 8 digestion (Supplementary Fig. 2a).
In the caspase inhibitors analysis, only the pan-caspase inhibitor
Z-VAD, the caspase 3 inhibitor Z-DEVD and the caspase 8 inhibitor Z-IETD reduced the cytotoxicity compared to 3oc treatment
alone (Fig. 1f). Fas-associated protein with death domain (FADD)
was found to be in complex with caspase 8 following the treatment
in reciprocal immunoprecipitation assays (Fig. 1g). A dominant
negative version of FADD also reduced 3oc-induced cell death
(Supplementary Fig. 2b). As FADD links caspase 8 to cell surface
death receptors, the overall results suggest that the initiation signal
comes from one of the TNFR family members.
Upstream of caspase 8, pleotropic TNFR family members mediate both pro-survival NF-κB activation and apoptotic programming19. Interestingly, Casp8–/–Ripk3–/– (receptor interacting serine/
threonine protein kinase 3; Ripk3 deficiency is used to rescue the
lethality of caspase 8 deletion) splenocytes were more resistant to
3oc-mediated cell death, a phenotype shared by Tnfrsf1a–/– (TNFR1deficient) splenocytes (Fig. 1h and Supplementary Fig. 2c). In caspase 8 mutants, 3oc did not cause any caspase 3 cleavage, as in TNFR1
deletion (Supplementary Fig. 2d). Notably, neither deletion reduced
their splenocyte response to lipopolysaccharide (Supplementary
Fig. 2e). However, the presence of 3oc reduced the production of
Nature Microbiology | www.nature.com/naturemicrobiology

both cytokines in the wild type (WT), apparently as a result of cell
death. We found that, in 3oc-treated non-apoptotic Jurkat cells
(Supplementary Fig. 2f,g), NF-κB inhibitor-α (IκBα) was degraded
(Supplementary Fig. 2h). Ripk1 is an adaptor in ubiquitinationdependent IκBαdegradation that leads to NF-κB activation13,20.
In a Ripk1–/– version of the same cell line, IκBαremained intact in
comparison (Supplementary Fig. 2h). Rather than cell death, 3oc
induced mouse splenocytes to produce NF-κB-dependent interleukin-6 (IL-6) in the presence of Z-VAD (Supplementary Fig. 2i).
The cell fate following death receptor signalling is determined by
the relative strengths of pro-survival NF-κB versus apoptotic caspase 8 signalling21,22. Regardless of the choice, both pathways typically require ligand binding to TNFR family members. However,
the ligand was absent in our setting. We followed an established
protocol23 to study the TNFR1 surface levels following 3oc treatment. 3oc apparently did not change the internalization rate of
TNFR1 (Supplementary Fig. 2j). In the Supplementary Data, we
provided evidence that several previously reported regulatory functions of 3oc, including Ca2+ signalling, IL-8 production, peroxisome
proliferator-activated receptor-γ (PPAR-γ) and PPAR-δ-dependent
caspase 3 activation and X-box-binding protein 1 (XBP1)-based
endoplasmic reticulum stress24–27, were not responsible for its apoptotic effects (Supplementary Fig. 2k–p).
3oc entrapment in the ordered lipid domains. The eukaryotic cell
plasma membrane contains regions rich in cholesterol and glycosphingolipids. As 3oc seemed to mediate a signal from a cell surface
receptor, we wondered whether HSLs were retained in the plasma
membrane. 3oc was added to H9 cells and the plasma membrane
was extracted. An ultra-sensitive system for autoinducer detection
was used for quantification28 (Fig. 2a and Supplementary Tables 1
and 2). The values are displayed in relative Miller units (%) within
each treatment group. Higher amounts of 3oc, 3-oxo-C10 and
3-oxo-C14 HSLs were found in the plasma membrane fraction (Fig.
2b, showing 3oc and control 3-oxo-C8 HSL, and Supplementary
Fig. 3a,b, showing the rest of the controls. Membrane and cytosolic
contents were normalized to supernatant in Supplementary Fig. 3b).
C12 HSL showed a modest retention. In comparison, this membrane enrichment was not as evident for C6, C8, 3-oxo-C8, C10 and
C14 HSL analogues (Supplementary Fig. 3a,b). For 3oc and its long
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Fig. 3 | 3oc induces TNFR1 autotrimerization. a, THP-1 cells were treated with 10 μM 3oc for the indicated durations and the cells were crosslinked by
DTSSP and lysed. Trimerization of TNFR1 in the lysate was detected by western blot (non-reducing). The western blot (left panel) and densitometry
(right panel) results are shown. The result is representative. b, Illustration of the SMPSC assay (left). Different oligomerization states of TNFR1 with
a sample snapshot of SMPSC imaging in the upper left are also shown (right). Sample fluorescent intensity–time plots of one step (upper right), two
steps (lower left) and three steps (lower right) are displayed. Green arrows indicate the bleaching steps. x axis: frame number, y axis: arbitrary unit
(AU). The result is representative. The number of quenching steps in a single light-emitting dot indicates how many fluorophore-carrying moieties are
within the confine of this particular location. This principle can be used to study protein oligomerization. c, HeLa cells were transiently transfected with
human TNFR1 (ΔDD)-peGFP-N1. Six hours later, 1 × 104 cells were treated with DMSO, 10 μM 3oc, 10 μM 3-oxo-C8 HSL or 100 ng ml−1 TNF-αfor 5 min,
fixed and analysed by TIRFM for SMPSC. n = 700–1,200. Statistical analysis shows that the one-step bleaching frequency changed from 60.0 ± 2.4% to
47.1 ± 1.9% (P < 0.001), whereas the three-step bleaching frequency increased from 7.1 ± 1.4% to 17.0 ± 1.3% (P < 0.001). This trimerization similarly
occurred in the presence of TNF-α, yet failed to increase in response to 3-oxo-C8 HSL, a non-death-inducing analogue. Two-sided, unpaired t-test was
used for this analysis. d–f, Raw264.7 cells (1 × 104) were stained with Di-4 for 30 min at 37 °C, then cells were stimulated with 10 μM of different HSLs
or DMSO for 5 min. Samples were observed under TIRFM and fluorescent signals from 560/620 nm were collected. The generalized polarization (GP)
value of each frame was calculated as described. See Methods for a full description. The result is representative. d, Representative GP pictures are
shown. Green, lipid order (Lo) phase; blue, lipid disorder (Ld) phase. Scale bar, 5 μm. e, Distribution plots of GP values (in pixels) for each treatment are
displayed. f, The statistical results of GP values in individual cells for each treatment in a are shown. n = 10–20. Two-sided, unpaired t-tests were used for
these analyses. g, The lipid membrane composed of DOPC, eSM and cholesterol (ratio: 3/6/1) was incubated with 10 μM of different HSLs or DMSO.
Surface membrane domains in each preparation were scanned by AFM. The upper and middle panels show AFM elevation maps at time zero and after
20 min (same domain). The lower panels display the statistical results of the percentage of the elevated phases within the ordered lipid domains at time
zero and after 20 min of treatment, as determined by ImageJ. c,f, Statistical analyses were carried out on n of replicates from one experiment; these data
are representative of similar conclusions seen in at least three independent experiments. ****P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.05. Data are
mean ± s.e.m.
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side-chain analogues, a significant fraction remained in the membrane over time (Supplementary Fig. 3c,d). A lipid–water miscibility partition analysis showed that HSLs with longer side chains were
better mixed with the lipid phase (Supplementary Fig. 3e).
In the bacterial membrane, HSL-based autoinducers are freely
diffusible through the external enclosure29. To identify eukaryotic membrane components necessary for the retention of HSLs,
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), phosphatidylethanolamine (PE), cholesterol and sphingomyelin individually or in
combination in chloroform were coated onto glass discs and air
dried and were then covered by a 3oc solution. Figure 2c shows
that only lipid components containing cholesterol, sphingomyelin and DOPC were able to efficiently retain 3oc, as was a mixture of sphingomyelin and cholesterol (Fig. 2c). Furthermore, in
H9 cells treated with methyl-β-cyclodextrin (MβCD) to remove
cholesterol, thus disrupting ordered lipid domains, the retention
was reduced (Fig. 2d). We ruled out the involvement of mitochondrial membrane and reactive oxygen species in cell death
induced by HSLs (Supplementary Fig. 3f,g). The results indicate
that HSL retention in the plasma membrane is dependent on lipid
domains and this membrane entrapment effect echoes the apoptosis induction (Fig. 1b).
Disruption of the ordered lipid domains by 3oc leads to spontaneous TNFR1 signalling. In the death-inducing signalling complex, the signalling cascade becomes active upon the trimerization
of TNFR family receptors. For TNFR1, recruitment to the lipid
rafts is required for NF-κB activation; however, the signal is turned
apoptotic if lipid domains are disrupted30,31. With a crosslinker
3,3′
-dithiobis(sulfosuccinimidyl propionate) (DTSSP) and run
under a non-reducing condition32, 3oc rapidly increased the amount
of a band by approximately three times the molecular weight of the
TNFR1 monomer (Fig. 3a). Compared with TNFR1, Fas, DR4 and
DR5 trimerizations were weaker and were difficult to quantify with
western blotting; thus, we produced lentivirus-based short hairpin RNA (shRNA) to knockdown Fas, DR4 and DR5, along with
TNFR1 in THP-1 cells (Supplementary Fig. 4a). Following this
treatment, only TNFR1 shRNA reversed the apoptosis induced by
3oc (Supplementary Fig. 4b).
To see the effect of 3oc on the membrane directly, single-molecule photobleaching step-counting (SMPSC)33 assay was performed to analyse TNFR1 in its native state (Fig. 3b, schematics).
A mutant TNFR1 with its death domain deleted and the addition
of an enhanced green fluorescent protein (eGFP) sequence was
transfected into HeLa cells and its expression remained on the cell
surface (Supplementary Fig. 4c–e and Supplementary Video 1).
The addition of 3oc increased the percentage of the three-step photobleaching pattern, confirming that trimerization was induced
(Fig. 3c). This trimerization similarly occurred in the presence
of TNF-α, yet failed to increase in response to 3-oxo-C8 HSL
(Fig. 3c). The 3-oxo-C10 and 3-oxo-C14 HSLs also increased the
trimerization of TNFR1 but not Fas, confirming the equivalency
to ligand binding by the treatment of 3oc and its active analogues
(Supplementary Fig. 4f,g). Through a mutagenesis study, we determined that the entire extracellular cysteine-rich domain 1 (CRD1)
domain of TNFR1 was required for the 3oc-induced trimerization
(Supplementary Fig. 4h,i).
To study how lipid domains are affected by the mixing of HSLs,
we first analysed the cell lipid packing density. Di-4-ANEPPDHQ
(Di-4) was used as an indicator in a generalized polarization analysis
(experimental principles are in the Methods). We stained Raw264.7
cells with Di-4 in 37 °C and obtained images by total internal reflection microscopy (TIRFM). The generalized polarization analysis
indicated that 3-oxo-C10 HSL, 3oc and 3-oxo-C14 HSL induced a
shift towards 620 nm (blue), whereas dimethylsulfoxide (DMSO)
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and 3-oxo-C8 HSL did not change the pattern (Fig. 3d). This is corroborated by the numerical generalized polarization value changes
on both the total regions of interest (Fig. 3e) and cells randomly
selected from the images (Fig. 3f).
Large solid ordered domains can be reconstituted with membrane lipids34. Although these solid ordered domains on a mica
support are distinct from the liquid ordered domains on a real
biological membrane, they approximate liquid ordered domains in
components35–37. We studied the morphology of these domains in
the presence of 3oc using atomic force microscopy (AFM; Fig. 3g).
3oc drastically changed the appearance of those domains with a
clear dissolution of the elevated plains (Fig. 3g and Supplementary
Fig. 4j). The activating analogues of 3-oxo-C10 HSL and 3-oxo-C14
HSL showed a less robust but similar effect, whereas the other analogues and DMSO had minimal effect (Fig. 3g and Supplementary
Videos 2 and 3). By contrast, domains formed with a mixture of
DOPC and DPPG, unrelated to lipid rafts, were minimally affected
(Supplementary Fig. 4k), suggesting that 3oc and its active analogues specifically target domains formed in the presence of cholesterol and sphingolipids.
We created giant unilamellar vesicles (GUVs) from defined lipids
spiked with fluorescent dye. These vesicles displayed characteristic
large liquid ordered domains revealed by ganglioside 1 (GM1) labelling38. Upon 3oc treatment, these domains rapidly became smaller
in size, revealing an effect towards dissolution (Supplementary
Fig. 4l). Thus, it was reasonable to conclude that 3oc mediated the
collapse of cholesterol and sphingomyelin-rich lipid domains, which
was unrelated to membrane leakiness (Supplementary Fig. 4m).
To determine whether 3oc disrupts the liquid ordered domains via
an effect by cholesterol or sphingomyelin extraction, we compared
3oc with MβCD. Supplementary Fig. 4n shows that, whereas Mβ
CD brought cholesterol (but not sphingomyelin) into the solution,
3oc did not have such an effect (Supplementary Fig. 4o). Thus, it is
possible that liquid ordered components remained in the membrane following 3oc treatment, in a phase other than the liquid
ordered domains.
TNFR1 dynamics change in the presence of 3oc. In recent years,
a new proposal suggests that lipid disordered phases are more
intertwined with the cortical cytoskeleton, creating a physical barrier to confine the ordered domains39–41. Transmembrane proteins
under this constrain display motion trajectories characterized as
simple, directed, stationary and restricted42. Extracellular TNFR1specific antibody was digested by papain to yield the Fab fragment,
which was coupled to a quantum dot (Supplementary Fig. 5a).
TNFR1 motion patterns were derived from a series of movies
(Supplementary Videos 4 and 5). The motion trajectory of each
label was fitted in a mean square displacement (MSD) analysis43
(Supplementary Fig. 5b; see the Methods for selection standards).
The four patterns were obtained as expected (Fig. 4a). With 3oc,
TNFR1 was more likely to fall into the simple mode of motion, with
a reciprocal drop in the restricted and stationary patterns (Fig. 4b).
This was echoed by activating analogues, in contrast to the minimal
effect by 3-oxo-C8 HSL (Fig. 4b). Accordingly, the diffusion coefficient in cells treated with 3-oxo-C10 HSL, 3oc and 3-oxo-C14 HSL
also significantly increased (Fig. 4c). In the treated membrane, each
individual TNFR1 showed high x–y surface area coverage (Fig. 4d).
As expected, MβCD treatment qualitatively recaptured the essence
of 3oc (Supplementary Fig. 5c,d).
To determine whether TNFR1 trimerization was also positively
affected by the higher motility on the membrane, we performed
coarse-grained modelling and employed the dissipative particle
dynamics (DPD) technique, which extends the simulation scales of
time and space appropriately for the study of hydrodynamic receptor–membrane systems in the explicit water44. Clearly, TNFR1 time
to trimerization is inversely correlated with its diffusion rate; in
Nature Microbiology | www.nature.com/naturemicrobiology
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other words, a fast-moving TNFR1 will have better odds to form
trimers (Fig. 4e–g and Supplementary Video 6).
P. aeruginosa uses 3oc to trigger host cell neutrophil apoptosis in
infection. HSLs have been regarded as virulence factors via bacterial collective activities45. We wondered whether its virulence can

also be explained by reduced host defence via autoinducer-mediated
immune suppression. We cultured neutrophils from C57BL/6 mice
with supernatants of WT (PAO1), lasI-deficient (ΔlasI) and lasRdeficient (ΔlasR) P. aeruginosa cultures (Supplementary Fig. 6a). As
shown in Fig. 5a, either deficiency in the Las circuitry resulted in a
reduction in cell loss, suggesting a role of 3oc. To further confirm
Nature Microbiology | www.nature.com/naturemicrobiology
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the result, we intratracheally (i.t.) inoculated C57BL/6 mice with
WT PAO1, the ΔlasI and ΔlasR mutants5. Lung extracts from the
mutant-infected mice showed reduced P. aeruginosa colony-forming units (c.f.u.) (Fig. 5b). This change was not blocked by systemic
administration of soluble TNFR1 (Fig. 5b and Supplementary
Fig. 6b), suggesting that this redistribution into the soluble membrane fraction was driven by 3oc produced by PAO1, rather than
TNF-αsignalling on its receptor. Supplementary Fig. 6c shows
that TNFR1 was indeed chased into the soluble fraction only during PAO1 infection. In the lung, FADD–caspase 8 interaction was
significantly increased (Supplementary Fig. 6d), with increased
caspase 8 cleavage (Supplementary Fig. 6e). Blocking extracellular
TNF-αbinding had no effect (Supplementary Fig. 6c).
The LasI–LasR circuit mediates a large number of factors that
may contribute to the infectivity of P. aeruginosa in addition to the
cytotoxic effect of 3oc46,47. It was still important to ascertain that 3ocmediated cell death can counter host immunity as a factor independent of other gene regulations. A constitutive overexpression version
of lasI was incorporated into the ΔlasR mutant. Mutants with lasI
driven by pDN19-, pMMB E67- and PUCP20-lasI P +  L promoters
showed growth rates similar to PAO1 (Supplementary Fig. 6a and
not shown). However, only pMMB E67-lasI was similar to PAO1
in 3oc production (Supplementary Fig. 6f). We then tested whether
this construct would produce 3oc similar to PAO1 in culture with
neutrophils and at the site of infection (Supplementary Fig. 6g). For
the in vivo analysis, a precise cut-out of the inflamed lung slice was
made and processed immediately to control the loss of 3oc from
enzymatic digestion. Supplementary Fig. 6h shows that the pMMB
E67 promoter induced 3oc similar to PAO1 in both the cell culture
and at the site of infection. A titration analysis showed that neutrophil cell death readily took place at these levels (Supplementary
Fig. 6i). Thus, 3oc-mediated host cell death seems to operate as an
independent factor to facilitate P. aeruginosa infection in the lung.
It is important to note that, although the assays used here suggest
that we were testing an infection-relevant concentration of 3oc,
its concentrations in vivo are difficult to measure precisely. More
orthogonal experimentation is needed to independently verify these
concentrations in vivo. However, this is technically challenging and
will be a subject of future work.
To confirm the effect of 3oc-mediated immune suppression
from the cellular signalling in the host, we reconstituted γ-irradiated C57BL/6 mice with bone marrows from WT, Tnfrsf1a–/– or
Ripk3–/–Casp8–/– donors and challenged the recipients with the
PAO1 strain (Fig. 5c). Figure 5d shows that the absence of caspase 8
or TNFR1 was associated with a stronger neutrophil response and
inflammatory cytokine production (Supplementary Fig. 6j), with a
reduction of c.f.u. (Fig. 5e). We reconstituted the same recipients
with a half/half mixture of CD45.1 WT, CD45.2 WT, Tnfrsf1a–/– or
Ripk3–/–Casp8–/– bone marrow. Supplementary Fig. 6k shows that
both populations were nearly evenly represented in the recipient
mice. However, after PAO1 infection, CD45.2 Tnfrsf1a–/– or Ripk3–/–
Casp8–/– but not the WT neutrophils were present in higher numbers, suggesting their resistance to cell death induction (Fig. 5f).
Even the partial presence of Tnfrsf1a–/– or Ripk3–/–Casp8–/– neutrophils in these chimeric mice was associated with a reduction in
c.f.u. formation compared to the WT/WT chimera (Fig. 5g). To
verify that 3oc indeed triggered neutrophil apoptotic death, we performed the terminal deoxynucleotidyl transferase dUTP nick-end
labelling (TUNEL) assay. In comparison with PAO1, the ΔlasI and
ΔlasR mutants both caused reduced TUNEL labelling in Gr1+ neutrophils (Supplementary Fig. 6l). To further confirm that 3oc mediated TNFR1–caspase 8-dependent cell death in this process, we
infected WT, Tnfrsf1a–/– or Ripk3–/–Casp8–/– mice with the ΔlasI and
ΔlasR mutants. Here, all infections resulted in similar neutrophil
numbers and cytokine production, and smaller differences in c.f.u.
(Supplementary Fig. 6m–q). Thus, the 3oc produced requires the
Nature Microbiology | www.nature.com/naturemicrobiology

host TNFR1–caspase 8 pathway to mediate its suppression on host
inflammatory responses.
Emricasan (IDN-6556) is the first caspase inhibitor developed
for clinical use and has been effective in treating non-alcoholic fatty
liver disease48,49. At 1, 5 and 10 μM, emricasan blocked 3oc-mediated
cell death of human THP-1 cells (Supplementary Fig. 6r) and mouse
splenocytes50 (Fig. 5h). This was accompanied by the reduced cleavage of caspase 3 and caspase 8 (Fig. 5i and Supplementary Fig. 6s).
Through a pre-screening, we determined that an i.t. inoculation
of 5 ×  107 PAO1 would result in 100% mortality in C57BL/6 mice.
However, when the recipients received a daily dose of 0.03 mg per
kg (low) and 0.3 mg per kg (high) emricasan, death was significantly
delayed and around 50% of mice were completely healthy from day 7
(Fig. 5j). The lung tissues recovered showed a ~1–1.5 log reduction
of c.f.u. after 2 days (Fig. 5k). Collectively, these results suggest a
non-antibiotic bacterial infection control via intercepting the neutrophil apoptosis that results from autoinducer release by invading
pathogens (Fig. 6, a potential model).

Discussion

Independent of conventional innate sensing mechanisms of Tolllike receptors and NOD-like receptors, several protein-based signalling mechanisms of HSLs have been proposed. Among others,
the transcription factor X-box-binding protein 1 was suggested
to mediate the endoplasmic reticulum stress-related caspase activation27. In another report, 3oc was suggested to be a regulator to
fine tune the transcriptional activities of PPAR-β/δand PPAR-γ,
with the latter responsible for inflammatory responses in epithelial
cells26. In this work, we tested these two factors along with the possible involvement of IL-8 and Ca2+-induced cell death, and failed
to find any significant role played by any of them. One possible
explanation is that the rapid cell death may mask other signalling
mechanisms. In other cell types that are less sensitive to this cell
death induction, multiple signalling mechanisms probably become
more noticeable. In this report, we present a mechanism independent of direct protein interactions. We show that the sensing of this
bacterial metabolite is via the membrane disturbance, thus broadly
altering the mammalian cell surface, with apoptosis being the most
discernible consequence in some cells.
Intriguingly, the apoptosis of immune cells induced by 3oc is
exceedingly potent; in most cases, it is more intense than that triggered by TNF-αitself. In this report, we provided evidence that
cell death can take place with sub-μM 3oc. In vivo, although 3oc
concentration can be very high at the site of infection, for instance,
reaching hundreds of μM on biofilm17, it may form a diffusion gradient51, ending with no higher than several μM measured in most
settings52. Paraoxonase 2 (PON2), a lactonase that attacks the lactone ring of HSLs, expression in some cell types can significantly
reduce the pro-apoptotic effect of 3oc53–55. Lymphocytes, chemotactically attracted to the site of infection, may be exposed to 3oc levels
higher than most clinical measurements, as we have demonstrated
in our mouse model. In P. aeruginosa, Las and Rhl quorum sensing
regulates at least 600 bacterial genes56. We used several experiments,
for instance, caspase 8/TNFR-1-deficient mouse strains and forced
expression of lasI in lasR-deficient P. aeruginosa, to suggest that 3oc
can act as an independent virulence factor. Our results suggest that,
in an acute lung infection model, 3oc seems to be critical. Scenarios
are probably different in other settings, in which other quorumsensing genes can potentially contribute to P. aeruginosa infectivity.
Unique in eukaryotic cells, membrane domains are a feature supported by the miniature crystal-like aggregation of sphingolipids
and cholesterol. Although structurally related hopanoids are found,
cholesterol and most eukaryotic sterols are absent in the bacterial
world57. At a higher order and in association with other mostly saturated phospholipids, dynamic lipid domains form picket fence-like
arrangements constrained by adherence of long-chain phospholipids
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to the underlying cortical cytoskeleton40,58. This partition provides a
general platform for highly diverse eukaryotic surface receptor signalling. This feature renders the eukaryotic membrane particularly
sensitive to lipid domain disruption.
Coarse-grained modelling has been used previously to study
aromatic and aliphatic hydrophobic molecules in a membrane
formed with saturated/unsaturated phospholipids and cholesterol
that displays typical ordered versus disordered phase separation
at room temperature59. They reached the conclusion that aromatic
compounds stabilize the phase separation, whereas aliphatic structures promote lipid domain mixing by disrupting their boundary.
Thus, HSLs with a side chain of 12 carbons belong to the latter and
our results are in line with this prediction.
A surprising finding of this work is that P. aeruginosa uses 3oc to
disarm the immunity via directly triggering the host’s own TNFR1
signalling. This result exposes an immune regulatory mechanism by
the autoinducer that is directly coupled to the signalling in host cell
defence. This finding and the revelation that bacterial autoinducers
use a previously unknown inter-kingdom communication method
to regulate host innate immunity may provide important clues for
our future investigations into this class of microbial metabolites. In
addition, we demonstrate that caspase inhibition is a highly effective
method of intervention for Pseudomonas infection, potentially providing a powerful tool to breach its shield of multidrug resistance.

Methods

Mice, cells and reagents. C57BL/6, OT-I and OT-II mice were obtained from
Jackson Laboratories. These and Casp8–/–, Ripk3–/– and Tnfrsf1a–/– mice were bred
and housed per approved protocols at Tsinghua University Animal Facilities.
Sample sizes for all mice experiments were determined by the minimal number
of mice that was able to achieve statistically discernible results. Sexually unbiased
mice were used in this study and age information was provided in specific sections.
All mouse experiments were randomized.
3oc, C4, C6, C8, 3-oxo-C8, C10, 3-oxo-C10, C12, C14, 3-oxo-C14 and C16
HSLs were from Cayman Chemical; eSM (860061), DOPC (850375), DPPC
(850355) and cholesterol (700000) were from Avanti Polar Lipids; annexin-VFITC/propidium iodide (PI) apoptosis detection kit (FXP018-100) was from 4A
Biotech. OT-I peptide (aa257-264) and OT-II peptide (aa323-339) were synthesized
by Beijing SciLight Biotechnology. Phorbol 12-myristate 13-acetate (PMA) and
ionomycin mixture (CS1001) was from Multi Sciences Biotech. Recombinant
human TNF-α(300-01 A) was from PeproTech. Cycloheximide (C7698) was
from Sigma. Lipofectamine 2000 (11668019) and DTSSP (21578), quantum dot
605 streptavidin conjugates (Q10103MP) and DI-4 (D36802) were from Thermo
Fisher. Caspase inhibitors were from Enzo Life Sciences. Protein A +  G agarose
(P2012) and O-nitrophenyl-β-d-galactopyranoside (ONPG; ST429) were from
Beyotime Biotechnology. The mouse CD4+ T cell pre-enrichment kit (19772) was
from StemCell. The ELISA detection kits for mouse IL-1β(88-7013-88), mouse
TNF-α(88-7324-88), mouse IL-6 (14-7061-68) and mouse IL-2 (88-7024-88) were
from eBioscience. Recombinant mouse soluble TNFR1 (425-R1/CF) was purchased
from R&D Systems. Human IL-8 ELISA (CHE0011) was from 4 A Biotech. For the
GUV experiment, BODIPY full-length C5-conjugated ganglioside GM1 (B13950)
was from Thermo Fisher Scientific and FITC-conjugated dextran-2000 (52471)
was from Sigma.
For western blots, IκBα(9242), caspase 3 (8G10 and 9665), caspase 8 (D35G2
and 4790), cleaved caspase 8 (Asp387 and 9429), TNFR1 (C25C1 and 3736),
epidermal growth factor receptor (EGFR; 2232) and pEGFR (4407) were from CST;
GAPDH (AG019) was from Beyotime Biotechnology; TNFR1 (H-5 and sc-8436),
Fas (A-20 and sc-1023), DR4 (B-9 and sc-8411) and DR5 (D-6 and sc-166624)
were from Santa Cruz. For immunoprecipitation, FADD (M-19 and sc-6036)
was from Santa Cruz, caspase 8 (1G12 and 9746) was from CST and control IgGs
were from Beyotime Biotechnology. For flow cytometry, anti-mouse CD69-FITC
(11-0691), anti-mouse CD4-PE (12-0041) and anti-mouse CD8a-PE (12-0081)
were from eBioscience. For single-particle tracking, anti-mouse TNFR1 (PA140282) and anti-mouse CD45 (MA1-80090) were from Thermo Scientific, and
anti-BSA mouse antibody was from Sigma. For TUNEL staining, Alexa Fluor 594
anti-mouse Ly-6G/Ly6C (GR1) antibody was from BioLegend, and the TUNEL
apoptosis assay kit-FITC was from 7Sea Pharmatech. Tissue-Tek optimum cutting
temperature (OCT) compound (4583) was from Sakura Finetek.
pcDNA3.1+, pcDNA3.1-N-FLAG and peGFP-N1 were gifts from L. Yu of
Tsinghua University, Beijing, China; human EGFR-peGFP-N1 was a gift from
X. Fang of the Institute of Chemistry, Chinese Academy of Sciences, Beijing, China;
human TNFR1 cDNA clone (HG10872-M) was from Sino Biological; the human
TNFR1 (1-293) mutant was amplified from human TNFR1 with specific primers
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and cloned into the peGFP-N1 vector; huFADD-DN cDNA was amplified from the
Jurkat cDNA library with specific primers and cloned into pcDNA3.1-N-FLAG;
human FcγRIIA cDNA was amplified from the THP-1 cDNA library and cloned
into peGFP-N1. All plasmids were verified by sequencing. The quorum-sensing
molecule bioassay strain Agrobacterium tumefaciens (JZA1)28 and the WT strain
(PAO1) and ΔlasI and ΔlasR mutants5 were as previously described.
Cos-1 cells were from Cell Resource Center, IBMS, CAMS/PUMC; HeLa cells
were a gift from X. Fang; HEK293, Raw264.7, EL-4 and A20 cells were purchased
from the American Type Culture Collection (ATCC); H9 cells were obtained from
the China Center for Type Culture Collection; and DC2.4 cells were a gift from K.
Rock of the University of Massachusetts Medical School, Worchester, MA, USA.
THP-1 cells were a gift from P. Cresswell of Yale University, New Haven, CT, USA.
WT as well as Ripk1–/– Jurkat cells were gifts from X. Lin. Cos-1, HeLa and HEK293
cells were grown in DMEM (HyClone) supplemented with 10% FBS, 100 U ml−1
penicillin and 100 mg ml−1 streptomycin. Raw264.7, DC2.4, THP-1, EL-4, A20,
H9 and all of the murine-derived primary cells were grown in RPMI-1640 media
(HyClone) supplemented with 10% FBS, 100 U ml−1 penicillin, 100 mg ml−1
streptomycin, 10 mM HEPES and 50 μM β-mercaptoethanol. All cell lines used in
this work were authenticated by morphology check under microscope and PCR
testing for mycoplasma contamination.
Cell assays. Cell apoptosis was detected with the annexin V/PI apoptosis detection
kit. In brief, cells were stimulated with HSLs or left untreated. Six hours later,
cells were collected and stained with annexin V-FITC and PI for 15 min at room
temperature, then the apoptotic effect was measured by flow cytometry. OT-I
or OT-II splenocytes were pulsed with specific peptides or PMA and ionomycin
mixture with or without HSLs or TNF-αplus cycloheximide. Twenty-four hours
later, cells and supernatants were collected separately. For OT-I activation, cells
were stained with CD69 and CD8. For OT-II activation, cells were stained with
CD69 and CD4. Activation was measured by flow cytometry. Supernatants were
analysed for IL-2 secretion by ELISA.
For IL-8 detection, THP-1 cells were stimulated; 24 h later, cell culture
supernatants were collected and IL-8 secretion was detected by ELISA. For Ca2+
imaging, THP-1 cells were stained with Fluo-4 and plated on polylysine-coated
cover glass, samples were observed and record under fluorescent microscope with
an excitation wavelength of 488 nm. Videos were analysed by ImageJ.
For the bone marrow cell–P. aeruginosa co-culture assay, bone marrow
neutrophils were isolated from C57BL/6 mice and incubated with the supernatant
of WT, lasI-deficient or lasR-deficient P. aeruginosa cultures for 6 h. The number of
neutrophils was counted under bright-light microscope.
Co-immunoprecipitation, crosslinking, lipid raft isolation and western blot.
For FADD immunoprecipitation, 4 μg goat anti-mouse FADD antibody (M-19,
Santa Cruz) were incubated with 100 μl protein A/G agarose for 2 h at room
temperature. Splenocytes (3 million per ml) were stimulated with HSLs or left
untreated. The cells were then collected and lysed with immunoprecipitation lysis
buffer (50 mM HEPES, pH 7.4, 150 mM NaCl, 1% NP-40, 1 mM EDTA, 1 mM
phenylmethylsulfonyl fluoride, 1 mM NaF, 1 mM NaVO3 and protease inhibitor
cocktails). The cell lysates were added into antibody–bead mixtures for 3 h at 4 °C.
Beads were then collected by low speed centrifugation (1,000g for 5 min) and
washed four times with immunoprecipitation lysis buffer (300 mM NaCl added).
After the last wash, pellets were suspended with 70 μl 2×SDS loading buffer
and boiled for 5 min. FADD and caspase 8 were detected with rabbit anti-FADD
antibody (H-181) and rabbit anti-caspase 8 antibody (D35G2). For caspase 8
immunoprecipitation, 4 μg anti-caspase 8 antibody (1C12, CST) was incubated
with 100 μl protein A/G agarose for 1 h at room temperature. THP-1 cells (3 million
per ml) were treated with HSLs or left untreated. The samples were processed as
in FADD immunoprecipitation. For the crosslinking assay, CD4+ T cells isolated
from C57BL/6 mouse spleen or human THP-1 cells were stimulated with HSLs or
left untreated, then cells were collected and crosslinked by 10 mM DTSSP at room
temperature for 30 min and quenched with 1 M Tris-HCl (pH 7.5) for 15 min. The
cells were then lysed with RIPA buffer from Bytotime Biotechnology (50 mM Tris
(pH 7.4), 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS,
1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 1 mM NaF, 1 mM NaVO3 and
protease inhibitor cocktails) and mixed with non-reducing SDS loading buffer.
Lipid rafts were isolated as described before60. In brief, THP-1 cells were lysed on
ice for 20 min in 1 ml of 1% Triton X-100 in MN buffer (25 mM 2-(N-morpholino)
ethanesulfonic acid and 150 mM NaCl, pH 6.5). The cell lysate was homogenized
with a loose-fitting dounce homogenizer (10 strokes) and then was spun at 500g
for 7 min at 4 °C. The post-nuclear supernatant was centrifuged first at 7,000g for
12 min and then at 100,000g for 50 min at 4 °C. The pellets were resuspended in
200 μl octylglucopyranoside buffer and are referred to as DIG fractions. All samples
were mixed with 3×SDS loading buffer and boiled for 5 min before western
blotting analysis.
Quorum-sensing molecule distribution assay. The JZA1 system was modified
from the WT as described previously28. For this assay, JZA1 was first pre-induced.
In brief, JZA1 was grown in LB liquid medium containing 1 μg ml−1 tetracycline,
100 μg ml−1 spectinomycin and 100 μg ml−1 gentamycin at 28 °C until the late-log
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phase. Culture (1 ml) was added into 100 ml AT medium containing antibiotics
at 28 °C until it entered the mid-log phase. Bacteria were then collected by
centrifugation (12,000g for 10 min) and resuspended in 15% sterilized glycerol
for freezing. To perform the membrane retention assay, H9 cells were incubated
with HSLs at 37 °C. Then, the cells and supernatants were collected separately
by centrifugation (1,500 r.p.m. for 5 min). The cells were treated with Buffer 1
(20 mM Tris-HCl, 2 mM EDTA, 1 mM dithiothreitol and 10% glycerol) on ice
to break the membrane. Cytosol and membrane fragments were separated by
ultracentrifugation (179,000g for 24 min at 4 °C). The membrane fragments were
dissolved in Buffer 2 (Buffer 1 with 1% Triton X-100). HSLs in the fractions were
extracted with ethyl acetate and air dried at room temperature. The samples were
then dissolved in DMSO and cultured with 2 μl pre-induced JZA1 strain in 2 ml
AT medium at 28 °C for 20 h. Bacterial cultures were collected for the detection
of absorbance at 600 nm (A600) and were then lysed by mixing 200 μl cell culture
with 200 μl Z buffer60, 10 μl 0.05% SDS and 15 μl chloroform. ONPG (100 μl;
4 mg ml−1) was added into each sample and the time T0 was recorded. The reactions
were terminated by adding 600 μl 1 M NaCO3 and the time Ts recorded. Their
absorbance at 420 nm (A420) was measured to determine the Miller unit.
Miller unit =

1, 000 × A420
A600 × (Ts−T0) × 0.2

For the detection of 3oc concentration in P. aeruginosa–cell co-culture samples,
1 ×  107 P. aeruginosa were incubated with 1 ×  105 THP-1 cells. Six hours later, 3oc
in supernatants was extracted by cold ethyl acetate, dried at room temperature
and dissolved in DMSO for detection. For the detection of 3oc concentration in
infectious sites, C57BL/6 mice were i.t. inoculated with 5 ×  107 P. aeruginosa strains.
Six hours later, mice were killed and lung tissues that were heavily infected were
precisely cut out and preserved in cold ethyl acetate. The supernatants were dried
at room temperature and dissolved in DMSO for detection.
Lipid-binding assay. One mg per ml of each lipid species in chloroform was
coated on round glass slides by evaporation. Then, the glass slices were incubated
with 10 μM 3oc in DMSO in PBS at 37 °C. After the incubation, the glass slides
were washed slightly with PBS 4–5 times and lipids were dissolved with DMSO.
The amount of 3oc in each sample was measured by the quorum-sensing bioassay
as described above.
Mitochondria isolation. As previously described62, to isolate mitochondria and
determine the amount of HSLs, H9 cells were stimulated with different HSLs for
5 min, cells were then collected and resuspended in ice-cold RSB hypo buffer
(10 mM NaCl, 1.5 mM MgCl2 and 10 mM Tris-HCl (pH 7.5)). After 10 min of
swelling, cells were broken with dounce homogenizer and the homogenates were
added with a certain volume of 2.5×concentrated MS homogenization buffer
(525 mM mannitol, 175 mM sucrose, 12.5 mM Tris-HCl (pH 7.5) and 2.5 mM
EDTA (pH 7.5)) so that the 1×MS homogenization buffered system (210 mM
mannitol, 70 mM sucrose, 5 mM Tris-HCl (pH 7.5) and 1 mM EDTA (pH 7.5)) was
reached in the final preparation. Samples were then centrifuged at 1,300g for 5 min
for 2–3 times to remove nuclei, unbroken cells and large membrane fragments. The
supernatants were collected and centrifuged at 7,000–17,000g for 15 min to pellet
the mitochondria. The amount of 3oc in each fraction was analysed as before.
Water–oil separation assay. To test the distribution of HSLs in hydrophilic or
hydrophobic phases, 100 μM of different HSLs were subjected to the mixture
composed of equal volumes of H2O and ethyl acetate. Then, the amount of HSLs in
either H2O or ethyl acetate fractions were analysed as reported previously61.
SMPSC optical setup. Single-molecule fluorescence detection was performed on
a home-built objective-type total internal reflection fluorescence microscope
(TIRFM) based on an inverted Zeiss Observer-A1 stand. In brief, a laser combiner
that contains four single-wavelength CW lasers (405, 488, 561 and 640 nm)
(Coherent) was used as the excitation light source. The light was introduced to
the excitation path via a polarization-preserved single-mode optical fibre and
a reflective collimator. The light was first gated by an acousto-optic turnable
filter, then expended by five times with a pair of lenses and finally focused on
the back focal plan of an Olympus TIRF objective (×100, NA: 1.49), with a lens
(f = 150 mm) that can be translated perpendicular to the optical axis to achieve
variable incident angles. The fluorescence signal is collected by the same objective
and then filtered and spectrally separated with Optosplit II (Cairn Research)
before being projected to an electron-multiplying charge-coupled device camera
(Andor iXon DU-897U BV). The data acquisition is controlled by Micro-Manager,
which drives the acousto-optic turnable filter and the electron-multiplying chargecoupled device camera.
Single-molecule imaging. The TNFR1 (0.5 μg; 1-293)-peGFP-N1, Fas
(1-217)-peGFP-N1 or EGFR-peGFP-N1 plasmid was transfected into HeLa cells
in 6-well plates cultured for 5–6 h. Then, the cells were stimulated with different
HSLs, TNF-αor left untreated for 5 min. Samples were then washed twice with PBS
and fixed with 4% paraformaldehyde before imaging. GFP was excited at 488 nm
Nature Microbiology | www.nature.com/naturemicrobiology
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with a laser power of 5 mW measured after the laser passed through the objective.
The collected fluorescent signal was gated by a band-pass filter HQ 525/50
(Chroma Technology). The electron-multiplying gain of the electron-multiplying
charge-coupled device camera was set at 300. Movies of 400 frames were acquired
for each sample at a full-frame rate of 10 Hz. For imaging analysis, the background
fluorescence was first subtracted from the movie acquired from the fixed cells
using the rolling ball method in ImageJ software, and regions of interest on the
movies were selected manually according to the outline of cells. To analyse the
bleaching steps, the fluorescence time courses of each fluorescent spots were first
constructed by ImageJ plugin and bleaching steps were then counted manually.
Quantum dot-based single-particle tracking. To track individual TNFR1 or
CD45 on the cell membrane, anti-TNFR1 or anti-CD45 IgG was first papain
digested to yield the Fab fragment. The Fab was then conjugated with biotin
through the unique -SH at its carboxy-terminal. To prepare anti-TNFR1 or antiCD45 Fab QD conjugates, a solution of 0.7 nM anti-TNFR1/CD45–Fab-biotin
in 1 ml RPMI-1640 was added drop-wise to 1 ml of 2 nM QD 605–streptavidin
conjugate. Raw264.7 monolayers (50% confluent) previously serum starved for
1 h were treated with different HSLs or left untreated and incubated with 500 μl of
the final anti-TNFR1/CD45–Fab–QD solution at 25 °C for 2 min. The cells were
then washed twice with PBS at 25 °C, placed in serum-free medium and loaded
for imaging. For single-FcRγIIA tracking, the Fc fragment was obtained by papain
digestion of an anti-BSA IgG (Sigma Aldrich). Fc–QD conjugate was produced
as described before. Cos-1 cells were transiently transfected with the FcγRIIA
plasmid; 24 h later, cells were stimulated with 3oc or left untreated and incubated
with 500 μl of the final Fc–QD solution at 25 °C for 2 min. Quantum dot-labelled
cells were imaged in TIRF mode. The fluorescence was excited at 488 nm and gated
by a band-pass filter (575–640; Carl Zeiss). The excitation power was about 2 mW,
measured after the objective. Movies of 400 frames were acquired for each sample
at a full-frame rate of 17 Hz. Individual trajectories were constructed by Utrack
written in MATLAB. MSD–t (x axis: time; y axis: MSD) plot of each trajectories
was generated and the diffusion coefficient and plot area were calculated by
customized programs written with MATLAB, which was based on the previously
described formulas63.
N −1 −n
MSD (Δtn) = N −11 − n ∑ j =1 {[x (jδt + nδt ) −x (jδt )] 2 + [y (jδt + nδt ) −y (jδt )] 2} ,
Δtn = nδt , δt = 0.06 s (video frame time). x (jδt + nδt ) and y (jδt + nδt ) describe
the article position following a time interval Δtn = nδt after starting at position
(x (jδt ) , y (jδt ) ). N is the total number of frames.
The diffusion coefficient was determined by fitting the MSDs at 2, 3 and 4
using a straight line. The plot area was determined by simply calculating the area
of rectangles that boxed the trajectories. In stationary mode, protein molecules
show little motion, so trajectories with little diffusion coefficient (<0.01 μm2 s−1)
were classified in this category. In simple mode, protein molecules undergo
simple Brownian diffusion and trajectories with a liner MSD–t slope (almost
4D) are classified in this category. In restricted mode, protein molecules undergo
Brownian diffusion within a limited area and cannot move out of the area during
the period of observation. This mode can occur when membrane proteins are
trapped in a membrane domain formed by the cytoskeleton (picket-fence model).
In this case, the slope of MSD–t curve is open-down parabolic. For motion pattern
determination by MSD–t analysis: linear, simple Brownian diffusion; open-up
parabolic, directed diffusion; open-down parabolic, restricted diffusion; and near
zero, stationary.
Immunofluorescence microscopy. For TNFR1 immunofluorescent staining,
C7BL/6 or Tnfrsf1a–/– mice BMDM were fixed with 4% paraformaldehyde and
labelled with biotin-conjugated anti-mouse TNFR1 Fab, as was used in the
quantum dot-based single-particle tracking experiment. Samples were then stained
with streptavidin-conjugated second antibody excited at 488 nm, washed and
observed under the microscope.
For TNFR1 endocytosis imaging, Raw264.7 cells were either untreated or
stimulated with cycloheximide (a cellular inhibitor of protein synthesis) to
strengthen the steady-state endocytosis of membrane TNFR1 (ref. 23), Z-VADFMK (a pan-caspase inhibitor) was added along with 3oc to inhibit apoptosisinduced morphological changes, which may affect the experimental result, without
interfering with the membrane event. Cells were fixed with 4% paraformaldehyde,
then sequentially stained with anti-TNFR1 antibody (to target the extracellular
domain) and Atto-647-conjugated second antibody. Samples were observed and
recorded under TIRFM with the excitation wavelength of 647 nm; the mean
fluorescent intensity per cell was calculated by ImageJ.
P. aeruginosa lung infection. C57BL/6 mice (6–8-weeks old) were i.t. infected with
2 ×  106 or 1 ×  107 c.f.u. of PAO1, the ΔlasI, ΔlasR mutants or the ΔlasR mutant with
constitutive expression of lasI under mild anaesthesia64,65. Twenty-four hours later,
the lungs of infected mice were excised and homogenized for bacteria number
calculation. Supernatants were collected by low-speed centrifugation and were
assayed for cytokines. Neutrophil numbers were detected by flow cytometry from
lung tissue suspensions. For emricasan treatment and survival rate measurement,
6–8-week-old C57BL/6 mice were intraperitoneally (i.p.) injected with different
doses of emricasan or PBS and i.t. infected with 5 ×  107 c.f.u. of PAO1. All mice
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were daily i.p. injected with emricasan or PBS as above and their health recorded
up to 1 week. For emricasan treatment and c.f.u. detection, 6–8-week-old C57BL/6
mice were i.p. injected with different doses of emricasan or PBS and i.t. infected
with 1 ×  107 c.f.u. of PAO1. Forty-eight hours later, all mice were killed and the lung
tissues were homogenized for c.f.u. detection.

with HEPES. AFM images were obtained at room temperature on a NanoScope
V Multimode Scanning Probe Microscope (Digital Instrument, Veeco) in the
tapping mode using V shape Si3N4 tips (model DNL-10), with spring constants of ∼
0.35 N m−1 and resonance frequencies between 8 and 10 kHz in aqueous solutions. A
J scanner (125 ×  125 μm) was used at 0.8 and 2 Hz per line.

Bone marrow reconstitution. C57BL/6 mice (5-week old) were γ-irradiated with
a dose of 5.5 Gy twice, and 3 h later, bone marrow cells were cross-transplanted
by the intravenous route (WT to WT, Casp8–/–Ripk3–/– to WT, Tnfrsf1a–/– to WT).
Mice were kept on antibiotics (neomycin 1 mg ml−1 and polymycin 0.1 mg ml−1)
for 3 weeks. Infection with 1 ×  107 c.f.u. of PAO1 bacteria was performed 6 weeks
post-reconstitution. For CD45.1/CD45.2 chimera transplantation, 5-week-old
C57BL/6 mice were γ-irradiated with 5.5 Gy twice, and 3 h later, bone marrow
cells (CD45.1/CD45.2 = 1/1 ratio) were mixed and cross-transplanted by
the intravenous route. After 6 weeks, mice were infected with 1 ×  107 c.f.u. of
P. aeruginosa as described before.

TUNEL assay. For the TUNEL assay, mouse lung tissues were harvested, sliced
into 5 × 5-mm sections, fixed with 4% paraformaldehyde overnight followed by
dehydration with 30% sucrose solution over 12 h. Samples were then embedded
in OCT compound in −80 °C for 30 min and sliced into 8–10-μm thick sections
with Leica CM3050 Cryostat. Samples were first TUNEL stained according to
the manufacturer’s protocol, washed with PBS three times and then stained with
Alexa Fluor 594 anti-GR1 antibody overnight at 4 °C. Then, the preparations were
washed with PBS three times, stained with DAPI, washed as before and observed
under a fluorescent microscope.

Phagocytosis assay. For the phagocytosis assay, polystyrene beads were coated
with BSA plus mouse anti-BSA antibody. Before the experiment, Raw264.7 cells
were cultured on clean glass slides in 24-well plates with Opti-MEM. Cells were
co-cultured with coated beads, centrifuged at 900g at 4 °C for 5 min and cultured
at 37 °C for 45 min. Then, cells were fixed with 4% paraformaldehyde and stained
with Alexa Flour 488 nm anti-mouse antibody for immunofluorescent imaging.
The total number of beads on each cell was calculated under bright field; the
number of beads that were not engulfed was counted under UV lighting63.
Lipid extraction and thin-layer chromatography. For lipid extraction, THP-1
cells were stimulated with 3oc or MβCD for 30 min. After treatment, total lipids
in the supernatants were extracted by acetic ether and evaporated overnight. For
cell pellet lipid extraction, as previously described64, cell pellets were extracted
successively for 2 h with chloroform/methanol (at a ratio of 1/2 and 2/1).
Supernatants from two extractions were combined and evaporated overnight.
Dried lipids were dissolved in chloroform for thin-layer chromatography analysis.
Silica-coated glass thin-layer chromatography plates were used for thin-layer
chromatography. As modified from previous studies67,68, for cholesterol analysis,
samples were developed in hexane–diethyl ether–acetone (90/10/2 v/v/v); for
sphingomyelin analysis, samples were developed in chloroform/methanol/water
(65/25/5 v/v/v). For the visualization of bands, plates were sprayed with a solution
of 3% (w/v) of cupric acetate in 8% (v/v) phosphoric acid, followed by heating for
20–30 min at 150 °C.
Generalized polarization analysis. As previously described66, Di-4 is a
potentiometric styryl dye that carries a dipole sensitive to lateral lipid packing
density. Different densities of lipid domains are associated with ‘relaxed’ or
‘rigid’ states. Di-4 is excited by 488-nm light. A previous study showed that local
cholesterol concentration and lipid phase affect the dye’s emission spectrum67. Di-4
has a 60-nm spectral red shift between the ordered and disordered bilayer phases.
The high emission energy can be roughly translated to indicate lipid rafts66. The
generalized polarization analysis is a digitizing process to convert fluorescein signal
within a given range to a numeric value between −1 to +1. This derivatization
produces a new image indicating intensity change between the original set
boundaries68. The ratio of the Di-4 peak emission wavelength of 500–550 nm
(ordered phase) versus 590–670 nm (disordered phase) was calculated by the
I560 − GI620
following formula: GP = I560 + GI620 (G is the correction factor for the differential
detection efficiency for two channels and I is for fluorencent intensity). Raw264.7
cells were stained with 5 μM Di-4 in serum-free medium for 30 min, then cells were
stimulated with different HSLs or DMSO for 5 min, washed with PBS three times
and observed under TIRFM. The fluorescent signals of 500–560 nm and 590–
670 nm of each sample were collected and analysed with the ImageJ generalized
polarization plugin.
AFM. For lipid small unilamellar vesicle production, chloroform solution of lipids
(DOPC/DPPC =  1/1, DOPC/eSM/cholesterol = 3/6/1) were mixed in glass vials and
dried under vacuum for 2 h. The dried lipid film was then resuspended with 4 mM
HEPES buffer (with 150 mM NaCl) followed by 10 min tip-sonication to produce
clear solution from milky fluid, confirming the formation of nanosized small
unilamellar vesicles. Vesicle solution (150 μl) was added to freshly cleaved mica glued
on a glass substrate in a home-made fluid cell. The vesicle sample was incubated on
a heating block first at 37 °C for 2 min then at 65 °C for 15 min followed by extensive
rinsing with heated HEPES buffer (at 65 °C about 6–7 ml) to remove excess vesicles.
Fast-scan AFM images were obtained at room temperature on a JPK Nanowizard 3
scanning microscope in the contact mode using Si3N4 tips (HYDRA2R-100NG-50,
APPNANO), with a spring constant of ∼0.011 N m−1, a resonance frequency of
21 kHz in air and a tip radius of <10 nm. AFM scanning was conducted in HEPES
buffer with a scanning size of 10 ×  10 μm, 512 × 512 pixels and a scanning rate of
1 Hz per line. For a higher-resolution scan, small unilamellar vesicles were similarly
produced, and vesicle solution (100 μl) was added to freshly cleaved mica clamped
in a fluid cell on the AFM heater head. After incubation at 55 °C for 30 min and then
kept at room temperature for another 30 min, the bilayers were rinsed extensively

Transmission electron microscopy. For transmission electron microscopy
analyses, cultured cells were processed in situ for fixation, dehydration, infiltration
and embedding in culture dish. The cells were prefixed with 2.5% glutaraldehyde
in 0.1 M phosphate buffer, pH 7.2, for 2 h and post-fixed with cacodylate-buffered
1% osmium tetroxide for 1 h at room temperature. Cells were then dehydrated
through graded ethanol and embedded in Epon mixture. After polymerizing,
the hardened Epon layer containing the embedded cells was separated from the
plastic culture dish. Under a light microscope, a representative area was selected,
trimmed and glued to a resin stub for sectioning. Ultrathin sections were cut with
a diamond knife on an ultramicrotome (EM UC6, Leica) and collected on singlehole grids with copper-supporting film. The sections were stained with aqueous
uranyl acetate and Reynolds’s lead citrate and observed under a Hitachi H7650
transmission electron microscope at 80 kV. The images were acquired with a
Morada G2 (Olympus) digital camera mounted on the microscope.
shRNA knockdown. For lentivirus-based shRNA knockdown, pre-designed
vectors were purchased from Thermo Scientific and lentivirus production was
performed according to the manufacturer’s instruction. In brief, 5 μg pLKO.1
vectors (with inserted shRNA) was transfected into 293FT cells with package
vectors pMD2.G and psPAX2. Seventy-two hours later, lentiviruses were
harvested and THP-1 cells were infected via centrifugation (500g for 2 h at room
temperature). Then, infected cells were selected with 1–2 μg puromycin every
2 days. The knockdown efficiency was verified by real-time PCR.
Overexpression of lasI in P. aeruginosa. For pMMB E67-lasI vector
construction, lasI was amplified by PCR using chromosomal DNA
from PA14 as template with the following primers: forward primer
5′-CGAGCTCCTGATCTTTTCGGACGTTTCTT-3′and reverse primer
5′-CGCGGATCCCGGGTCGGACTCGCTTTA-3′. The amplified fragment
was gel purified, digested (SacI and BamHI) and cloned into the pMMB E67
plasmid, resulting in pMMB E67-lasI. For pDN19-lasI vector construction, the
procedure was repeated with the following primers: forward primer
5′-CGCGGATCCTTTGGAGGAAGTGAAGATGATCG-3′and reverse
primer 5′-CGAGCTC CGGGTCGGACTCGCTTTAC-3′. The amplified
fragment was digested (BamHI and SacI) and cloned into the pDN19
plasmid. For pUCP20-(P + L)-lasI vector construction, lasI with its promoter
region was amplified with the following primers: forward primer
5′-CGAGCTCCTGATCTTTTCGGACGTTTCTT-3′and reverse primer
5′-CGCGGATCCCGGGTCGGACTCGCTTTA-3′. The amplified fragment was
digested (SacI and BamHI) and cloned into the pUCP20 plasmid. This construct
was designed to use the lasI promoter region under the lasR-deficient background
to reduce the robust pUCP20 promoter. All recombinants were confirmed by
sequencing and introduced into the ΔlasR mutant via electroporation.
GUV preparation and permeability analyses. Chloroform solutions of lipid
mixtures (DOPC/eSM/cholesterol = 2/2/1) doped with 0.5% lipid-conjugated
fluorescent dye were deposited onto a clean indium tin oxide (ITO)-coated glass
surface within the area delimited by a rectangular silicone gasket, and the solvent
was then removed under vacuum. Sucrose solution (0.1 mol l−1) was carefully
added to the chamber at the edge of the gasket. The filled chamber was then sealed
with another ITO-coated glass and was transferred into an oven at a temperature
10 °C above the highest melting temperature of any of the lipids present. At the
same time, a 1.4 Vp–p (peak to peak) and 10 Hz sine-wave voltage was applied on the
ITO-coated glasses for 60–90 min72,73.
For lipid domain rearrangement experiments, BODIPY-conjugated GM1,
which is located in the lipid-ordered domain71, was used to characterize the
rearrangement before or after 10 μM 3oc treatment for 20 min. The z-stack imaging
was performed by a wide-field fluorescence microscope and the 3D hemisphere
projections were reconstructed by a commercial AutoQuant X3 software.
For leakage experiments, the GUVs were filled with 0.2 mg ml−1 FITCconjugated dextran-2000 and then imaged by a wide-field fluorescence microscope
before or after 10 μM 3oc treatment for 20 min. The average fluorescence intensity
was obtained by ImageJ software.
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Coarse-grained modelling. We employed the DPD technique, which extends the
simulation scales of time and space to be appropriate to the study of receptor–
membrane systems with explicit water72. This method captures the hydrodynamic
effect that plays an important role in the translation diffusion of membrane
inclusions. Each amphiphilic lipid consists of a head group and two tails. The
head group contains three connected hydrophilic beads and the top two of them
carry the charges of +1 and −1, respectively. Each tail includes three connected
hydrophobic beads. Initially, 2,500 lipids self-assemble into a tensionless bilayer
membrane spanning the simulation box. Each TNFR1 is modelled as a cluster of
frozen DPD beads grouped into a rigid body with face-centred cubic-arranged
beads. The diameter of cylindrical TNFR1 is set as R =  2rc (rc is the length unit of
DPD), and the height is set as h =  h1 +  h2 =  5 +  10 =  15 rc, where h1 and h2 represent
the height of the solvophobic block and the solvophilic block, respectively. Solvent
particles are represented by a single bead.
In DPD, each bead represents a cluster of atoms and experiences a force with
the components of conservative interaction force FC, dissipative force FD and
C
D
R
random force FR, that is, f1 = ∑ (Fij + Fij + Fij ) where the sum runs over all beads
i ≠j

j. The interaction forces are treated as pairwise additive and are truncated at a
certain cut-off distance rc. The conservative force is a soft, repulsive force given
by FijC = aij (1−rij) ^rij, where aij is the maximum repulsion between beads i and j,
rij = ∣ri−rj∣∕rc and ^rij = rij∕∣rij∣ . aij has a linear relationship with Flory–Huggins χij
parameter: χij ≈ (aij−aii) ∕3.27, where aii = 25 is the repulsion parameter between
like species (that is, χij = 0), and a larger aij corresponds to a stronger bead–bead
repulsion. In the present simulations, the interaction parameters aij used in FC are
similar to those provided by the MARTINI force field77 and have been successfully
used in our previous works regarding lipid membranes73. In particular, the receptor
is amphiphilic with a solvophobic block and a sovlophilic block, so we take the
solvophobic block–solvent and solvophobic block–lipid tail interactions to be 50 kBT
and 20 kBT, whereas the interaction of solvophilic block–solvent and solvophilic
block–lipid tail are set to 20 kBT and 50 kBT. The drag force is FijD = −γωD (rij) ( r^ijvij) r^ij,
where γis a simulation parameter related to viscosity, ωD is a weight function
that goes to zero at rc and the relative velocity is vij =  vi −  vj. The random force
∼ (r ) ξ ^r , where ω is a weight function that goes to zero at r , ξ is a
is FijR = σω
R
c
ij
R ij ij ij
zero-mean Gaussian random variable of unit variance and σ∼2 = 2kBTγ . Here, kB is
the Boltzmann constant and T is the temperature of the system. We select weight
functions to take the following form: ωD (rij) = ωR (rij) 2 = (1−rij) 2 for rij <  rc.
All simulations are carried out in the canonical ensembles using a modified
velocity–Verlet integration algorithm with a time step Δt =  0.02τ, where τ is the time
unit of DPD. Such a small time step ensures accurate temperature control over the
simulation system74. The simulation box is rc3 in size and with a periodic boundary
condition in all directions, which is large enough to avoid the finite size effect. We
chose our basic length scale to match the experimentally observed area per DPPC
molecule75, whereas the basic timescale is determined by the diffusion coefficient of
TNFR1 obtained in our experiments. Then, we get rc ≈ 0.70 nm and τ ≈ 200 ns.

Statistics. For all assays, a minimum of five mice were used in each condition
and all experiments were repeated at least three times. All plot graphs show the
means ± s.e.m. Statistical analysis for each independent experiment was performed
with an unpaired Student’s t-test. A P value of <0.05 was considered significant:
*P <  0.05; **P <  0.01; ***P < 0.001; NS, not significant.
Ethics statement. All animal studies have complied with all relevant ethical
regulations and were approved by the Tsinghua University IACUC.
Code availability. All of the custom codes used in this study can be accessed upon
request from the corresponding author.
Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

The data that support the findings of this study are available from the
corresponding author upon request. Complete western blot images of all figures in
the manuscript are provided as Supplementary Figures.
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Sample size

No sample size calculation was performed. Sample sizes were chosen according to
previous literature. Specifically, Sample size for all mice experiments were determined by the minimal number of mice that is able to achieve
significant results.

Data exclusions

No data were excluded from these analyses

Replication

All attempts at replication were successful

Randomization

Samples and animals were randomly allocated into experimental groups

Blinding

The investigators were not blinded to group allocation during data collection and analysis since all samples and mice were identically treated
before experimentation. To reduce bias, certain experiments (include animal experiments) were verified by different researchers,
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Antibodies
For Western blots, Iκbα (9242), caspase-3 (8G10, 9665), caspase 8 (D35G2, 4790), cleaved caspase 8 (Asp387, 9429), TNFR1
(C25C1, 3736), EGFR (2232), pEGFR (4407) were from CST; GAPDH (AG019) was from Beyotime Biotechnology; TNFR1(H-5,
sc-8436), Fas (A-20, sc-1023), DR4 (B-9, sc-8411) and DR5 (D-6, sc-166624) were from Santa Cruz. For immunoprecipitation,
FADD (M-19, sc-6036) were from Santa Cruz. caspase 8 (1G12, 9746) was from CST; control IgGs were from Beyotime
Biotechnology. For flow cytometry, anti-mouse CD69-FITC (11-0691), anti-mouse CD4-PE (12-0041), anti-mouse CD8a-PE
(12-0081) were from eBioscience. For single particle tracking, anti-mouse TNFR1 (PA1-40282), anti-mouse CD45 (MA1-80090)
were from Thermo Scientific, and anti-BSA mouse antibody was from Sigma.

Validation

All antibodies were validated for specific use and the relavant literatures were listed in the manufacturers' websites.
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Policy information about cell lines
Cell line source(s)

Cos-1 cells were from Cell Resource Center, IBMS, CAMS/PUMC; HELA cells were a gift from Dr. Xiaohong Fang. HEK293 were
purchased from ATCC. H9 cells were obtained from China Center for Type Culture Collection. DC2.4 cells were a gift from
Ken Rock of UMass Medical School. THP-1 cells were a gift from Peter Cresswell of Yale Universiy. Raw264.7, EL-4 and A20
were purchased from ATCC. Wild type as well as Ripk1-/- Jurkat cells were gifts from Dr. Xin Lin.

Authentication

All cell lines used in this work were authenticated by morphology check under microscope

Mycoplasma contamination

All cell lines were tested negative for mycoplasma contamination

Commonly misidentified lines

No commonly misidentified cell lines were used

(See ICLAC register)
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Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research
Laboratory animals

C57BL/6, OT-I and OT-II mice were obtained from Jackson laboratories. These and Casp8-/-, Ripk3-/- and Tnfrsf1a-/- mice were
bred and housed per approved protocols at Tsinghua University Animal Facilities. Sample size for all mice experiments were
determined by the minimal number of mice that is able to achieve significant results. Sexually unbiased, 6-12week old of mice
were used in this study, . All mouse experiments were subject to randomization.

Wild animals

this study did not involve wild animals

Field-collected samples

this study did not involve samples collected from the field

Flow Cytometry
Plots
Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).
The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.
A numerical value for number of cells or percentage (with statistics) is provided.

Methodology
Sample preparation

As described in the Methods section, primary T cells were isolated from
C57BL/6 mice spleen via Magnet Activated Cell Sorting; all other cell lines
were cultured in appropriate medium before staining and flow analysis.

Instrument

BD Accuri C6

Software

FLOW-JO

Cell population abundance

No flow activated cell sorting was performed in this study

Gating strategy

For all flow experiments, all events in FSC/SSC gates except cell debris
were included for the following analysis. the boundaries between
"positive" and "negative" populations were defined according to
manufacturer 's instructions.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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