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The Journal of Immunology

NLRP4 Negatively Regulates Autophagic Processes through

an Association with Beclin1

Nao Jounai,*,1 Kouji Kobiyama,*,1 Masaaki Shiina,† Kazuhiro Ogata,† Ken J. Ishii,‡,x

and Fumihiko Takeshita*

Although more than 20 putative members have been assigned to the nucleotide-binding and oligomerization domain-like receptor

(NLR) family, their physiological and biological roles, with the exception of the inflammasome, are not fully understood. In this

article, we show that NLR members, such as NLRC4, NLRP3, NLRP4, and NLRP10 interact with Beclin1, an important regulator

of autophagy, through their neuronal apoptosis inhibitory protein, MHC class II transcription activator, incompatibility locus

protein from Podospora anserina, and telomerase-associated protein domain. Among such NLRs, NLRP4 had a strong affinity to

the Beclin1 evolutionally conserved domain. Compromising NLRP4 via RNA interference resulted in upregulation of the auto-

phagic process under physiological conditions and upon invasive bacterial infections, leading to enhancement of the autophagic

bactericidal process of group A streptococcus. NLRP4 recruited to the subplasma membrane phagosomes containing group A

streptococcus and transiently dissociated from Beclin1, suggesting that NLRP4 senses bacterial infection and permits the initia-

tion of Beclin1-mediated autophagic responses. In addition to a role as a negative regulator of the autophagic process, NLRP4

physically associates with the class C vacuolar protein-sorting complex, thereby negatively regulating maturation of the auto-

phagosome and endosome. Collectively, these results provide novel evidence that NLRP4, and possibly other members of the NLR

family, plays a crucial role in biogenesis of the autophagosome and its maturation by the association with regulatory molecules,

such as Beclin1 and the class C vacuolar protein-sorting complex. The Journal of Immunology, 2011, 186: 1646–1655.

A
tg5/Atg7-dependent macroautophagy (referred to as auto-

phagy in this article), an intracellular protein-degradation

system required for cellular homeostasis, regulates the

sequestration and elimination of some types of intracellular bac-

teria (1–3). Following entry into host phagocytic cells, invasive

pathogens, such as group A streptococcus (GAS; Streptococcus

pyogenes) and Listeria monocytogenes, escape from the conven-

tional phagosome by digesting its membrane with the secreted

hemolytic enzymes streptolysin O and listeriolysin O, respec-

tively (4, 5). Once bacteria are released into the cytoplasm, they

are captured by the autophagosomes, whose double-membrane

structure is resistant to lytic bacterial enzymes. Subsequently, the

autophagosomes mature by fusion with the lysosomes, and bac-

teria present within autolysosomes are killed and digested. Cells

that are deficient for this autophagic process are incapable of

eliminating such invasive bacteria; thus, the autophagic bacteri-

cidal process is crucial for cell-autonomous antibacterial resis-

tance.

Mechanisms underlying the initiation of autophagy have been

extensively investigated over the past decade. Recent evidence

indicates that one of the key initiators of the autophagic process is

Beclin1, which associates with PI3K class III (PI3KC3), thereby

mediating biogenesis and dynamics of subcellular membranes

involved in autophagy. Additionally, it was demonstrated that

binding partners of Beclin1, such as the activating molecule in

Beclin1-regulated autophagy (Ambra1), UV radiation resistance-

associated gene protein (UVRAG), and Atg14L, positively regu-

late autophagy, whereas Bcl-2, originally identified as an inhib-

itory factor for apoptosis signaling, inhibits autophagy (6–9).

UVRAG was shown to play another biological role by interacting

with the class C vacuolar protein sorting (C-VPS) complex, con-

sisting of VPS11, VPS16 and VPS18, and facilitating the activa-

tion of Rab7 on the Rab5-labeled vacuole. This is known as Rab

conversion during maturation of the autophagosome, as well as

the endosome (10). Furthermore, a recent study demonstrated that

Run domain protein as Beclin1 interacting and cysteine-rich

containing (Rubicon) inhibits the maturation process of the auto-

phagosome (8, 9). Taken together, it was suggested that the several
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binding partners of Beclin1 have at least two functions during the

autophagic process, thereby controlling autophagic flux. The first

function seems to be control of Beclin1-mediated initiation of

autophagy, and the second is control of the maturation process of

the autophagosome.

Nucleotide-binding and oligomerization domain-like receptors

(NLRs) are categorized as a family of cytosolic proteins having

structurally conserved domains. This protein family consists of

23 putative members that have been identified in humans and 34

that have been identified in mice. According to a genome-wide an-

alysis of the putative genes, all have several shared domains,

such as neuronal apoptosis inhibitory protein, MHC class II trans-

cription activator, incompatibility locus protein from Podospora

anserina, and telomerase-associated protein (NACHT) domain,

pyrin domain, the caspase recruitment domain, and the leucine-

rich repeat domain. Some NLR family members, such as NLRC4,

NLRP1, and NLRP3, were shown to form an ∼700-kDa cyto-

plasmic protein complex, called an inflammasome, to facilitate the

maturation and secretion of proinflammatory cytokines, including

IL-1b, IL-18, and IL-33, in response to bacterial infections (11).

It was shown that autophagy and a distinct type of cell death

process, termed “pyroptosis,” are upregulated in NLRC42/2 mac-

rophages relative to wild-type (WT) macrophages postinfection

with Shigella, suggesting that NLRC4 negatively regulates au-

tophagy and the induction of cell-autonomous bactericidal pro-

cesses (12).

In the current study, we examined the molecular mechanisms

underlying the association between NLR family members and the

Beclin1-mediated autophagic bactericidal process. Our results de-

monstrated that NLRC4 and NLRP4 negatively regulate auto-

phagic processes through an association with Beclin1. In addi-

tion, NLRP4 physically interacts with the C-VPS complex, thereby

blocking maturation of autophagosomes to autolysosomes. Fur-

thermore, NLRP4 is recruited to and accumulates in the bacteria-

containing phagosomes and transiently dissociates from Beclin1

after GAS infection. Our results suggested that NLRP4 is engaged

in the mechanism controlling the autophagic flux crucial for the

cell-autonomous antibacterial resistance.

Materials and Methods

Cells, bacteria, and reagents

HEK293, THP-1, and HeLa cells were purchased from the American Type
Culture Collection. HEK293 and HeLa cells were maintained in DMEM,
whereas THP-1 cells were maintained in RPMI 1640 supplemented with
FCS and 50 mg/ml each penicillin and streptomycin. The normal primary
HUVECs were purchased from TAKARA (Japan). HUVECs were main-
tained in the supplemented endothelial cell growth medium-2 without
antibiotics, according to the manufacturer’s instruction. GAS serotype M6
was a kind gift from E. Hanski (The Hebrew University, Hadassah Medical
School, Jerusalem, Israel). GAS was cultured in Todd Hewitt medium
supplemented with yeast extract (THY medium) (BD Biosciences). For
infection experiments, GAS was prepared by adjusting to 1 OD590 (∼1 3

109 cells/ml) and washing twice with PBS before infection. L. mono-

cytogenes were grown in brain/heart infusion broth (BD Biosciences) at 37˚C.
For infection experiments, L. monocytogenes were prepared by adjusting
to 1 OD600 (∼2 3 109 cells/ml) and washing twice with PBS before in-
fection. Vesicular stomatitis virus (VSV) was provided by the National
Institute of Animal Health (Tokyo, Japan). Cell transfection and RNA in-
terference were performed as described previously (13). The dsRNA for
knockdown of NLRC4 and NLRP4 was obtained from Invitrogen (stealth
RNAi). Each knockdown of NLRC4 or NLRP4 was performed with pooled
dsRNAs whose sequences are shown in Supplemental Table I. Control
small interfering RNA (siRNA) was purchased from Invitrogen (cat.
#12935-300). Primers (Supplemental Table II) were used to confirm the
level of RNA encoding NLRC4 and NLRP4. In some cases, cotransfection
with expression plasmid and siRNAwas performed by Lipofectamine 2000
(Invitrogen), according to the manufacturer’s instructions.

Gel-filtration assay

HeLa cells were disrupted as described previously (14), and the cytoplas-
mic lysate was subjected to size fractionation with Superdex 200 (GE
Healthcare).

Plasmids

NLRC4, NLRP3, NLRP4, NLRP10, Beclin1, p57, VPS11, VPS16, VPS18,
and LC3 cDNAs were amplified by PCR using a human or mouse spleen
cDNA library. The cDNA fragments were introduced into pFLAG-CMV4,
pFLAG-CMV5 (Sigma), pCIneo (Promega), pCIneo-HA, or pCAGGS-CFP
(15). Each truncated protein was prepared by insertion of the follow-
ing PCR amplicons into expression vector plasmids: NLRC4 caspase re-
cruitment domain (1–100), NLRC4 NACHT (100–500), NLRP3 NACHT
(200–550), NLRP4 NACHT (100–500), NLRP10 NACHT (140–500),
Beclin1 BD (90–152), Beclin1 CCD (152–246), and Beclin1 ECD (246–
339). To construct the mRFP-GFP-LC3–expressing plasmid, open reading
frames of mRFP, GFP, and LC3 were tandemly ligated and introduced into
pCIneo. For generation of recombinant lentiviruses, the targeting cDNA
was introduced into CSII-CMV-MCS-IRES-puro or CSII-EF-MCS-IRES-
hyg (16, 17) to obtain CS-mRFP-GFP-LC3-IRES-puro, CS-CFP-NLRP4-
IRES-hyg, and CS-CFP-p57-IRES-hyg.

Immunoprecipitation and immunoblotting

Immunoprecipitation assays were performed as described previously (18).
Immunoblotting analyses were performed using anti-LC3 (Cell Signaling,
cat. #2775), anti-Beclin1 (AnaSpec), anti–b-actin (Cell Signaling Tech-
nology), anti-NLRC4 (AnaSpec, cat. #54128), anti-NLRP4 (IMGENEX,
cat. #IMG-5743), anti-p62 (BIOMOL, cat. #PW9860), anti-FLAG M2
(Sigma), or anti-HA (Roche Diagnostics), as described previously (18).
For reprobing the membrane with different Abs, the membrane was incu-
bated in stripping buffer (400 mM glycine, 0.2% SDS, 2% Tween 20 [pH
2.2]) for 10 min at room temperature, washed, and Ab was added to the
membrane. To detect human NLRC4 and NLRP4 protein, Can Get Signal
(TOYOBO) was used to augment the signal.

RT-PCR

Total RNAwas extracted with TRIzol reagent (Invitrogen), according to the
manufacturer’s instructions. Extracted total RNA was reverse transcribed
with ReverTra Ace reverse transcriptase (TOYOBO), and standard PCR
was conducted as described previously (19).

Quantitative RT-PCR

SYBR Green technology was applied for all of the assays with ABI
7500 standard quantitative PCR system (Applied Biosystems, CA). SYBR
Premix Ex Taq II was purchased from TAKARA (Japan). Primer pairs are
listed in Supplemental Table III. The gapdh gene was used as an internal
control.

Cytokine ELISA

Human IL-1b was quantified with the Human IL-1b/IL-1F2 DuoSet (R&D
Systems), according to the manufacturer’s instruction.

Evaluation of bacterial viability

The bacteria grown until midlog phase were harvested and washed twice
with PBS (pH 7.4) and then adjusted to appropriate cell density. The bacteria
were added to cell cultures (1 3 105 HeLa cells or 2 3 105 HUVECs in
a 12-well culture plate) at a multiplicity of infection (MOI) of 50 without
antibiotics. One hour postinfection, antibiotics (penicillin and streptomy-
cin) were added to the culture medium to kill extracellular bacteria, and the
cells were further cultured for the indicated time periods. After an ap-
propriate incubation time, infected cells were lysed in 1 ml sterile distilled
water, and serial dilutions of the lysates were plated on THY agar plates.
The colony numbers were enumerated 24 h after plating. Data represent
the mean 6 SD of recovered bacteria for three independent experiments.

Generation of stably transformed HeLa cells

Recombinant lentiviruses expressing mRFP-GFP-LC3, CFP-NLRP4, or
CFP-p57 were generated by transfecting CS-mRFP-GFP-LC3-IRES-puro,
CS-CFP-NLRP4-IRES-hyg, or CS-CFP-p57-IRES-hyg, as well as pCAG-
HIVgp and pCMV-VSV-G-RSV-Rev, into HEK293 cells, as described in
another study (20). Forty-eight to seventy-two hours following trans-
fection, the culture supernatants were recovered and transferred to the
fresh HeLa cell culture. HeLa cells expressing mRFP-GFP-LC3, CFP-

The Journal of Immunology 1647
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NLRP4, or CFP-p57 were selected in the presence of puromycin (2 mg/ml)
alone or puromycin plus hygromycin (200 mg/ml).

Fluorescent and confocal microscopy analysis

Fluorescent microscopy analysis was performed with a fluorescent de-
convolution microscope (BIOZERO; Keyence, Japan). Confocal micros-
copy analysis was performed with FLUOVIEW FV1000-D (BX61WI;
OLYMPUS). For immunofluorescent staining of GAS, HeLa cells were
fixed and immunostained with an anti-GAS Ab (Abcam), followed by an
Alexa Fluor 546-conjugated anti-rabbit IgG (Invitrogen) secondary Ab, and
were subjected to microscopy analysis.

Epidermal growth factor receptor degradation assay

Control, NLRC4-knockdown, or NLRP4-knockdown HeLa cells were trea-
ted with 200 ng/ml recombinant epidermal growth factor (EGF) (R&D
Systems) for the indicated periods and were subjected to immunoblotting
analysis with the anti-EGF receptor (EGFR) (1005; Santa Cruz).

Statistical analysis

The Student t test was used for statistical analysis.

Results

NLR family members interact with Beclin1

To assess possible roles for NLR family members in the autopha-

gic process, their molecular interactions with Beclin1, the primary

regulator of autophagy, was examined by immunoprecipitation anal-

ysis. As a result, NLRC4, NLRP3, NLRP4, NLRP10, and NOD2,

but not GFP, coprecipitated with Beclin1 in HEK293 and HeLa

cells, suggesting that these NLR family members have the po-

tential to interact with Beclin1 (Fig. 1A, Supplemental Fig. 1A, 1B).

Additionally, a NACHT domain of each NLR was shown to be

sufficient for interaction with Beclin1 (Fig. 1B). The highest levels

of such an interaction were seen between NLRP4 NACHT and

Beclin1 (Fig. 1B). The NACHT domain of NLRC4 was shown to

catalyze nucleotide hydrolysis through direct interaction with ATP/

29deoxyadenosine triphosphate, crucial for self-multimerization,

caspase-1 activation, and subsequent IL-1b release as a function

of the inflammasome. In contrast to such previous observations, the

loss-of-function mutant NLRC4 NACHT K175R was shown to

interact with Beclin1 comparably to WT NLRC4, suggesting that

ATP/29deoxyadenosine triphosphate binding is not essential for

NACHT domain interaction with Beclin1 (Fig. 1B). We further

examined the endogenous interaction between NLRP4 and Beclin1

in HeLa cells or the normal primary HUVECs. As a result, NLRP4

was shown to interact with Beclin1 under physiological conditions

(Fig. 1C, Supplemental Fig. 2).

Although endogenous human NLRP4 protein could be recog-

nized at the expected size upon immunoblotting, little is known

about the expression of human NLRP4. To strengthen NLRP4

expression in HeLa cells and HUVECs, we evaluated NLRP4-

encoding RNA level (Supplemental Fig. 3A, 3B). The NLRP4-

encoding RNA could be detected in HeLa cells and HUVECs

by RT-PCR (Supplemental Fig. 3A). To quantify NLRP4-encoding

RNA level by quantitative PCR, we evaluated it compared with the

expression level of NLRC4, because its expression at the RNA and

protein levels has been reported (21). As shown in Supplemental

Fig. 3B, the level of NLRP4-encoding RNAwas 6-fold lower than

that of NLRC4 in HeLa cells. However, the RNA level of NLRP4

in HUVECs was comparable to that of NLRC4 in HeLa cells and

slightly less than that of NLRC4 in HUVECs (Supplemental Fig.

3B). It suggests that NLRP4’s expression level might vary among

cell types, and NLRP4 in HUVECs was expressed at the same

RNA level as NLRC4 in HeLa cells (Supplemental Fig. 3B).

Beclin1 was shown to interact with several autophagy regulators

via distinct interaction domains: the Bcl-2 binding domain (BD),

the coiled-coil domain (CCD), and the evolutionally conserved

domain (ECD), whose structure is uncharacterized but highly con-

served among Beclin1 zoologues. When each Beclin1 domain (BD,

CCD, ECD) was ectopically expressed in HEK293 cells, the le-

vels of ECD protein were relatively low (Fig. 1D). Nonetheless, the

level of each NACHT domain that coprecipitated with Beclin1

ECD was higher than those with Beclin1 BD or CCD, suggest-

ing that Beclin1 ECD has a high affinity for the NLR NACHT

domains (Fig. 1D). Consistent with the result shown in Fig. 1B,

the NLRP4 NACHT domain most strongly interacted with the

Beclin1 ECD (Fig. 1D). Furthermore, we characterized several

point mutants of the NLRP4 NACHT domain and found that

NLRP4 NACHT W345A or W405A was incapable of interacting

with Beclin1, suggesting that the structure conformed by these Trp

residues confers the interaction between the NLRP4 NACHT

domain and Beclin1 ECD (Fig. 1E).

It was shown that Beclin1 physiologically interacts with a vari-

ety of cytoplasmic proteins, forming different types of molecular

complexes (6). To examine whether NLRP4 also forms the com-

plexes in the cells, HeLa cells were mechanically disrupted, and

the cytoplasmic lysate was size fractionated by gel filtration. The

presence of Beclin1 (52 kDa) and NLRP4 (113 kDa) in each frac-

tion was examined by immunoblotting. Beclin1 was found in frac-

tions 3–6 comprising molecules of 400–700 kDa, consistent with

a previous report (Fig. 1F) (8). NLRP4 was found in fractions 4

and 5, suggesting that NLRP4 might be present in the 500–700-

kDa cytoplasmic complex containing Beclin1 (Fig. 1C, 1F).

The NLR NACHT domain promotes the interaction between

Beclin1 and the heterologous NACHT domain

The NLR NACHT domains were suggested to play a role in self-

multimer formation, which is crucial for inflammasome activation.

As shown in Fig. 2A, FLAG-NLRP4 interacted with HA-NLRC4,

HA-NLRP3, HA-NLRP4, or HA-NLRP10. Among these, FLAG-

NLRP4 showed the highest levels of interaction with HA-NLRP4,

suggesting that NLRP4 preferentially forms the homologous mul-

timer. Similarly, the NACHT domains of these NLR family mem-

bers were sufficient for association with the NACHT domain

of NLRP4 (Fig. 2B). The NLRP4 NACHT W345A and W405A,

which are not capable of binding to Beclin1, also interacted with

the homologous WT NACHT domain (Fig. 2B), suggesting that

the structural bases are different between NACHT–NACHT and

NACHT–Beclin1 interactions. We then examined whether a mul-

timer formation between different NLR family members modu-

lates NLR interaction with Beclin1. Although the interaction

between NLRP4 and NLRC4 was weak (Fig. 2A), the degree of

NLRP4 interaction with Beclin1 ECD increased as a result of

NLRC4 concomitantly interacting with Beclin1 ECD in a dose-

dependent fashion (Fig. 2C). A similar result was observed in-

volving the NACHT domains of NLRC4 and NLRP4 (Fig. 2D),

suggesting that the NLRP4 NACHT domain facilitates the inter-

action between Beclin1 and the heterologous NACHT domain.

We also examined whether overexpression of Beclin1 ECD leads

to upregulation of autophagy by dissociating NLRP4 from Bec-

lin1. However, as a result, neither the number of LC3 vacuoles

nor the levels of p62, an intracellular protein specifically and con-

stitutively degraded by autophagic process (22), changed follow-

ing Beclin1 ECD overexpression (Supplemental Fig. 4A, 4B).

Knockdown of NLRC4 or NLRP4 promotes the autophagic

process

Based on experiments investigating the association between NLR

family molecules and Beclin1, NLRP4 NACHT domain showed

a stronger affinity with Beclin1 ECD than other NLR NACHT

1648 NLRP4 NEGATIVELY REGULATES AUTOPHAGY
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domains (Fig. 1B, 1D), indicating that NLRP4 might strongly in-

fluence the induction and/or magnitude of autophagy. To ex-

amine the roles of NLRP4 in the autophagic process, NLRC4 or

NLRP4 mRNA was ablated by RNA interference. The levels of

RNA encoding endogenous NLRC4 or NLRP4 were specifically

decreased by siRNA treatment in HeLa cells (Fig. 3A). The

knockdown efficiency by NLRP4 siRNA was also confirmed at

endogenous protein levels (Fig. 3B, Supplemental Fig. 5). To mon-

itor the levels of the autophagic process, the levels of LC3 con-

version were examined in the cells pretreated with each siRNA.

Because modified LC3 (LC3-II), a hallmark of autophagy, is de-

graded on achievement of autophagy, the levels of LC3-II were

examined in the presence of protease inhibitors pepstatin A and

E64d (Fig. 3C). Under physiological conditions, the LC3-II lev-

els were higher in cells treated with NLRC4 or NLRP4 siRNA

relative to those with control siRNA, suggesting that the auto-

phagic process is constitutively promoted in the cells depleted

of NLRC4 or NLRP4 (Fig. 3C). Following invasive GAS in-

fection, the LC3-II levels were increased in all samples, but they

were greater in NLRC4- or NLRP4-knockdown cells compared

with control cells (Fig. 3C). The influence of decreased NLRC4

or NLRP4 on autophagy was also examined with well-known

autophagy inducers, such as rapamycin, VSV, and other invasive

bacteria (L. monocytogenes) (Supplemental Fig. 6A–C) (18). The

treatment of rapamycin or VSV infection resulted in LC3-II ac-

cumulation in NLRC4- or NLRP4-knockdown cells at a level

comparable to control cells (Supplemental Fig. 6A, 6B). In con-

trast, L. monocytogenes infection resulted in the enhancement of

LC3-II accumulation by the knockdown of NLRC4 or NLRP4

(Supplemental Fig. 6C). Collectively, the data suggested that

NLRC4 or NLRP4 negatively regulates the induction of autoph-

agy upon invasive bacterial infection (Supplemental Fig. 6A–C).

To further confirm the influence of NLRC4 and NLRP4 on the

autophagic process, the LC3-II levels were also monitored in the

absence of protease inhibitors (Fig. 3D). Of interest, LC3-II was

barely detected in NLRP4-knockdown cells under physiological

conditions and even after GAS infection (Fig. 3D). The levels

of the other hallmark of autophagy, p62, were lower in NLRP4

knockdown cells compared with control cells before GAS in-

fection (Fig. 3D). The GAS infection did not affect the levels

of p62 in the cells treated with siRNA of control, NLRC4-

knockdown, or NLRP4-knockdown cells, indicating that phys-

FIGURE 1. The NLR family of proteins

interacts with Beclin1 through the NLR

NACHT domain and Beclin1 ECD. A, B,

D, and E, HEK293 cells were transfected

with the indicated plasmids. Forty-eight

hours posttransfection, cells were subjected

to immunoprecipitation and immunoblot-

ting analyses. C, Six million HeLa cells

were lysed, endogenous Beclin1 was im-

munoprecipitated, and the associated levels

of NLRP4 were immunoblotted. F, HeLa

cells were mechanically disrupted, and the

lysate was fractioned with Sephadex 200.

The expression level of Beclin1 or NLRP4

in each fraction was examined by im-

munoblotting. Representative results from

at least three independent experiments are

shown.
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iological autophagy might be distinct from GAS-mediated au-

tophagy on discrimination of substrates to degrade (Fig. 3D). In

addition, the fluorescent microscopy analysis showed that the re-

duced NLRP4 resulted in greater numbers of LC3-II vacuoles

under physiological conditions (Supplemental Fig. 7). These re-

sults collectively suggested that NLRC4 and NLRP4 negatively

regulate the autophagic process under physiological conditions,

as well as postinvasive bacterial infection, and that NLRP4, but

not NLRC4, inhibits the protein-degradation process mediated by

autophagy.

To examinewhether the autophagic process regulated by NLRC4

or NLRP4 controls the intracellular bactericidal activity, the sur-

vival rate of intracellular bacteria was monitored following GAS

infection (Fig. 3E). The number of bacteria that survived was

significantly less in the NLRC4- or NLRP4-knockdown cells

compared with control cells. Furthermore, the bacterial number

was significantly less in the NLRP4-knockdown cells compared

with the NLRC4-knockdown cells. Collectively, these data sug-

gested that NLRC4 and NLRP4 negatively control the intra-

cellular bactericidal activity, at least in part, through inhibition of

the autophagic process (Fig. 3E).

We further investigated whether NLRP4 also functions as a

negative regulator of autophagy in human primary cells, such as

HUVECs. As shown in Fig. 3F, the knockdown of NLRP4 or

NLRC4 in HUVECs resulted in accelerated autophagy after GAS

infection. In addition, the reduction of NLRP4 resulted in greater

bactericidal activity, suggesting that NLRP4 and NLRC4 are neg-

ative regulators of bactericide in HUVECs (Fig. 3G).

Some NLRs, such as NLRP3 and NLRC4, were shown to

mediate the signaling leading to inflammasome activation. The

secretion of IL-1b, a hallmark of inflammasome activation, was

not detected in HeLa cells, even after treatment with a known

inflammasome-activating agent, such as LPS, or GAS infection

(Supplemental Fig. 8). Instead, the role of NLRP4 in inflamma-

some activation was examined by coexpression of inflammasome

components: caspase-1 and apoptosis-associated speck-like pro-

tein containing a caspase recruitment domain. Coexpression of

these molecules facilitated IL-1b secretion. The level of IL-1b

was further increased in the presence of NLRC4 but not NLRP4,

suggesting that NLRC4 is engaged, at least in part, in inflamma-

some activation in HeLa cells (Supplemental Fig. 8B).

NLRP4 is transiently recruited to bacteria-containing

autophagosomes and dissociates from Beclin1 at an early stage

of GAS infection

To examine whether NLRP4 controls GAS-mediated autophago-

some formation, the numbers of LC3 puncta were evaluated by

confocal microscopy analysis (Fig. 4A, 4B, Supplemental Fig.

9A). As a result, the number of GAS-associated LC3+ vacuoles

was greater in NLRP4-knockdown cells than in control cells,

suggesting that NLRP4 negatively regulates the induction of GAS-

associated LC3 vacuoles (Fig. 4A, 4B, Supplemental Fig. 9A). To

examine the subcellular dynamics of NLRP4 upon GAS infection,

HeLa cells stably expressing CFP-NLRP4 and GFP-LC3 were

established. Although diffusely present in the cytoplasm under

physiological conditions, NLRP4 was recruited to the subplasma

membrane area close to phagosomes containing GAS 30 min

postinfection (Fig. 4C, Supplemental Fig. 9B). Similar relocaliza-

tion was observed when the well-characterized phagosomal mar-

ker p57, also known as TACO or coronin1, was examined (Fig.

4D). In contrast, NLRP4 returned to a diffuse distribution in

the cytoplasm 120 min postinfection, when most bacteria were

FIGURE 2. NACHT domains of

NLRs are important for their oligomer-

ization, as well as association with

Beclin1. A–D, HEK293 cells were trans-

fected with the indicated plasmids.

Forty-eight hours posttransfection, the

cells were subjected to immunoprecipi-

tation and immunoblotting analysis. Re-

presentative results from at least three

independent experiments are shown.
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encapsulated by the LC3+ vacuoles (i.e., autophagosomes) (Fig.

4C, Supplemental Fig. 9B). p57 remained localized in the vac-

uoles containing bacteria 120 min postinfection (Fig. 4D). We

also evaluated whether the levels of interaction between NLRP4

and Beclin1 changed following GAS infection. HeLa cells were

transfected with an expression plasmid encoding HA-NLRP4, and

we found that HA-NLRP4 specifically interacted with endogenous

Beclin1 (Fig. 4E). The level of interaction between HA-NLRP4

and Beclin1 decreased 60 min following GAS infection, but it re-

turned to normal levels after 120 min (Fig. 4E). Because the size

of Beclin1 is similar to that of an IgG H chain, the exact levels of

immunoprecipitated Beclin1 could not be evaluated (Fig. 4E). We

also found that the degrees of interaction between FLAG-NLRP4

and HA-Beclin1 decreased 30–60 min after GAS infection but

returned to their original levels after 120 min (Fig. 4F). It was

proposed that NLRP4 can detect infection by invasive bacteria,

is recruited to the phagosomes, and dissociates from Beclin1,

thereby permitting induction of autophagy, culminating in the

induction of the intracellular bactericidal process.

NLRP4 but not NLRC4 inhibits maturation of autophagosomes

Once the autophagosome undergoes maturation and couples with

lysosomes, it functions as the autolysosome, initiating the intra-

FIGURE 3. Enhancement of autophagy by repressing expression of NLRC4 or NLRP4. A–C, HeLa cells were transfected with control dsRNA or pooled

dsRNAs targeting NLRC4 or NLRP4. A, Twenty-four or forty-eight hours following transfection, the mRNA levels of NLRC4, NLRP4, or b-actin were

examined by RT-PCR analysis. B, Forty-eight hours following transfection, the protein levels of NLRC4, NLRP4, or b-actin were examined by immu-

noblotting. C, HeLa cells pretreated with siRNA were treated with protease inhibitors for 4 h and then were infected with GAS at an MOI of 50 for the

indicated times. The levels of LC3-II in each sample were examined by immunoblotting analysis (upper panel). Band intensity was measured by Image J

software. The intensity values of LC3-II were normalized to those of b-actin (lower panel). D, Cells pretreated with siRNAwere infected with GAS at an

MOI of 50 for the indicated times. The levels of LC3-II and p62 in each sample were examined by immunoblotting analysis. E, The HeLa cells were lysed

in 1 ml of sterile distilled water, and 100 ml of each lysate was spread on THY agar plates (n = 3). The numbers of colonies were counted 24 h after

incubation at 37˚C. The graph shows the mean 6 SD. Representative results from at least three independent experiments are shown. F and G, HUVECs

pretreated with siRNAwere further treated with protease inhibitors for 4 h and then infected with GAS at an MOI of 50 for the indicated times. F, The levels

of LC3-II in each sample were examined by immunoblotting analysis. G, The HUVECs were lysed in 1 ml of sterile distilled water, and 100 ml of each

lysate was spread on THY agar plates (n = 3). The numbers of colony were counted 24 h after plating. The graph shows the mean 6 SD. Representative

results from at least three independent experiments are shown. *p , 0.05.

The Journal of Immunology 1651

 b
y
 g

u
est o

n
 A

u
g
u
st 4

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 

http://www.jimmunol.org/


cellular bactericidal process. To monitor the real-time forma-

tion of autophagosomes and autolysosomes, we established a

HeLa cell line that stably expressed the mRFP-GFP-LC3 fusion

protein. According to a previous report (23), when this indicator

protein is present in the autophagosome, the mixed fluorescence

of red and green is detected as yellow. By contrast, in the auto-

lysosome, the tertiary structure of GFP, but not that of mRFP, is

disrupted because of low pH, and the indicator fluorescence is red.

FIGURE 4. The dynamics of subcellular localization of NLRP4 and the levels of interaction between NLRP4 and Beclin1 following GAS infection. A

and B, HeLa cells were cotransfected with the indicated siRNA and GFP-LC3 expression plasmid, and the cells were infected with GAS at an MOI of 100.

At 2 h postinfection with GAS, the cells were fixed and immunostained with anti-GAS Ab, followed by Alexa 546-conjugated anti-rabbit Ab. The samples

were subjected to confocal microscopy analysis. A, Representative photomicrographs from seven cells examined. Arrowheads in merge images denote

GAS-associated LC3 vacuoles. Scale bar, 20 mm. B, The number of GAS-associated LC3 vacuoles (.2 mm) in individual cells was counted (n = 15). The

graph shows the mean 6 SD. *p , 0.01. HeLa cells stably expressing GFP-LC3 plus CFP-NLRP4 (C) or CFP-p57 (D) were infected with GAS at an MOI

of 50 for the indicated times and then fixed. Intracellular GAS was immunostained with anti-GAS Ab, followed by Alexa Fluor 546-conjugated anti-rabbit

Ab. The samples were examined under a confocal microscope. Scale bar, 20 mm. Representative photomicrographs from 10–15 cells examined. Three

independent experiments gave similar results. HeLa cells were transfected with an expression plasmid for HA-NLRP4 (E) or FLAG-NLRP4 and HA-

Beclin1 (F). Forty-eight hours after transfection, the cells were infected with GAS at an MOI of 50 for the indicated times. The cells were then subjected to

immunoprecipitation assays. Representative results from at least three independent experiments are shown.
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Rab7, a small GTPase known to localize on the lysosome mem-

brane, was recruited to the red fluorescent vacuoles but not to the

yellow ones (data not shown). Using this indicator, we evaluated

the maturation of the autophagosomes in living cells. The num-

ber of yellow vesicles was greater in NLRC4- and NLRP4-

knockdown cells relative to control cells, suggesting that auto-

phagosome formation is upregulated (Fig. 5A). By contrast, the

number of red vesicles was significantly greater in NLRP4-

knockdown cells compared with NLRC4-knockdown or control

cells, indicating that the rate of autophagosome maturation is en-

hanced by interrupting NLRP4 expression but not NLRC4 ex-

pression (Fig. 5A, 5B). When these cells were infected with GAS,

the number of yellow vesicles increased in NLRC4-knockdown

cells compared with NLRP4-knockdown or control cells. Knock-

down of NLRP4 seemed to accelerate the rate of autophagosome

maturation, resulting in a reduction in the transient number of au-

tophagosomes (Fig. 5B, 5C). Altogether, these results indicated

that NLRC4 and NLRP4 negatively regulated the initiation of the

autophagic process, whereas NLRP4, but not NLRC4, inhibited

autophagosome maturation (Fig. 5D).

A recent study revealed that Rubicon, a negative regulator of the

autophagic machinery, contains a property that is inhibitory for

autophagosomal maturation because of a mechanism shared by

the endosomal-maturation process, which is critically involved

in EGF-dependent degradation of the EGFR. To examine whether

NLRP4 has a similar property, the efficiency of EGFR degradation

induced by EGF treatment was monitored by immunoblotting. As

shown in Fig. 5E, the levels of EGFR were reduced in response

to EGF treatment of HeLa cells. However, the rate of EGFR

degradation was significantly greater in NLRP4-knockdown cells

compared with NLRC4-knockdown or control cells. A similar re-

sult was obtained when the rate of EGFR degradation was ex-

amined using A549 cells (Supplemental Fig. 10). The formation of

the autolysosome and endolysosome is mediated by the molecular

mechanisms controlling tethering and fusion of vacuolar mem-

branes. Such membrane dynamics are chiefly controlled by the C-

VPS complex consisting of VPS11, VPS16, VPS18, and a small

GTPase (Rab7) on the Rab5-labeled early endosomes. To examine

the molecular mechanisms underlying NLRP4-mediated sup-

pression of autophagosome maturation, the interaction between

each C-VPS component and NLR family member was analyzed

by immunoprecipitation (Fig. 5F). Significant levels of VPS11,

VPS16, and VPS18 coprecipitated with NLRP4 compared with

NLRC4 or control GFP, suggesting that NLRP4 has a stronger

affinity for the C-VPS complex and, thereby, controlled the mat-

uration process of the autophagosome and endosome (Fig. 5F).

Discussion
This study elucidated that the NACHT domain of NLRs physically

interacts with the ECD of Beclin1 and inhibits induction of the

autophagic process. It was shown that Bcl-2 interacts with the

Beclin1 BD (24), whereas UVRAG targets the Beclin1 CCD (7).

CCD and ECD of Beclin1 are required for its interaction with

PI3KC3 and a heterodimer of VPS34/VPS15 (7). However, mo-

lecular mechanisms underlying the complex formation of these

Beclin1-interacting molecules and their cooperation or competi-

tion for the induction of autophagy are largely unknown. Results

from our immunoprecipitation assay and gel-filtration analysis

indicated that NLRP4 is a component of the 500–700-kDa cyto-

plasmic complex that contains Beclin1 (Fig. 1C, 1F). Previous

studies and our present data showed that, under physiological

conditions, the majority of cellular Beclin1 (52 kDa) complexes

with VPS34 (100 kDa) and VPS15 (150 kDa) and that Beclin1

migrate into fractions spanning a relatively broad range of sizes

FIGURE 5. NLRP4 controls the maturation of

autophagosome and endosome through the asso-

ciation with class C VPS. A–C, HeLa cells sta-

bly expressing mRFP-GFP-LC3 were transfected

with control dsRNA or pooled dsRNAs targeting

NLRC4 or NLRP4. A and B, Forty-eight hours

following transfection, the cells were fixed and

then analyzed under a confocal microscope. A,

Representative photomicrographs are shown; scale

bar, 20 mm. B, The number of red fluorescent

dots (.1 mm) in individual cells was counted

(n = 10). The graph shows the mean 6 SD. C,

Forty-eight hours after transfection, the cells were

infected with GAS at an MOI of 50 for the in-

dicated times, fixed, and analyzed under a confo-

cal microscope. The number of yellow fluores-

cent dots (.1 mm) in individual cells was counted

(n = 10). The graph shows the mean 6 SD. D, A

schematic diagram of target step(s) by NLRC4 or

NLRP4 in the course of autophagic flux. E, HeLa

cells were transfected with control dsRNA or

pooled dsRNAs targeting NLRC4 or NLRP4. Forty-

eight hours posttransfection, the cells were treated

with EGF (200 ng/ml) for the indicated times.

The levels of EGFR degradation were examined by

immunoblotting analysis. Representative results of

at least three independent experiments are shown.

The graph shows the mean 6 SD. F, HEK293 cells

were transfected with the indicated plasmids. Forty-

eight hours after transfection, the cells were sub-

jected to immunoprecipitation and immunoblotting

analyses. Representative results of at least three in-

dependent experiments are shown. *p , 0.05.
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(400–700 kDa). Thus, it was suggested that the Beclin1–PI3KC3

complex (∼300 kDa) further interacts with other molecules of

different sizes. A recent study revealed that the Atg14L–Beclin1–

PI3KC3 complex is required for autophagosome formation,

whereas the UVRAG–Beclin1–PI3KC3 complex is crucial for

maturation of the autophagosome and endosome. Further inter-

action of Rubicon with the UVRAG–Beclin1–PI3KC3 complex

inhibited the maturation process for the autophagosome and en-

dosome (8). Accordingly, the dynamics of Atg14L, which local-

izes to the endoplasmic reticulum, isolation membrane, and auto-

phagosome, are different from those of UVRAG and Rubicon,

which are present in the endosome and lysosome. Therefore, it

was suggested that various types of the Beclin1-containing com-

plex are organized in response to the cellular environment, re-

sulting in the control of autophagic flux, whereas interaction with

Rubicon inhibits autophagic flux. Although the present study re-

vealed that NLRP4 is one component of the Beclin1 complex,

further studies are required to elucidate which factors control the

formation of the NLRP4–Beclin1 complex to negatively regulate

autophagy during invasive bacterial infection.

Previous studies characterized the nature of GAS-containing au-

tophagosome-like vacuoles (GcAVs). GcAVs are large (.10 mm)

relative to physiological autophagosomes (0.5–1.0 mm) (4). Al-

though GcAVs were shown to be LC3+ and are generated in an

Atg5-dependent manner, a recent study suggested that Rab7 re-

cruitment to GcAVs, but not physiological autophagosomes, plays

an important role in the formation of GcAVs that is required

for elimination of invasive GAS bacteria (25). Because our data

showed that the knockdown of NLRP4 increased the number of

GcAVs and that NLRP4 interacted with the components of the C-

VPS complex linking Rab7 activation, it was strongly suggested

that NLRP4 correlates with the activation of Rab7 on GcAVs

(Figs. 4A, 4B, 5F).

Several studies investigated the cellular functions of NLRP4,

but none of them revealed its biological role associated with

bacterial infection (26–28). Another interesting aspect of NLRP4

that we elucidated in this study was the subcellular dynamics of

this molecule in response to bacterial infection (i.e., NLRP4 is

recruited and accumulated on bacteria-containing phagosomes

at an early stage of infection). Previous studies demonstrated

that mice deficient for NLRC4 or NLRP3 have defective IL-1b

production in response to bacterial components, such as flagellin

or LPS. There are no reports showing evidence of the direct in-

teraction between NLRs and bacterial components, although

several members of the NLR family were shown to be linked

to the bacterial-recognition mechanism (29). Furthermore, it was

recently shown that NOD1 and NOD2, the NLR sensors of bac-

terial peptidoglycan (muramyldipeptide), directly induce autoph-

agy by recruiting Atg16L1 to the phagosomes containing bacteria

(30, 31). Accompanying these findings, recent genome-wide as-

sociation studies revealed that the loss-of-function mutation of the

Atg16l1 gene, as well as the gain-of-function mutation of the

Nod2 gene, are seen at significantly greater rates in patients with

Crohn’s disease, suggesting that the NLR sensors and autophagy

are associated with the pathogenesis of inflammation caused by

bacteria (32, 33). The epithelial cell-expressing Atg16L1 T300A

mutant, a risk variant of Crohn’s disease, undergoes physiological

autophagy but is defective for the autophagic process induced by

bacterial infection. This would indicate that Atg16L mediates

a specific signaling pathway linking bacterial recognition and the

initiation of autophagy (34). In fact, a previous study revealed that

Atg16L1-deficient murine cells are more susceptible to secreting

IL-1b in response to inflammatory stimuli, such as LPS or dextran

sulfate sodium (35). Because Atg16L was shown to be an essen-

tial factor in the regulation of autophagy downstream of Beclin1-

mediated signaling, it was suggested that Atg16L–NOD2 inter-

action is a crossroad between macroautophagy and inflammasome

activation. Because our research also clarified the novel molecular

interaction between NLRP4 and Beclin1, we are investigating, in

on-going studies, upstream signaling events regulating the asso-

ciation between inflammasome and autophagy.

With regard to autophagy-inducing pathways specific to bac-

terial infection, it was shown that signaling mediated by TLRs can

lead to autophagosome formation (36, 37). Immunity-related p47

guanosine triphosphatase M, a cytoplasmic molecule crucial in the

recognition and elimination of invasive pathogens, also mediates

the induction of autophagy following Mycobacterium tuberculo-

sis infection (38, 39). Several studies have begun to elucidate

the mechanisms underlying the pathway linking the sensory ma-

chinery of pathogens and the initiation of autophagy. Further ge-

netic studies would determine how NLRP4, directly or indirectly,

contributes to the autophagic bactericidal process during invasive

bacterial infections and whether NLRP4 regulates inflammasome

activation upon invasive bacterial infection with or without other

NLR members.
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