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Platelet-activating factor (PAF) mediates
NLRP3-NEK7 inflammasome induction independently
of PAFR
Meng Deng1,2, Haitao Guo2,3, Jason W. Tam2,3, Brandon M. Johnson2,3, W. June Brickey2,4, James S. New5, Austin Lenox5, Hexin Shi6,
Douglas T. Golenbock7, Beverly H. Koller3, Karen P. McKinnon2,4, Bruce Beutler6, and Jenny P.-Y. Ting1,2,3,4

The role of lipids in inflammasome activation remains underappreciated. The phospholipid, platelet-activating factor (PAF),
exerts multiple physiological functions by binding to a G protein–coupled seven-transmembrane receptor (PAFR). PAF is
associated with a number of inflammatory disorders, yet the molecular mechanism underlying its proinflammatory function
remains to be fully elucidated. We show that multiple PAF isoforms and PAF-like lipids can activate the inflammasome,
resulting in IL-1β and IL-18 maturation. This is dependent on NLRP3, ASC, caspase-1, and NEK7, but not on NLRC4, NLRP1,
NLRP6, AIM2, caspase-11, or GSDMD. Inflammasome activation by PAF also requires potassium efflux and calcium influx but
not lysosomal cathepsin or mitochondrial reactive oxygen species. PAF exacerbates peritonitis partly through inflammasome
activation, but PAFR is dispensable for PAF-induced inflammasome activation in vivo or in vitro. These findings reveal that PAF
represents a damage-associated signal that activates the canonical inflammasome independently of PAFR and provides an
explanation for the ineffectiveness of PAFR antagonist in blocking PAF-mediated inflammation in the clinic.

Introduction
Inflammation is a crucial host response against internal and
external insults. The innate immune sentinels, pattern recogni-
tion receptors (PRRs), survey the presence of exogenous in-
variant microbial motifs, known as pathogen-associated
molecular patterns, and endogenous danger signals released
from tissue stress, known as damage-associated molecular pat-
terns. The nucleotide-binding domain, leucine-rich-repeat–
containing proteins (NLRs), represent critically evolved cytosolic
PRRs as a host strategy to sense and respond to cellular insults. A
subfamily of NLRs form intracellular supramolecular complexes
known as the inflammasome, which activates caspase-1 and
regulates the release of inflammatory cytokines IL-1β and IL-18,
as well as the programmed inflammatory cell death called py-
roptosis (Swanson et al., 2019). Several notable inflammasome-
forming PRRs include NLR members NLRP1 (Martinon et al.,
2002), NLRP3 (Agostini et al., 2004), NLRP6 (Elinav et al.,
2011; Hara et al., 2018), NLRP7 (Khare et al., 2012), NLRP9
(Zhu et al., 2017), NLRC4 (Franchi et al., 2006; Miao et al., 2006),

and NAIP1/2/5/6 (Zhao et al., 2011; Yang et al., 2013) as well
as non-NLR members AIM2 (Bürckstümmer et al., 2009;
Fernandes-Alnemri et al., 2009; Hornung et al., 2009), IFI16
(Kerur et al., 2011), and Pyrin (Xu et al., 2014). Most of these
PRRs form inflammasomes in response to specific microbial
motifs or altered self-molecules during infection.

The NLRP3 inflammasome consists of a sensor NLRP3, an
adaptor apoptosis-associated speck-like protein containing a
caspase recruitment domain (ASC), and an effector caspase-
1 (Swanson et al., 2019). Recently, never in mitosis A–related
kinase 7 (NEK7) was identified as an additional component for
NLRP3 inflammasome activation (He et al., 2016; Schmid-Burgk
et al., 2016; Shi et al., 2016). Upon inflammasome activation,
NEK7 oligomerizes with NLRP3 to form a large complex that is
essential for ASC speck formation and caspase-1 activation. The
NLRP3 inflammasome is unique in that it senses a variety of
stimuli, including microbial motifs during infection, danger
signals during sterile inflammation, and environmental irritants
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from occupational exposure. Of particular interest, modern
sedentary lifestyles and increased longevity allow accumulation
of danger signals, such as protein aggregates, saturated fatty acid
palmitate, and crystalline particulates, which induce NLRP3-
dependent sterile inflammation underlying the disease patho-
genesis of multiple noncommunicable inflammatory, metabolic,
and neural diseases (Wen et al., 2011; Guo et al., 2015; Mangan
et al., 2018). These diverse stimuli seem to converge on three
main processes involving ionic fluxes, lysosomal damage, and
mitochondrial dysfunction to activate the NLRP3 inflammasome,
but the precise activation mechanism remains elusive (Davis
et al., 2011; Guo et al., 2015; Mangan et al., 2018; Swanson
et al., 2019). Gain-of-function mutations of NLRP3 also cause a
continuum of dominantly inherited autoinflammatory diseases
collectively referred to as the cryopyrin-associated periodic
syndromes (Hoffman et al., 2001; Yu and Leslie, 2011). In addi-
tion to the caspase-1–dependent canonical inflammasome, the
caspase-11–dependent noncanonical inflammasome activated by
cytosolic LPS and oxidized 1-palmitoyl-2-arachidonyl-sn-glycero-
3-phosphatidylcholine (oxPAPC) also requires NLRP3 (Hagar
et al., 2013; Kayagaki et al., 2013; Shi et al., 2014; Zanoni et al.,
2016). Therefore, NLRP3 represents a critical node in regulating
inflammation.

Platelet-activating factor (PAF; 1-O-alkyl-2-acetyl-sn-glycero-
3-phosphocholine) is a biologically active phospholipid mediator
originally found to activate platelet aggregation (Benveniste
et al., 1972). Since its discovery, extensive research has uncov-
ered functionally diverse roles for PAF, particularly as a patho-
physiological mediator in multiple inflammatory disorders such
as asthma, peritonitis, anaphylaxis, and shock (Ishii and
Shimizu, 2000). PAF is synthesized from and degraded to
the 2-hydroxy-deacetylated derivative of PAF (lysoPAF) by PAF-
acetyltransferase and PAF-acetylhydrolase, respectively (Bazan,
2003). PAF isoforms and PAF-like lipids generated through oxi-
dation of phosphatidylcholines bind to a specific G protein–
coupled seven-transmembrane PAF receptor (PAFR) that is
present on most cells and triggers intracellular cascades that
initiate or amplify thrombotic and inflammatory events (Yost
et al., 2010). Hitherto, PAF has been recognized to function
only through PAFR. However, several clinical trials using PAFR
antagonists for the treatment of sepsis, asthma, and acute pan-
creatitis do not show clinical benefit (Spence et al., 1994;
Dhainaut et al., 1998; Vincent et al., 2000; Johnson et al., 2001).
This strongly suggests that additional mechanisms underlying
PAF- and lysoPAF-driven inflammation may be independent
of PAFR.

This report shows that both PAF and lysoPAF activate the
canonical NLRP3 inflammasome in vitro and in vivo. PAF-
induced IL-1β maturation is abrogated in macrophages from
Nlrp3−/−, Asc−/−, Nek7−/−, and Casp1−/− mice, but not in cells from
Nlrc4−/−, Nlrp1−/−, Nlrp6−/−, Aim2−/−, Casp11−/−, or Gsdmd−/− mice.
Importantly, PAFR is not required for PAF-induced NLRP3 in-
flammasome activation, reflecting a PAFR-independent pathway
consistent with the lack of clinical efficacy of PAFR antagonists
for a number of diseases. Overall, our findings reveal a new
pathway for PAF and lysoPAF in inflammation that represents
an unprecedented danger signaling function of these lipids and

provides new insight for understanding the pathogenesis of
PAF-mediated inflammatory disorders.

Results
PAF induces IL-1β and IL-18 release
Bone marrow–derived macrophages (BMDMs) are commonly
used for investigating inflammasome activation because of their
efficient up-regulation of inflammasome components after
priming by various stimuli, including LPS. To activate in-
flammasome, a second signal is required for autocleavage of
procaspase-1 into active caspase-1. We tested whether C16 PAF,
an isoform of PAFwith a 16-carbon lipid chain, could serve as the
second signal to activate inflammasome in WT BMDMs. It was
selected as the prototype PAF due to its high abundance in
plasma (Callea et al., 1999). Following LPS treatment, PAF ro-
bustly stimulated IL-1β release into the supernatant in a time-
dependent manner (Fig. 1 A). In contrast, LPS or PAF alone did
not induce IL-1β release (Fig. 1 A), confirming the two signaling
hypothesis of inflammasome activation. PAF also induced IL-
1β and IL-18 secretion in LPS-primed BMDMs in a dose-
dependent fashion (Fig. 1, B–D). As expected, IL-1β and IL-18
release were abrogated in Il1b−/− and Il18−/− BMDMs, respectively
(Fig. 1, C and D). In addition to LPS, multiple TLR ligands, in-
cluding Pam3CSK4 (TLR1/2), HKLM (TLR2), FLA-ST (TLR5),
FSL-1 (TLR2/6), R848 (TLR7), and ODN1826 (TLR9), but not
poly(I:C) (HMW; TLR3), primed BMDMs for PAF-induced in-
flammasome activation (Fig. 1 E). A recent study showed that
LPS can be delivered into the cell to activate caspase-11 by
HMGB1 (Deng et al., 2018). However, as multiple TLR ligands
primed IL-1β release, this rules out the possibility that PAF acts
as an LPS carrier to caspase-11. Since an earlier study showed
that oxPAPC activated inflammasome by binding caspase-11 in-
tracellularly (Zanoni et al., 2016), we tested if transfected PAF
could also induce IL-1β secretion. However, transfected PAF did
not induce IL-1β secretion in WT BMDMs (Fig. S1).

Since PAF has multiple isoforms, we performed ex vivo
testing of the activation potential of various PAF isoforms.
Similar to C16 PAF, other PAF isoforms including C18L, C18H,
C18:1, two PAF-like lipids, butanoyl and butenoyl, and a non-
hydrolyzable carbamyl PAF all induced IL-1β release (Fig. 1 F). As
C16 PAF is more abundant in plasma (Callea et al., 1999), we used
C16 PAF in all subsequent experiments. We next addressed
whether PAF could serve as the first priming signal for the in-
flammasome. PAF treatment followed by nigericin did not in-
duce IL-1β release, which is in contrast to cells treated with LPS
plus nigericin that induced IL-1β release (Fig. 1 G). This indicates
that PAF does not serve as the priming signal. In addition, LPS-
primed human macrophages and dendritic cells also secreted
significant IL-1β in response to PAF (Fig. 1, H and I). Collectively,
these data strongly suggest that PAF can serve as the second
signal to induce inflammasome activation in both murine and
human myeloid cells.

PAF activates caspase-1 and ASC oligomerization
Activated caspase-1 following inflammasome assembly controls
IL-1β maturation. Immunoblotting confirmed PAF-induced
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cleavage of pro-caspase-1 to its p10 and p20 subunits and pro-
IL-1β to its mature p17 form in both the cell lysate and culture
medium (Figs. 2 A and 5 A). The pan-caspase inhibitor zVAD or
caspase-1 specific inhibitor zYVAD blocked PAF-induced IL-
1β release and maturation (Fig. 2, B and C). Therefore, PAF in-
duces IL-1β maturation in a caspase-1–dependent manner.

Caspase-1 activation requires nucleation of an upstream
adaptor protein ASC, another hallmark of inflammasome ac-
tivation. Normally, ASC is evenly distributed in the cyto-
plasm, and upon inflammasome activation, ASC polymerizes
and assembles into a large aggregate, known as a “speck.” The
ASC-citrine transgenic mouse expresses an ASC that is
citrine-labeled, thus allowing the visualization of ASC speck
formation (Tzeng et al., 2016). PAF treatment following LPS
priming, but not LPS alone, induced bright fluorescent ASC-
citrine specks in BMDMs from these mice (Fig. 2 D). PAF
treatment also induced ASC oligomerization in LPS-primed
WT BMDMs (Fig. 2 E). Nigericin, a strong canonical NLRP3
inflammasome agonist, served as a positive control that in-
duced pro-caspase-1 and pro-IL-1β cleavage, as well as ASC

oligomerization and speck formation, as expected (Fig. 2, A, D,
and E). Therefore, in addition to caspase-1 and IL-1β process-
ing, PAF induces ASC inflammasome complex formation.

PAF activates NLRP3 inflammasome
These data above suggest that PAF is a bona fide inflammasome
activator. Next, we investigated which inflammasome effector
was activated by PAF. BMDMs were generated from mice defi-
cient in genes encoding various inflammasome components.
Then, these cells were stimulated with LPS followed by PAF.
Canonical inflammasomes require ASC and caspase-1 to cleave
pro-IL-1β. A noncanonical pathway using caspase-11 has been
reported to recognize cytosolic LPS and oxPAPC and thereby
induce pro-IL-1β processing (Hagar et al., 2013; Kayagaki et al.,
2013; Shi et al., 2014; Zanoni et al., 2016).

We first addressed whether PAF activated the canonical or
noncanonical inflammasome pathway. PAF-induced IL-1β pro-
cessing was abrogated in LPS-primed BMDMs from Casp1−/− and
Asc−/− mice, but not from Casp11−/− mice (Fig. 3, A and B), indi-
cating that PAF activates the canonical inflammasome. Next, we

Figure 1. PAF induces IL-1β and IL-18 secretion in mouse
and human myeloid cells. IL-1β or IL-18 ELISAs were per-
formed in the following groups. (A and B) Resting or LPS-
primed (300 ng/ml, 3 h) WT BMDMs stimulated with PAF
(25 µM, 3 h) for the indicated time (A) or with PAF at indicated
concentrations for 3 h (B). (C and D) Resting or LPS-primed
(300 ng/ml, 3 h) BMDMs from WT, Il1b−/−, or Il18−/− mice
stimulated with PAF (wedge, 25, 50, and 100 µM, 3 h). (E) WT
BMDMs primed with different TLR agonists for 3 h (1 µg/ml
Pam3CSK4 for TLR1/2, 107/ml HKLM for TLR2, 1 µg/ml poly(I:C)
for TLR3, 1 µg/ml LPS-EK for TLR4, 1 µg/ml FLA-ST for TLR5,
1 µg/ml FSL-1 for TLR2/6, 1 µg/ml ssRNA40 for TLR7, and
200 ng/ml ODN1826 for TLR9), then stimulated with PAF
(25 µM, 3 h). (F) LPS-primed (300 ng/ml, 3 h) WT BMDMs
stimulated with different PAF isoforms or PAF-like lipids at in-
dicated concentrations (3 h). (G) WT BMDMs primed with LPS
(300 ng/ml, 3 h) or PAF (25 µM, 3 h) followed by nigericin
treatment (10 µM, 3 h). (H and I) Primary human macrophages
(H) and DCs (I) primed with LPS (20 ng/ml, 3 h) followed by PAF
(wedge, 25 and 50 µM, 3 h) stimulation. Veh, vehicle control.
Data are presented as mean ± SD from biological replicates and
are representative of three independent experiments. *, P <
0.05; **, P < 0.01; ***, P < 0.001, unpaired Student’s t test.
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tested which canonical inflammasome effector is activated by
PAF. PAF-induced IL-1β processing and secretion were abro-
gated in LPS-primed BMDMs from Nlrp3−/− mice, but not from
Nlrc4−/−, Aim2−/−, Nlrp1−/−, or Nlrp6−/− mice, indicating that PAF
specifically activates the canonical NLRP3 inflammasome (Fig. 3,
A and C–G). Similar results were obtained with bone marrow–

derived dendritic cells (BMDCs; Fig. 3, H–K). As controls for the
specificity and integrity of cells derived from gene deletion
strains, we showed that inflammasome activation by nigericin
was dependent on NLRP3, ASC, and caspase-1; cytosolic poly(dA:
dT) was dependent on AIM2, ASC, and caspase-1; cytosolic fla-
gellin was dependent on NLRC4 and caspase-1 and partially
dependent on ASC; and cytosolic LPS was dependent on caspase-
1, ASC, caspase-11, and NLRP3 (Fig. 3 A). Taken together, these
results point to PAF’s role in activating the canonical NLRP3
inflammasome.

PAF-activated inflammasome requires NEK7 and is inhibited
by an NLRP3 inhibitor, MCC950
NEK7 has been newly identified as an essential interaction
partner of the NLRP3 inflammasome that is required for its
function (He et al., 2016; Schmid-Burgk et al., 2016; Shi et al.,
2016). NEK7 is specifically required for NLRP3, but not NLRC4 or
AIM2, inflammasome activation, nor for TLR priming. Impor-
tantly, Nek7 deficiency abolished IL-1β processing and secretion
induced by PAF (Fig. 4, A and B). It also reduced inflammasome

activation by NLRP3-dependent activators, including nigericin,
ATP, silica, and cytosolic LPS, but not by the AIM2 or NAIP/
NLRC4-dependent activators poly(dA:dT) and flagellin, respec-
tively (Fig. 4, A and B). Thus, NEK7, a specific NLRP3 in-
flammasome component, is required for PAF-induced
inflammasome activation. By contrast, Nek7 deficiency does not
impact LPS priming, as WT and Nek7−/− BMDMs produced the
same amount of TNF in response to LPS (Fig. 4 C).

MCC950 is known as a chemical inhibitor that specifically
inhibits NLRP3 inflammasome activation, but not the priming
phase (Coll et al., 2015, 2019). Consistently, MCC950 did not alter
LPS priming, as increasing doses of MCC950 did not change
NLRP3 or pro-IL-1β protein expression or TNF secretion induced
by LPS (Fig. 4, D and E). However, MCC950 blocked IL-1β pro-
cessing and secretion induced by PAF, nigericin, and cytosolic
LPS, but not by transfected poly(dA:dT) or flagellin (Fig. 4, F
and G). Collectively, these genetic and pharmacological data
indicate that PAF specifically activates the canonical NLRP3
inflammasome.

PAF induces gasdermin-D (GSDMD) cleavage, but induced
IL-1β secretion is independent of GSDMD
Inflammasome activation leads to caspase-1/4/5/11 cleavage of
GSDMD, which drives lytic cell death (He et al., 2015; Kayagaki
et al., 2015; Shi et al., 2015). Treating LPS-primed BMDMs re-
vealed that PAF induced procaspase-1 cleavage into a p20

Figure 2. PAF induces caspase-1 and IL-1β processing and ASC oligomerization. (A) Immunoblotting for caspase-1 and IL-1β using supernatants (Sup) and
cell lysates (Lys) of LPS-primed (300 ng/ml, 3 h)WT BMDMs stimulated with PAF (wedge, 25 and 50 µM, 3 h) or nigericin (20 µM, 3 h). (B and C) IL-1β ELISA (B)
and immunoblotting (C) using LPS-primed (300 ng/ml, 3 h) WT BMDMs stimulated with PAF (25 µM, 3 h) in the absence or presence of the pan-caspase
inhibitor zVAD (wedge, 10 and 50 µM) or caspase-1 inhibitor zYVAD (wedge, 10 and 50 µM). (D) Confocal microscopy of LPS-primed (300 ng/ml, 3 h) ASC-
citrine BMDMs stimulated with PAF (25 µM, 3 h), nigericin (10 µM, 3 h), or vehicle control (Veh). Green, ASC speck; blue, DAPI. Bars, 20 µm. (E) Immunoblotting
of ASC oligomerization using cross-linked lysates of WT BMDMs treated in the same way as in D. Data are representative of three independent experiments.
Data in B are presented as mean ± SD from biological replicates. ***, P < 0.001, one-way ANOVA. Protein marker size, kilodaltons.
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subunit, and additionally induced GSDMD cleavage into the p30
subunit in both cell lysates and cell culture medium (Fig. 5 A). As
a positive control, nigericin also induced GSDMD cleavage into
the p30 subunit (Fig. 5 B). Recent studies showed that IL-1β se-
cretion downstream of inflammasome activation can be either
dependent or independent of GSDMD (Schneider et al., 2017;
Evavold et al., 2018). LPS followed by PAF treatment induced
comparable IL-1β processing and secretion in Gsdmd−/− cells and
control cells, indicating that PAF-induced IL-1β secretion is in-
dependent of GSDMD (Fig. 5, C and D). Similarly, silica-induced

IL-1β secretion is also independent of GSDMD, whereas ATP-
induced IL-1β secretion is dependent on GSDMD (Fig. 5 C).

Although certain NLRP3 inflammasome activators, such as
ATP, induce cell death downstream of NLRP3 inflammasome
activation, other activators such as lysosomal rupturing reagents
and cytosolic LPS induce cell death independently of the NLRP3
inflammasome machinery (Coll et al., 2015). We tested if PAF-
induced cell death is dependent on the NLRP3 inflammasome. In
LPS-primed BMDMs, PAF-induced cell death was only modestly
dependent on NLRP3, ASC, caspase-1, and GSDMD, with

Figure 3. PAF activates the canonical NLRP3 inflammasome. (A) IL-1β ELISA using supernatants from LPS-primed (300 ng/ml, 3 h) BMDMs of indicated
genotype stimulated with PAF (25 µM), nigericin (10 µM), transfected poly(dA:dT) (2 ng/µl), transfected flagellin (1 ng/µl), transfected LPS (1 ng/µl), or vehicle
control (Veh) for 3 h. (B and C) IL-1β immunoblotting using supernatants (Sup) and cell lysates (Lys) from resting or LPS-primed (300 ng/ml, 3 h) BMDMs of
indicated genotypes stimulated with PAF (wedge, 25 and 50 µM) or Veh. (D and E) IL-1β ELISA (D) and immunoblotting (E) using Sup or Lys from resting or
LPS-primed (300 ng/ml, 3 h) BMDMs of indicated genotypes stimulated with PAF (wedge, 25 and 50 µM) or Veh. (F and G) IL-1β ELISA (F) and immunoblotting
(G) using resting or LPS-primed Sup or Lys of BMDMs of indicated genotypes stimulated with PAF (wedge, 25 and 50 µM) or Veh. (H–K) IL-1β immunoblotting
using Sup or Lys from resting or LPS-primed (300 ng/ml, 3 h) BMDCs of indicated genotypes stimulated with PAF (wedge, 25 and 50 µM). Data are repre-
sentative of three independent experiments. Data in A, D, and F are presented as mean ± SD from biological replicates. ***, P < 0.001. ns, not significant. One-
way ANOVA (A), unpaired Student’s t test (D and F). Protein marker size, kilodaltons.
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significance attained depending on the time after PAF treatment
(Fig. S2, A–D). The NLRP3 inhibitor, MCC950, potently inhibited
IL-1β secretion induced by PAF, ATP, and silica (Fig. S2 E).
However, MCC950 only moderately inhibited cell death induced
by PAF (Fig. S2 F). As controls, MCC950 potently inhibited cell
death induced by ATP, but not by silica (Fig. S2 F). Ethidium
bromide (EB) is known to be excluded from the intact cell.
Treating LPS-primed BMDMs with PAF, nigericin, or ATP-
induced cellular permeabilization to EB (Fig. S2 G). However,
while cell permeabilization caused by nigericin was dependent
on NLRP3, that caused by PAF and ATP was independent of
NLRP3 (Fig. S2 H). Therefore, like ATP, PAF increases cell
membrane permeabilization in an NLRP3-independent manner.

PAFR is not involved in inflammasome activation
PAF is recognized by a unique G protein–coupled receptor
(GPCR), PAFR. To assess the involvement of PAFR in in-
flammasome activation, we found that PAFR antagonists,

Ginkgolide B and WEB2086, did not block IL-1β release induced
by PAF (Fig. 6 A). Pharmacologic inhibitors can have unintended
targets; thus we next resorted to a genetic approach. We first
explored whether inflammasome activation requires PAFR.
Priming WT and Pafr−/− BMDMs or BMDCs with LPS triggered
comparable up-regulation of NLRP3 and pro-IL-1β protein
(Fig. 6, B and C) as well as TNF cytokine (Fig. 6, D and E), in-
dicating that PAFR is not involved in priming. Additionally, PAF
induced similar levels of IL-1β processing and secretion in LPS-
primed WT and Pafr−/− BMDMs (Fig. 6, F and H) and BMDCs
(Fig. 6, G and I). We also tested whether other inflammasome
agonists require PAFR. IL-1β levels were unchanged in Pafr−/−

compared withWT BMDMs (Fig. 6 H) and BMDCs (Fig. 6 I) upon
inflammasome activation by nigericin, ATP, silica, alum, cyto-
solic poly(dA:dT), flagellin, and LPS. LysoPAF is generally per-
ceived as an inactive form of PAF since it is not a PAFR agonist
(Dyer et al., 2010). Consistently, C16, C18, and C18:1 lysoPAF
induced IL-1β processing in an NLRP3-dependent manner

Figure 4. PAF-activated inflammasome requires NEK7 and is inhibited by an NLRP3 inhibitor, MCC950. (A and B) IL-1β ELISA (A) and immunoblotting
(B) using supernatant (Sup) and cell lysate (Lys) of LPS-primed (300 ng/ml, 3 h) WT or Nek7−/− BMDMs stimulated with PAF (25 µM), nigericin (10 µM), ATP
(5 mM), silica (300 µg/ml), transfected poly(dA:dT) (2 ng/µl), transfected flagellin (1 ng/µl), transfected LPS (1 ng/µl), or vehicle control (Veh) for 3 h. (C) TNF
ELISA using supernatants of LPS-treated (300 ng/ml, 3 h) BMDMs. (D and E) NLRP3 and IL-1β immunoblotting using cell lysates (D) and TNF ELISA using
supernatants from resting or LPS-primed (300 ng/ml, 3 h) WT BMDMs (E) in the presence of increasing doses of MCC950 (wedge, 0, 50, 500, and 5,000 nM).
(F and G) IL-1β ELISA (F) and immunoblotting (G) of LPS-primed (300 ng/ml, 3 h) WT BMDMs stimulated with PAF (25 µM), nigericin (5 µM), transfected
poly(dA:dT) (2 ng/µl), transfected flagellin (1 ng/µl), transfected LPS (1 ng/µl), or vehicle control (Veh) in the absence or presence of MCC950 at the con-
centrations shown in F. Data are representative of three independent experiments. Data in A, C, E, and F are presented as mean ± SD from biological replicates.
*, P < 0.05; **, P < 0.01; ***, P < 0.001. ns, not significant. Unpaired Student’s t test (A and C); one-way ANOVA (E and F). Protein marker size, kilodaltons.
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(Fig. 6 J). Therefore, multiple lines of evidence are provided that
PAF activates the inflammasome independently of PAFR.

Inflammasome activation requires calcium and potassium flux,
but not ROS or cathepsin
The precise mechanism of NLRP3 inflammasome activation re-
mains elusive. However, several mechanisms, including mito-
chondrial ROS production, cathepsin release upon lysosome
rupture, potassium efflux, and calcium influx, have been pro-
posed to be critical for NLRP3 inflammasome activation (Davis
et al., 2011; Guo et al., 2015; Mangan et al., 2018; Swanson et al.,
2019).

Calcium influx from the ER or extracellular space into the
cytosol has been shown to activate the NLRP3 inflammasome
(Lee et al., 2012; Rossol et al., 2012). Phospholipase C (PLC) hy-
drolyses phosphatidylinositol-4,5-bisphosphate into inositol

trisphosphate (InsP3), and InsP3 binding to InsP3 receptors
(InsP3R) causes Ca2+ release from the ER (Lee et al., 2012). We
investigated the role of calcium influx by targeting the PLC
signaling pathway.m-3M3FBS, a direct activator of PLC, induced
IL-1β processing, confirming the role of PLC-mediated Ca2+

signals in inflammasome activation (Fig. S3, A and B). The PLC
inhibitor U73122, InsP3R inhibitor 2-aminoethoxydiphenyl bo-
rate (2-APB), and calcium chelator 1,2-bis(o-aminophenoxy)
ethane-N,N,N9,N9-tetraacetic acid (BAPTA) all blocked PAF-
induced IL-1β processing and secretion (Fig. 7, A and B; and
Fig. S3, C and D). As controls, U73122, 2-APB, and BAPTA did not
block AIM2 or NLRC4 inflammasome activation by poly(dA:dT)
or flagellin, respectively (Fig. S3, C and D). In addition, Ca2+-free
medium also reduced PAF-induced IL-1β processing (Fig. 7 C).

Cytosolic potassium efflux has been proposed to play a cen-
tral role in NLRP3 inflammasome activation (Muñoz-Planillo

Figure 5. GSDMD is not required for IL-1β secretion induced by PAF. (A) Immunoblot of supernatants (Sup) and cell lysates (Lys) from resting or LPS-
primed (300 ng/ml, 3 h) WT BMDMs stimulated with or without PAF (25 µM, 3 h). (B) Immunoblot of Sup or Lys from LPS-primed (300 ng/ml, 3 h) WT BMDMs
stimulated with nigericin (10 µM, 3 h) or PAF (25 µM, 3 h). (C) IL-1β ELISA using supernatants from LPS-primed (300 ng/ml, 3 h) WT or Gsdmd−/− BMDMs
stimulated with PAF (25 µM), ATP (10 mM), or silica (300 µg/ml) for the indicated time. (D) Immunoblot of supernatants from LPS-primed (300 ng/ml, 3 h) WT
or Gsdmd−/− BMDMs stimulated with PAF (25 µM) for indicated time. Data are representative of three independent experiments. Data in C are presented as
mean ± SD from biological replicates. **, P < 0.01; ***, P < 0.001. ns, not significant. Unpaired Student’s t test (C). FL, full-length. Protein marker size,
kilodaltons.
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et al., 2013). Increasing the extracellular K+ also abolished PAF-
induced IL-1β processing and secretion, but did not inhibit AIM2
or NLRC4 inflammasome activation by poly(dA:dT) or flagellin
(Figs. 7 D and S3 E).

In contrast, the ROS scavengers N-acetyl-L-cysteine (NAC)
and (2-(2,2,6,6-tetramethylpiperidin-1-oxyl-4-ylamino)-2-oxoethyl)
triphenylphosphonium chloride (Mitotempo), NAPDH oxi-
dase inhibitor (2R,4R)-4-aminopyrrolidine-2,4-dicarboxylic
acid (APDC), and diphenyleneiodonium (DPI) did not inhibit
IL-1β processing or secretion induced by PAF (Figs. 7 E and S3
F). Imiquimod is known to activate the NLRP3 inflammasome
via a burst of ROS (Groß et al., 2016). Our results show that
several ROS inhibitors including NAC, Mitotempo, APDC, and
DPI readily inhibited imiquimod-induced IL-1β secretion, but
not PAF-induced IL-1β secretion (Fig. S3 F). Also, the ca-
thepsin B inhibitor CA-074-Me reduced silica-induced, but
not PAF-induced, IL-1β processing and secretion (Figs. 7 F and

S3 G). Taken together, these data suggest that PAF activation
of the NLRP3 inflammasome requires Ca2+ and K+ flux but is
independent of ROS and cathepsin B.

ATP and uric acid released during cell damage can activate
the NLRP3 inflammasome (Shi et al., 2003; Mariathasan et al.,
2006; Martinon et al., 2006; Piccini et al., 2008). To assess if PAF
activates the inflammasome by triggering the release of ATP, we
used A-740003 and A-804598, antagonists of the ATP-sensing
P2X7 receptor, as well as apyrase, which degrades ATP. None of
these treatments impaired PAF-induced IL-1β processing and
secretion, while all impaired ATP-induced inflammasome acti-
vation (Figs. 7 G and S4 A). Consistent with the findings using
pharmacologic inhibitors, PAF induced similar levels of IL-
1β processing and secretion in WT and P2x7r−/− BMDMs,
whereas ATP-induced IL-1β processing and secretion were
completely abolished (Figs. 7 H and S4 B). In addition, uricase,
which degrades monosodium urate (MSU) crystals, reduced

Figure 6. PAF activation of the inflammasome is indepen-
dent of PAFR. (A) IL-1β ELISA using supernatants from LPS-
primed (300 ng/ml, 3 h) WT BMDMs stimulated with 25 µM PAF
in the absence or presence of PAFR antagonist Ginkgolide B
(wedge, 10, 50, and 100 µM) or WEB2086 (wedge, 10, 50, and
100 µM) for 3 h. (B and C) Immunoblot of cell lysates from WT
and Pafr−/− BMDMs (B) or BMDCs (C) treated with LPS (300 ng/
ml) for the indicated time. (D and E) TNF ELISA using
supernatants from LPS-primed (300 ng/ml, 3 h) WT and Pafr−/−

BMDMs (D) or BMDCs (E). (F and G) Immunoblot using
supernatants (Sup) and cell lysates (Lys) from resting or LPS-
primed (300 ng/ml, 3 h) WT and Pafr−/− BMDMs (F) or BMDCs
(G) stimulated with PAF (wedge, 25 and 50 µM). (H and I) IL-
1β ELISA using supernatants from LPS primed WT or Pafr−/−

BMDMs (H) or BMDCs (I) stimulated with PAF (25 µM), nigericin
(10 µM), ATP (5 mM), silica (300 µg/ml), alum (300 µg/ml),
transfected poly(dA:dT) (2 ng/µl), transfected flagellin (1 ng/µl),
or transfected LPS (1 ng/µl) for 3 h. (J) Immunoblot of super-
natants or cell lysates from LPS-primed (300 ng/ml, 3 h)WT and
Nlrp3−/− BMDMs stimulated with the indicated lysoPAF isoforms
(wedge, 25 and 50 µM). Data are representative of three in-
dependent experiments. Data in A, D, E, H, and I are presented
as mean ± SD from biological replicates. ns, not significant. One-
way ANOVA (A); unpaired Student’s t test (D, E, H, and I).
Protein marker size, kilodaltons.
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MSU- but not PAF-induced IL-1β secretion (Figs. 7 I and S4, C
and D). Therefore, PAF-induced inflammasome activation is
independent of ATP and uric acid signaling.

Recently, it was shown that NOX4-dependent fatty acid oxi-
dation promotes NLRP3 inflammasome activation (Moon et al.,
2016). VAS2870, a specific inhibitor for NOX4, inhibited IL-1β se-
cretion induced by PAF, nigericin and silica in BMDMs (Fig. S4 E).
These results suggest that PAF-activated NLRP3 inflammasome
might depend on NOX4-mediated fatty acid oxidation.

GPCR signaling can regulate NLRP3 inflammasome activity.
Dopamine, bile acid, and prostaglandin E2 bind to their cognate
GPCRs and stimulate adenylyl cyclase (ADCY) to synthesize
cAMP, which then activates PKA to suppress NLRP3 activation
(Yan et al., 2015; Guo et al., 2016; Mortimer et al., 2016). In-
creased cAMP synthesis by the ADCY activator, forskolin, or
decreased cAMP degradation by the phosphodiesterase in-
hibitors, Ro 20–1724 and zardaverine, suppressed IL-1β process-
ing and secretion induced by PAF but not by poly(dA:dT) or

Figure 7. PAF activation of inflammasome requires calcium, potassium flux, reduced cAMP, and intact lipid rafts, but not ROS, cathepsin, ATP, or
uric acid signaling. (A–G and I–K) IL-1β immunoblotting using supernatants (Sup) and lysates (Lys) from LPS-primed (300 ng/ml, 3 h) WT BMDMs stimulated
with PAF (25 µM, 3 h) in the absence or presence of indicated inhibitors or enzymes (A, B, D–G, and I–K) or cultured in Ca2+-free medium (C). Concentrations
used are as follows: U73122 (2 and 10 µM), 2-APB (20 and 100 µM), BAPTA-AM (10 and 20 µM), KCl (25 and 50mM), NAC (5 and 25 mM), APDC (10 and 50 µM),
Mitotempo (100 and 500 µM), DPI (5 and 25 µM), CA-074-ME (10 and 20 µM), A-804598 (100 µM), A-740003 (100 µM), apyrase (1 U/ml), uricase (1 U/ml),
forskolin (25 and 100 µM), ro-20-1724 (100 and 250 µM), zardaverine (100 and 250 µM), MβCD (5 and 15 mM), Filipin III (2.5 and 12.5 µg/ml). ATP (5 mM) in G.
(H) IL-1β immunoblotting using LPS-primed (300 ng/ml, 3 h) WT and P2x7r−/− BMDMs stimulated with PAF (25 µM), ATP (5 mM), or nigericin (10 µM) for 3 h.
Veh, vehicle control. The image in E is assembled from two sections of the same blot, and the break between these two sections is indicated by a dashed line.
Data are representative of three independent experiments. w/o, without. Protein marker size, kilodaltons.
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flagellin stimulation (Figs. 7 J and S4 F). Although our earlier
data suggest that PAFR is not involved in inflammasome
activation by PAF in culture, other GPCRs, such as the calcium-
sensing receptor, are known to activate the NLRP3 in-
flammasome through induction of Ca2+ flux and reduction of
intracellular cAMP (Lee et al., 2012; Rossol et al., 2012). To ex-
plore if there are potential unknown GPCRs that mediate the
effect of PAF, we tested two lipid raft inhibitors, methyl-
β-cyclodextrin (MβCD) and filipin III, as lipid raft formation is
crucial for GPCR signaling (Van Anthony et al., 2016). These
inhibitors alone did not induce IL-1β release (Fig. S4 G), but
rather moderately inhibited IL-1β processing and secretion
induced by PAF but not by poly(dA:dT) or flagellin (Figs. 7 K
and S4, H and I). These data suggest that PAF-induced in-
flammasome activation is regulated by the cAMP-PKA axis
and potentially by other receptors in lipid rafts.

PAF induces NLRP3-dependent peritonitis in vivo
The in vitro results delineated a proinflammatory activity of the
PAF family of lipids in activating the NLRP3 inflammasome that
appeared to be independent of PAFR. To confirm such a role
in vivo, we used an established inflammatory peritonitis model,
since PAF is elevated in peritonitis in humans (Montrucchio
et al., 1989). Mice were primed with or without i.p. injection
of LPS for 3 h, followed by challenge with C-16 lysoPAF alone, C-
16 lysoPAF combined with the NLRP3 inhibitor MCC950, or
vehicle control. Serum cytokines and peritoneal neutrophil in-
flux were measured 6 h after challenge (Fig. 8 A). Mice that
received vehicle, LPS, or C-16 lysoPAF alone displayed unde-
tectable or low levels of serum IL-1β, IL-18, and peritoneal
neutrophil influx (Fig. 8, B–D). In contrast, mice that were
primed with LPS followed by an injection of C-16 lysoPAF dis-
played increased serum IL-1β, IL-18, and peritoneal neutrophil
influx (Fig. 8, B–D). Administration of MCC950 blocked the el-
evation of serum IL-1β, IL-18, and peritoneal neutrophil influx
(Fig. 8, B–D), suggesting that this activation was dependent on
NLRP3. Using a genetic approach, we tested several gene dele-
tion strains lacking components of the inflammasome. Defi-
ciencies in Nlrp3, Asc, and Casp1, but not Casp11, caused reduced
serum IL-1β and IL-18 in a similar manner as treatment with
MCC950 (Fig. 8, F–H; and Fig. S5, A and B). As a control, serum
TNF elevation was dependent on LPS priming alone, but not on
lysoPAF, nor was it affected by the NLRP3 inflammasome (Fig. 8,
E and I). Furthermore, Ilr1−/− mice, in which IL1 signaling is
abolished, displayed reduced neutrophil flux (Fig. 8 J) in re-
sponse to stimulation. Thus, lysoPAF, which does not activate
PAFR, induces an NLRP3 inflammasome–dependent inflamma-
tory response in vivo.

To further address the role of PAFR, we tested Pafr−/− mice.
LPS followed by PAF injection induced increased serum IL-1β,
IL-18, and peritoneal neutrophil influx in Pafr−/− mice (Fig. 8,
K–M). This effect was dependent on NLRP3, since MCC950
blocked both of these events (Fig. 8, K–M). As a control, serum
TNF elevation was dependent on LPS priming alone, but not on
the NLRP3 inflammasome (Fig. 8 N). Consistently, LPS followed
by PAF treatment induced comparable IL-1β and IL-18 detected
in peritoneal lavage in WT and Pafr−/− mice (Fig. 8, O and P).

Collectively, these data indicate that PAF and lysoPAF induce
NLRP3 inflammasome activation in vivo in a PAFR-independent
fashion.

Discussion
In this study, a combination of genetic, pharmacologic, bio-
chemical, and imaging approaches was used to reveal a novel
biological function of PAF in NLRP3 inflammasome activation.
In addition to NLRP3, the common inflammasome adaptor
molecule, ASC, and the NLRP3-specific associated protein,
NEK7, are both required for PAF-induced inflammasome acti-
vation. In addition to PAF, lysoPAF also activates NLRP3 in-
flammasome both in vitro and in vivo. PAF is a lipid mediator
that elicits responses in a wide variety of cell types (Prescott
et al., 2000). Since PAFR is the only known receptor for PAF,
most PAF biofunction is thought to be attributable to PAFR. This
report used multiple approaches including the use of PAFR
nonbinding lysoPAF isoforms, PAFR gene deletion mice, and
PAFR inhibitors to show that PAF-induced inflammasome acti-
vation is unexpectedly independent from PAFR. Although PAFR
is important for most PAF functions, the role of PAFR was
questioned in a previous study that showed eosinophil degran-
ulation and cytokine release in response to PAF and lysoPAF
occurring independently of PAFR, as revealed using PAFR an-
tagonists or PAFR gene deletion (Dyer et al., 2010). While PAF
binds PAFR but lysoPAF does not, both can activate the in-
flammasome; this fact may partially explain the ineffectiveness
of PAFR antagonists or PAF-acetylhydrolase in several clinical
trials (Spence et al., 1994; Dhainaut et al., 1998; Henig et al.,
2000; Vincent et al., 2000; Johnson et al., 2001).

Despite extensive study, the precise mechanism of NLRP3
inflammasome activation remains elusive. Our work shows that
PAF-activated NLRP3 inflammasome is dependent on potassium
and calcium flux and is subjected to cAMP-PKA suppression, as
increasing cAMP synthesis or inhibiting cAMP degradation
suppressed NLRP3 inflammasome activation by PAF. Activation
of cAMP-PKA has been shown to suppress only NLRP3 activity,
but not NLRC4, AIM2, or NLRP1 inflammasomes (Yan et al.,
2015; Guo et al., 2016). This further corroborates the genetic
data as well as the results from the use of the NLRP3 inhibitor
MCC950 to support the conclusion that PAF specifically acti-
vates NLRP3 inflammasome.

PAFR belongs to a GPCR subtype that induces downstream
calcium flux and PKC activation and also inhibits the synthesis
of cAMP by ADCY. PKC inhibitors also potently suppressed
NLRP3 activation by PAF, but wewere not able to detect the PKC
phosphorylationmotif on NLRP3 upon inflammasome activation
(unpublished data). In addition, lipid raft inhibitors can sup-
press NLRP3 inflammasome activation by PAF, suggesting that
other GPCRs that use PKC and calcium signaling might account
for this effect of PAF, although further studies are required to
identify the specific pathway involved.

In summary, our study uncovered a phospholipid, PAF,
serving as a damage-associated molecular pattern to activate the
NLRP3 inflammasome. We showed that this biological activity
contributes to the inflammatory pathways activated by PAF.
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This represents a novel sequela of PAF and lysoPAF sensing and
provides new insights regarding PAF-driven inflammation as
distinct from PAFR stimulation.

Materials and methods
Mice
All animal protocols were approved by the Institutional Animal
Care and Use Committee of the University of North Carolina at
Chapel Hill in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals. All animal
experiments were performed under specific pathogen–free
conditions in sterile isolated caging using 6–8-wk-old mice. WT
C57BL/6 mice were initially from the Jackson Laboratory. The
Nlrpb1−/−, Nlrp3−/−, Nlrp6−/−, Nlrc4−/−, Aim2−/−, Asc−/−, Casp1−/−

(Ice−/−Casp11tg), Casp11−/−, Il1b−/−, Il18−/−, Nek7−/−, Gsdmd−/−,
Pafr−/−, and ASC-citrine mice were all described previously

(Shornick et al., 1996; Ishii et al., 1998; Takeda et al., 1998;
Mariathasan et al., 2004; Sutterwala et al., 2006; Kayagaki et al.,
2011; Kovarova et al., 2012; Wilson et al., 2015; Shi et al., 2016;
Tzeng et al., 2016; Patel and Kearney, 2017; Rauch et al., 2017).
The mice were received backcrossed onto C57BL/6 background,
or additional backcrossing schemes to C57BL/6 were performed
as follows: Nlrpb1−/− for three generations, Nlrp3−/− for at least
six generations, Aim2−/− for nine generations, Nlrp6−/− for two
generations, Nlrc4−/− for at least three generations, Asc−/− for at
least four generations, Casp11−/− for three generations, Il1b−/− for
at least six generations, and Il18−/− for three generations. P2x7r−/−

and Ilr1−/− (#003245; Jackson Laboratory) mice were maintained
on a B6.129 background. Pafr−/− mice were housed at the Uni-
versity of Alabama at Birmingham. Institutionally housed age-
and sex-matched C57BL/6J mice or B6.129 mice from the same
facility were used as controls. No randomization of the allocation
of animals to experimental groups was performed.

Figure 8. PAF induces NLRP3 inflammasome activation
in vivo independently of PAFR. (A) Schematic representation
of the in vivo experimental design. (B–E) Serum IL-1β by ELISA
(B), serum IL-18 (C), peritoneal neutrophil influx (D), and serum
TNF (E) from WT mice treated as depicted in A. (F–I) Serum IL-
1β (F), IL-18 (G), peritoneal neutrophil influx (H), and serum TNF
(I) from mice of indicated genotype challenged as depicted in A,
but only with LPS followed by lysoPAF. (J) Neutrophil influx
from WT and Il1r1−/− mice challenged as in A, but only with LPS
followed by lysoPAF. (K–N) Serum IL-1β (K), IL-18 (L), peritoneal
neutrophil influx (M), and serum TNF (N) from Pafr−/− mice
treated as in A, but with lysoPAF replaced with PAF. (O and P)
IL-1β (O) and IL-18 ELISA (P) of peritoneal lavage in WT and
Pafr−/− mice after 3-h LPS treatment followed by 30-min PAF
treatment. Veh, vehicle control. Data are presented as
mean ± SEM. Data in B–I are one representative experiment
of three independent experiments. Data in J–N are pooled from
three independent experiments. Data in O and P are pooled
from two independent experiments. **, P < 0.01; ***, P < 0.001.
ns, not significant. One-way ANOVA (B–I and K-N); unpaired
Student’s t test (J, O, and P).

Deng et al. Journal of Experimental Medicine 2848

PAF activates the NLRP3 inflammasome https://doi.org/10.1084/jem.20190111

https://doi.org/10.1084/jem.20190111


Cell culture
BMDMs and BMDCs were generated by flushing murine femurs,
and red blood cells were removed by ammonium-chloride-
potassium lysis. BMDMs were differentiated in the presence of
L-929 conditioned medium (50% DMEM, 20% FBS, 30% L-929
medium, and 1% penicillin/streptomycin) for 5 d. BMDCs were
differentiated in RPMI-1640 culture medium containing 10%
FBS, 50 µM β-mercaptoethanol, 40 ng/ml GM-CSF, and 1%
penicillin/streptomycin for 7 d. DMEM (#11995065) and RPMI-
1640 (#11875-093) were purchased from Gibco (Thermo Fisher
Scientific). FBS (#F2442) was purchased from Sigma-Aldrich.
Murine GM-CSF (#315-03) was purchased from Peprotech. All
cells were grown in a 37°C incubator supplied with 5% CO2.

Human dendritic cells were generated from patients enrolled
in a clinical trial approved by the University of North Carolina
Office of Human Research Ethics (Institutional Review Board
Study #05-2860) after informed consent was provided. The cells
were provided as deidentified samples for this study. Primary
human dendritic cells were generated by culturing CD34+-
selected cells from peripheral blood in the presence of stem cell
factor (50 ng/ml), Flt3L (100 ng/ml), and GM-CSF (800 U/ml)
for 72 h. The pre-dendritic cells (preDCs) were expanded in GM-
CSF (800 U/ml; Leukine Sanofi-Genzyme) and IL-4 (500 U/ml)
in AIM V medium (#0870112BK; Thermo Fisher Scientific) with
10% human AB serum (GemCell #100-512; Gemini Bio-Products)
for 9 d in 6-well cluster plates (Corning Costar, #3471; Thermo
Fisher Scientific). Stem cell factor (#300-07), Flt3L (#300-19),
and IL-4 (#200-04) were obtained from Peprotech. Human
macrophages were generated from human peripheral blood
monocytes isolated from leukapheresis buffy coats (Gulf Coast
Regional Blood Center). Peripheral blood monocytes were sus-
pended in AIM V medium with 10% human serum and allowed
to attach to T75 flasks for 2 h. The adherent cells were washed
with warm AIM V medium and cultured in AIM Vmedium with
10% human serum plus 100 ng/ml GM-CSF for 6 d.

Reagents and antibodies
Human IL-1β (#557953), mouse IL-1β (#559603), andmouse TNF
(#555268) ELISA kits were obtained from BD Biosciences. Mouse
IL-18 (#7625) ELISA kit was from R&D Systems. LPS-EB Ultra-
pure (#tlrl-3pelps), nigericin (#tlrl-nig), poly(dA:dT) (#tlrl-
patn), flagellin from Salmonella typhimurium (#tlrl-epstfla), MSU
crystals (#tlrl-msu), nano-SiO2 (#tlrl-sio), and mouse TLR1-9
agonist kit (#tlrl-kit1mw) were purchased from InvivoGen.
Alum (#77161) was obtained from Thermo Fisher Scientific; PAF
(C16; #2940) and butenoyl PAF (#60929) from Tocris (Bio-
Techne); and PAF C-18 (#sc-205421, #sc-201017), PAF C-18:1 (#sc-
201019), butanoyl PAF (#sc-221386), Ginkgolide B (#sc-201037),
WEB-2086 (#sc-201007), (2R,4R)-APDC (#sc-202408), and
Zardaverine (#sc-201208) from Santa Cruz Biotechnology.
C18:1 LysoPAF (#878126P) was from Avanti Polar Lipids;
LysoPAF C-16 (#60906), LysoPAF C18 (#60916), NAC (#20261),
m-3M3FBS (#16867), U73122 (#70740), A-804598 (#21256),
A-740003 (#21256), VAS2870 (#19205), Ro 20-1724 (#18272),
and forskolin (#11018) from Cayman Chemical; and zYVAD-
fmk (#ALX-260-154-R100), zVAD-FMK (#ALX-260-138-R100),
Mitotempo (#ALX-430-150-M005), DPI (#ALX-270-003), Ca-

074-Me (#BML-PI126-0001), BAPTA-AM (#BML-CA411-0025),
and 2-APB (#ALX-400-045-M100) from Enzo Life Sciences.
Apyrase (#M0398S) was from New England Biolabs; uricase
(#ENZ-312) from ProSpec; MCC950 (#AG-CR1-3615-M001)
from Adipogen; and methyl-β-cyclodextrin (#332615-5G) and
Filipin III (#F4767-1MG) from Sigma-Aldrich.

Cell stimulation
After differentiation, macrophages were reseeded overnight in
DMEM with 10% FBS, and DCs were seeded in RPMI-1640 sup-
plemented with 10% FBS. 250,000 cells per well in a 96-well
plate or 500,000 cells per well in a 24-well plate were seeded.
The cells were primed with 300 ng/ml LPS for 3–4 h, washed
with PBS, and then stimulated in serum-free DMEM or RPMI-
1640 using inflammasome agonists or inhibitors.

For priming with TLR ligands, BMDMs were treated with
1 µg/ml Pam3CSK4 (TLR1/2), 107/ml HKLM (TLR2), 1 µg/ml
poly(I:C) (HMW; TLR3), 1 µg/ml LPS-EK (TLR4), 1 µg/ml FLA-ST
(TLR5), 1 µg/ml FSL-1 (TLR2/6), 1 µg/ml ssRNA40 (TLR7), or
200 ng/ml ODN1826 (TLR9) for 3 h. All agonists (#tlrl-kit1mw
kit) used here were from InvivoGen.

For inflammasome activation, cells were treated with 25,
50, or 100 µM PAF, lysoPAF, or PAF-like lipid; 5, 10, or 40 µM
nigericin; 5 or 10 mM ATP; 300 µg/ml silica; 300 µg/ml alum;
or 300 µg/ml MSU for 0.5–6 h. For each well of a 96-well plate,
0.2 µg poly(dA:dT) (final concentration at 2 ng/µl) was
transfected with 0.5 µl lipofectamine 2000 (#11668027;
Thermo Fisher Scientific); 100 ng flagellin (final concentra-
tion at 1 ng/µl) was transfected with 1 µl DOTAP (1,2-dioleoyl-
3-trimethylammonium propane; #11202375001; Roche); and
100 ng LPS (final concentration at 1 ng/µl) was transfected
with 0.5 µl FuGENE HD (E2311; Promega). For each well of a
96-well plate, 1.3092 µg PAF was transfected with 0.5 µl lip-
ofectamine 2000 or 1 µl DOTAP. The final culture media
volume was 100 µl per well, so the PAF concentration was
25 µM. PAF alone at 25 µM or transfection reagent alone was
used as a control. Additionally, m-3M3FBS (50 or 200 µM)
was used to activate inflammasome.

For inflammasome inhibition, MCC950 (50, 500, or 5,000
nM), zVAD (10 or 50 µM), zYVAD (10 or 50 µM), Ginkgolide B
(10, 50, or 100 µM), WEB-2086 (10, 50, or 100 µM), (2R,4R)-
APDC (10 or 50 µM), Mitotempo (100 or 500 µM), DPI (5 or
25 µM), NAC (5 or 25 mM), BAPTA-AM (10 or 20 µM), 2-APB
(20 or 100 µM), U73122 (2 or 10 µM), aKCl (25 or 50mM), MβCD
(5 or 15 mM), and Filipin III (2.5 or 12.5 µg/ml), CA-074-ME
(10 and 20 µM), zardaverine (100 or 250 µM), ro-20-1724 (100
or 250 µM), forskolin (25 or 100 µM), A-804598 (100 µM),
A-740003 (100 µM), apyrase (1 U/ml), uricase (1 U/ml), and
VAS2870 (1 or 5 µM) were used. The inhibitors were individu-
ally added with agonists to avoid the potential impact of inhib-
itor on priming. DMEM (high glucose, no glutamine; #11960044;
Gibco) or DMEM (high glucose, no glutamine, and no calcium;
#21068028; Gibco) was used for calcium depletion experiments.
Primary human cells were primed with 20 ng/ml LPS in AIM V
medium with 10% human AB serum for 3 h, then washed with
PBS and stimulated with 25 or 50 µM PAF in serum-free AIM V
medium.
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ASC oligomerization assay
ASC oligomerization assays were performed as previously de-
scribed (Zhao et al., 2014). Disuccinimidyl suberate (#PI21658)
was from Thermo Fisher Scientific.

LDH assay
LDH release was measured using a cytotoxicity detection kit
(#11644793001; Sigma-Aldrich) according to the manufacturer’s
instructions.

Western blotting
The cells were lysed with radioimmunoprecipitation assay
buffer (BP-116TX; Boston Bio Products) plus protease inhibitor
(cOmplete, #11697498001; Sigma-Aldrich) and phosphatase in-
hibitor (PhosSTOP, #4906845001; Sigma-Aldrich) for 30 min on
ice. Cell lysates or supernatants were mixed with SDS loading
buffer and denatured at 95°C for 15 min. Then the samples were
subjected to 4–12% NuPAGE (Invitrogen) electrophoresis and
transferred to nitrocellulosemembrane (#1620112; Bio-Rad). The
membranes were blocked with 5% milk in Tris-buffered saline/
Tween buffer for 1 h. The following antibodies were used at
1:2,000 dilution: anti-IL-1β (AF401-NA; R&D Systems), anti-
NLRP3 (AG-20B-0014-C100; Adipogen), anti-caspase-1 p10
(AG-20B-0044-C100; Adipogen), anti-caspase-1 (p20; AG-20B-
0042-C100; Adipogen), anti-ASC (AG-25B-0006-C100; Adip-
ogen), and anti-GSDMD (ab209845; Abcam). The following
secondary antibodies were used at 1:5,000 dilution: anti-β-actin
(sc-1615; HRP conjugate; Santa Cruz Biotechnology), goat anti-
rabbit HRP (111-035-144; Jackson ImmunoResearch Laboratories),
and goat anti-mouse HRP (115-035-146; Jackson ImmunoResearch
Laboratories). Proteins were detected using Pico or Femto
Chemiluminescent reagents (#34577 or #34095; Thermo Fisher
Scientific).

Confocal microscopy imaging
BMDMs from ASC-citrine mice were seeded on glass coverslips
in a 24-well plate. Cells were treated with 300 ng/ml LPS for 3 h
followed by vehicle control, C16 PAF (25 µM), or nigericin
(10 µM) for 3 h. Cells were fixed with 4% paraformaldehyde and
stained with DAPI (#D1306; Thermo Fisher Scientific), followed
by imaging on a Zeiss LSM 710 laser-scanning confocal micro-
scope. Images were acquired by Zen software at 40×.

In vivo mouse model
Mice were primed via i.p. injection with 1 mg/kg LPS or vehicle
control (PBS) for 3 h. Mice were then challenged (i.p.) with
5 mg/kg C16 lysoPAF, 5 mg/kg C16 PAF, or vehicle control (PBS)
as indicated. MCC950 (10 mg/kg) was injected i.p. together with
C16 lysoPAF or C16 PAF. The serum was collected 6 h after
challenge for cytokine ELISA. For measuring peritoneal neu-
trophil influx, mice were sacrificed at 6 h after challenge, and
the peritoneal cavity was rinsed with 2 ml cold PBS to collect
infiltrate. Total cells were counted, blocked by anti-mouse CD16/
32 antibody (101302; BioLegend), and then stained with Ly-6G
antibody (127601; BioLegend) and CD11b antibody (101205;
BioLegend) in FACS buffer (PBS with 2% FBS). All data were
collected using a Cyan ADP (Beckman Coulter) or Becton

Dickinson LSRII (BD Biosciences) flow cytometer and analyzed
using FlowJo software (TreeStar). Ly-6G and CD11b double-
positive cells were gated as neutrophils. For comparing WT
and Pafr−/− mice, mice were primed via i.p. injection with
1 mg/kg LPS for 3 h, followed by i.p. injection of 5mg/kg C16 PAF
for 0.5 h. Peritoneal lavage was collected and analyzed.

Statistical analysis
Statistical analyses were performed using Prism 7.0 (GraphPad).
Data are presented as mean ± SD or mean ± SEM as denoted in
figure legends. Unpaired Student’s t tests were used for two-
group analysis. If multiple subgroups were compared between
two groups, the Holm–Sadakmethodwas used for correcting the
P value. One-way ANOVA followed by Dunnett’s post hoc
analysis was used for multigroup comparisons. In all tests, P
values or adjusted P values <0.05 were considered statistically
significant.

Online supplemental material
Fig. S1 shows that transfected PAF does not induce IL-1β secre-
tion. Fig. S2 shows that PAF-induced cytotoxicity in BMDMs is
independent of the NLRP3 inflammasome in most assay con-
ditions. Fig. S3 shows that PAF-induced NLRP3 inflammasome
activation requires calcium and potassium flux, but not ROS and
lysosomal cathepsin. Fig. S4 shows that PAF-induced NLRP3
inflammasome activation is independent of ATP and uric acid
release, inhibited by increasing cAMP, and reduced by lipid rafts
inhibitors. Fig. S5 shows that PAF-induced NLRP3 inflammasome
activation in vivo is independent of caspase-11.
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