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Background: Putative host regulators of inflammation, like the recently described primate-restricted POP2, have not been
well studied.
Results: POP2 suppresses TNF� and IL-1� responses in macrophages, a function that requires its first 19 residues.
Conclusion: POP2 employs dual regulation of NF-�B and inflammasome functions to restrict inflammatory cytokines.
Significance: Knowledge regarding host molecule limitation of inflammatory signals is fundamental to understanding innate
immunity.

Activation of transcription factor NF-�B and inflammasome-
directed caspase-1 cleavage of IL-1� are key processes in the
inflammatory response to pathogen or host-derived signals.
Pyrin-only proteins (POPs) are restricted to Old World mon-
keys, apes, and humans and have previously been shown to
impair inflammasome assembly and/or NF-�B p65 transcrip-
tional activity in transfected epithelial cells. However, the bio-
logical role of POP2 and the molecular basis for its observed
functions are not well understood. In this report we demon-
strate that POP2 regulates TNF� and IL-1� responses in human
monocytic THP-1 cells and in stable transfectants of mouse
J774A.1 macrophages. Deletion analysis of POP2 revealed that
the first �-helix (residues 1–19) is necessary and sufficient for
both inflammasome and NF-�B inhibitory functions. Further,
key acidic residues Glu6, Asp8, and Glu16, believed critical for
Pyrin/Pyrin domain interaction, are important for inflam-
masome inhibition. Moreover, these mutations did not reduce
the effect of POP2 upon NF-�B, indicating that the inflam-
masome and NF-�B inhibitory properties of POP2 can be
uncoupled mechanistically. Collectively, these data demon-
strate that POP2 acts as a regulator of inflammatory signals and
exerts its two known functions through distinct modalities
employed by its first �-helix.

Proinflammatory cytokines and chemokines such as TNF�,
IL-6, IL-1�, and IL-8 mediate inflammatory and immune
responses during microbial infection, cellular stress, and injury
(1, 2). Although inflammation constitutes an integral arm of
host immunity and cellular homeostasis, exaggerated or
chronic inflammation is deleterious, as seen in arthritis, inflam-
matory bowel disease, diabetes, and cancer. This potential for
inflammation-mediated damage to the host signifies the need

for cellular mechanisms to maintain a balance between benefi-
cial and harmful responses.
Host immune and inflammatory responses to pathogens are

initiated by the recognition of pathogen-associated molecular
patterns by pattern recognition receptors (3) such as cell sur-
face or endosomal membrane-localized Toll-like receptors
(TLRs)2 (4). One consequence of TLR signaling is the activation
of NF-�B, a critical step in the transcriptional induction of
inflammatory and immune response genes. The mammalian
NF-�B family comprises transcription factors acting either as
homo- or heterodimers; these include NF-�B1 (p105, p50),
NF-�B2 (p100, p52), RelA (p65), RelB, and c-Rel (5, 6). Canon-
ical NF-�B signaling is mediated by the p50/p65 heterodimer,
the most extensively characterized among the NF-�B tran-
scription factors.
Similar to TLRs, the nucleotide-binding leucine-rich recep-

tor family (NLRs; also known as NALPs, NODs, or CATER-
PILLER) constitute a second line of immune sensors (7–10).
NLRs sense cytosolic pathogens, pathogen products, and envi-
ronmental and host-derived stress signals (11, 12). Most NLRs
contain an N-terminal Pyrin domain (PYD) or a caspase activa-
tion and recruitment domain (CARD). These domains belong
to the death domain superfamily, characterized by a highly sim-
ilar secondary structure of five or six �-helices (13–15). Some
NLRs are crucial players in the production of the biologically
active, mature form of the proinflammatory cytokines IL-1�
and IL-18. In contrast to TNF�, IL-6, and IL-8, which are reg-
ulated predominantly at the transcript level, IL-1� and IL-18
are synthesized pro-forms requiring processing by caspase-1
(16). Caspase-1 activation results from assembly of the inflam-
masome, a multiprotein scaffold initiated by certain NLRs (17).
Inflammasome assembly by PYD-containing NLRs (NLRPs)

requires PYD/PYD-mediated recruitment of the inflam-
masome adaptor, ASC (apoptotic speck-like protein containing
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a CARD) followed by caspase-1 recruitment through CARD/
CARD interactions between ASC and caspase-1. The most
extensively characterized NLRP inflammasome is that initiated
by mouse Nlrp3 during bacterial, viral, or fungal infections (18,
19). The Nlrp3 inflammasome is also activated following expo-
sure to toxins such as nigericin and endogenous danger signals
such as ATP and gout-associated monosodium urate (MSU)
crystals (20, 21).
In humans, single-nucleotide mutations in the NLRP3 gene

are associated with hereditary autoinflammatory diseases such
as familial cold urticaria andMuckle-Wells syndrome (22–24),
resulting from aberrant inflammasome activity. High levels of
circulating IL-1�, IL-18, TNF�, and IFN� are characteristic of
these auto-inflammatory diseases. Such observations highlight
the crucial role of host mechanisms in regulating cellular
inflammatory responses.
Pyrin domain-only proteins (POPs) and CARD domain-only

proteins (COPs) have the potential to disrupt PYD/PYD and
CARD/CARD interactions, respectively. Examples of COPs
include Pseudo-ICE/COP (25, 26), ICEBERG (25, 27), and
INCA (28), known to interfere with caspase-1 activation.
Pathogen-encoded POPs likemyxoma virusM13L subvert host
immune responses by inhibiting NF-�B and caspase-1 activa-
tion, leading to higher viral burdens and pathogenesis (29).
Similarly, in human cells POPs target NF-�B (POP1 and POP2)
and caspase-1 activation via disruption of inflammasome
assembly (POP2) (30, 31).
POP2 is a 294-nucleotide single-exon gene on chromosome

3q28 encoding an�12-kDa protein with largely diffuse or cyto-
solic localization. Genome-wide analysis indicates that the
POP2 gene is restricted to Old World monkeys, apes, and
humans and accordingly absent in rats and mice (32). In
humans, although POP2 is expressed at low levels in many
hematopoeitic cell types including monocytes, POP2 is more
highly expressed in lipopolysaccharide- or phorbol ester-
treatedmonocytes (30, 31). In contrast to POP1, which inhibits
I�B� kinases (IKK) (33), POP2 inhibits NF-�B signaling at the
level of p65 (RelA) downstreamof the IKKcomplex, resulting in
less nuclear NF-�B (30). POP2 also blocks the association of
several NLRPs with the inflammasome adaptor ASC, thus lim-
iting inflammasome activation (30, 31). However, given its
recent discovery, the cellular consequences andmolecular basis
of POP2-mediated NF-�B and inflammasome regulation have
not been well studied.
In the current study we demonstrate that induction of POP2

leads to a reduction in the inflammatory cytokoines TNF� and
IL-1� and provide molecular insight into the seemingly dispar-
ate functions of POP2. Specifically, the first N-terminal helix of
the POP2 six �-helical bundle structure is both necessary and
sufficient for NF-�B p65 and inflammasome inhibition. Fur-
ther, inflammasome inhibition by POP2 relies upon specific
acidic residues within the �1 region, which are not required for
NF-�B p65 inhibition. Thus, the two functions of POP2,
although encoded in the same region, can be uncoupled mech-
anistically. Using stable expression of wild-type and function-
ally sufficient (or impaired) POP2 mutant(s) in the J774A.1
macrophage cell line, which natively lacks the POP2 gene, we
have confirmed our molecular findings and also shown that

POP2 acts as a potent modifier of the TLR/NF-�B pathway and
the NLRP3 inflammasome.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Lipopolysaccharide (LPS) from
Escherichia coli serotypeO26:B6 was from Sigma; recombinant
human TNF� from BD Biosciences; and nigericin, ATP, MSU
crystals, and Pam3-CSK4 from Invivogen. Antibodies usedwere
mouse anti-Myc IgG1 (clone 4A6, Millipore), mouse anti-Myc
IgG2a (clone 9B11, Cell Signaling), rabbit anti-GFP (Santa Cruz
Biotechnology), mouse anti-GAPDH (Santa Cruz Biotechnol-
ogy), HRP-conjugated anti-mouse or anti-rabbit IgG (Sigma),
and FITC-labeled goat anti-mouse IgG2a (Invitrogen).
Tissue Culture Cells, Conditions, and Transfection—Human

embryonic kidney epithelial cell lines (HEK293T and HEK293)
and mouse macrophage cell line J774A.1 cells (American Type
Culture Collection) were cultured in Dulbecco’s modified
Eagle’s medium (with 4.5 g/liter glucose) supplemented with
10% FBS, 5 mM L-glutamine, and 0.1% penicillin/streptomycin.
All cells were grown at 37 °C with 5% CO2. Cell numbers and
viability were determined by trypan blue exclusion. All trans-
fections were performed using FuGENE 6 (2.5 �l:1 �g of DNA;
Roche Applied Science) as per the manufacturer’s instructions.
Plasmid Constructs and Mutagenesis—Plasmids encoding

the N-terminal Myc-tagged wild-type POP2 and GFP-POP2
fusion proteins have been described previously (30). GAL4-p65
TA1 (34) and GAL4-luciferase (35) plasmids have been
described previously. QuikChange mutagenesis (Stratagene)
was used to generate Myc-POP2 C-terminal deletion mutants
(stop codons (TAA or TAG) were inserted after amino acids
Ser19, Gly51, Ser64, and Gln80 (Fig. 3A)) and the substitution
mutants A2V, E6Q, L7M, D8G, E16A, and ELD to QMG (resi-
dues 6–8). All mutagenesis primer sequences used in the study
are provided in supplemental Table 1. pCMV-SPORT6 con-
taining NLRP2 was purchased from Origene. The NLRP2-(1–
19) mutant was generated using the primer set for POP2 �1, as
the corresponding primer binding sites in POP2 andNLRP2 are
identical. POP2��1 was generated by inserting BamHI restric-
tion sites after amino acids Met1 and Glu16 followed by restric-
tion digestion and ligation of the purified DNA fragments with
T4 DNA ligase (New England Biolabs). The sequences of all
DNA amplification-generated constructs were confirmed by
fluorescent dye terminator sequencing (GENEWIZ).
LuciferaseAssay—NF-�B luciferase reporter assayswere per-

formed as described previously (32). Briefly, 2 � 105 HEK293
cells/well were seeded in 6-well plates. Following overnight
incubation, cells were transfected with 100 ng of 3� NF-�B
luciferase reporter and 50 ng of NF-�B p65 with 1 �g of wild-
type Myc-POP2, mutant POP2, or empty vector. At 18–20 h
post-transfection, cells were lysed with 1� reporter lysis buffer
(Promega), and luciferase activity was measured using a
Victor3V luminometer (PerkinElmer Life Sciences) and nor-
malized to total protein. For TNF�-induced NF-�B activation,
cells were stimulated with TNF� (10 ng/ml) for 3 h. The total
quantity of DNA in each transfection was kept constant by the
addition of empty vector (pcDNA3). GAL4-based luciferase
assays were performed similarly by transfection of 100 ng of
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GAL4-p65 TA1 and 100 ng of GAL4-luciferase in the presence
or absence of 1 �g of POP1 or POP2.
Inflammasome Reconstitution Assay—HEK293T cells were

used to reconstitute the inflammasome as described previously
(32). Cells were seeded at 5 � 104 293T cells/well in 24-well
plates. Following overnight culture, the cells were transfected
with plasmids encoding pro-caspase-1 (50 ng), pro-IL-1� (200
ng), ASC (10 ng or 400 ng), and NLRP3 (100 ng) in the absence
or presence of wild-type or POP2 mutants (500 ng). Approxi-
mately 20 h post-transfection, culture supernatants were har-
vested, centrifuged briefly to remove cellular debris, and used
for the measurement of secreted IL-1� by ELISA (Invitrogen).
Francisella novicida Culture and Infection—F. novicida

strain U112, obtained from the Microbiology Core Facility at
Albany Medical College, was cultured on modified Mueller-
Hinton (MH) agar plates or in modified MH broth (Difco Lab-
oratories) as described previously (36). For infection, cells were
infected with 100 bacteria/cell (multiplicity of infection � 100)
for 24 h in antibiotic-free medium.
Generation and Flow Cytometric Screening of J774A.1 Stable

Transfectants—5 � 106 cells were suspended in 500 �l of
serum-free DMEM and electroporated with 10 �g of wild-type
or POP2 mutant plasmid using a GenePulser (Bio-Rad; 570 V,
25microfarads, and time constant�0.9). Cells were transferred
immediately to a 150-mm Petri dish containing complete cul-
ture medium. After 2 days, transfectants were selected using 1
mg/ml G418 (Invitrogen) with a complete change of culture
medium every 2–3 days for 2 weeks. Stable transfectants were
harvested by scraping without trypsin treatment, and�1� 106
cells were fixed with paraformaldehyde (2%) at room tempera-
ture for 10 min followed by permeabilization with PBS/Triton
X-100 (0.05%) on ice for 30 min. Cells were then stained with
anti-Myc IgG2a Ab (Cell Signaling, clone 9B11; 1:500) at room
temperature for 1 h in 100 �l of assay buffer (PBS/0.5% bovine
serum albumin). Cells were washed twice with assay buffer and
incubated with FITC-conjugated secondary Ab (Invitrogen;
1:100) at room temperature for 30 min. After washing twice
with assay buffer, cells were suspended in 500 �l of assay buffer
and analyzed using a FACSCanto flow cytometer (BD Biosci-
ences). Results were analyzed with Flo-Jo 7.2.2 software (Tree
Star Inc., Ashland, OR). To avoid clonal effects, individual
clones were collected, pooled, and maintained as a single pop-
ulation in culture medium containing 0.25 mg/ml G418 as the
selection antibiotic.
siRNA Knockdown in THP-1 Cells—2.5 � 105 cells/well were

seeded in 24-well plates and transfected with either scrambled
or POP2-specific siRNA using FuGENE 6 (Roche Applied Sci-
ence). Briefly, 3 �l of FuGENE 6 was incubated in 50 �l of
serum-free RPMI medium for 5 min and then added to the
siRNA duplex. The siRNA/FuGENE mix was incubated for 30
min and added to each well. Cells were incubated for 24 h
before overnight treatment with 100 nM phorbol 12-myristate
13-acetate (PMA). Cells were washed and stimulated with 100
ng/ml LPS for 6 h, and the culture supernatant was collected for
humanTNF� and IL-1� quantification using a cytometric bead
array (CBA) flex set (BD Biosciences). The siRNA sequences
used were: POP2 siRNA (sense, 5�-GGAAGCAACUGGUAG
AAA U-3�; antisense, 5�-AUU UCU ACC AGU UGC UUC

C-3�) and scrambled siRNA (sense, 5�-AUU CUC UCA UGA
CGU UUC C-3�; antisense, 5�-GGA AAC GUC AUG AGA
GAA U-3�).
RNA Isolation andQuantitative Real-time-PCR—Total RNA

was isolated using RNeasy RNA purification columns (Qiagen)
following the manufacturers protocols and treated with DNase
I to remove any residual genomic DNA. Quantitative real-time
PCR was performed using the SuperScript III Platinum SyBR
Green one-step qRT-PCR kit (Invitrogen) and a CFX96 real-
time PCRdetection system instrument (Bio-Rad). Intron-span-
ning primer sequences used in this study were: mouse IL-1�
(forward, 5�-CAG GCA GGC AGT ATC ACT CA-3�; reverse,
5�-GAGGATGGGCTCTTCTTCAA-3�); mouse TNF� (for-
ward, 5�-TCG TAG CAA ACC ACC AAG TG-3�; reverse,
5�-CCTTGTCCCTTGAAGAGAACC-3�); human IL-8 (for-
ward, 5�-GCT CTG TGT GAA GGT GCA GT-3�; reverse,
5�-CCA GAC AGA GCT CTC TTC CA-3�); and �-actin (for-
ward, 5�-CCC CCA TGC CAT CCT GCG TCT G-3�; reverse,
5�-CTC GGC CGT GGT GGT GAA GC-3�). POP2 real-time
primers were: forward, 5�-TTC TGC AGA GCT GGA CTT
CA-3�; and reverse, 5�-TGC TTCCCATTAGCCTTGTC-3�.
All reactions were run in triplicate and the specificity of PCR
amplification was analyzed by melting curve analysis. CT values
were normalized to �-actin, and the relative copy number was
calculated using the standard 2(���CT) method. Results are rep-
resented as -fold change over untreated control.
Mouse TNF� and IL-1� Measurement—J774A.1 cells

expressing pcDNA3 control or different versions of POP2 were
seeded at 2.5 � 105 cells/well in 24-well plate. Following over-
night incubation, cells were stimulated with 50–100 ng/ml LPS
or Pam3-CSK4 for 18–20 h, and the amount of TNF� produced
in culture supernatant was measured using a CBA mouse flex
set (BD Biosciences). For IL-1� assays, cells were primed with
LPS (200 ng/ml) for 3 h followed by treatment with ATP (100
mM) for 30 min, nigericin (10 �M) for 30 min, and MSU (100
�g/ml) for 1 h. Cells were washed twice with PBS and further
incubated in fresh culture medium for 6–8 h. The amounts of
IL-1� and TNF� were measured using cytokine-specific CBA
flex sets as described above. Samples were analyzed using a
FACSArray Bioanalyzer and FCAP Array software (BD
Biosciences).
FLICA Assay—Caspase-1 activation was detected using car-

boxyfluorescein-YVAD-fluoromethyl ketone, a caspase-1 FLI-
CATM kit (ImmunoChemistry Technologies, Bloomington,
IN), which fluorescently labels activated caspase-1. Briefly, 1 �
106 cells were pulsed with 5 mMATP for 30 min, washed twice,
and labeled with the cell-permeable fluorescent FLICA dye for
1 h as per the manufacturer’s instruction. Fluorescence inten-
sity proportional to active capase-1 activity was followed by
flow cytometry and analysis using the software described above.
Western Blot—Detection of Myc- or GFP-POP2 by Western

blot was performed as described previously (30). Following
transfection and lysis in radioimmune precipitation assay
buffer (50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% Triton
X-100 (v/v), 2 mM EDTA, and 2 mM DTT supplemented with
protease inhibitor (Roche Applied Science)), equal amounts of
protein (20–30 �g) were resolved by SDS-PAGE (4–20%; Bio-
Rad) and transferred to nitrocellulose membrane (0.2 �M) at
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100 V for 1 h. The membrane was probed with anti-Myc (Mil-
lipore; 1:500) or anti-GFP (Santa Cruz; 1:1000) and anti-
GAPDH antibody (Santa Cruz; 1:500) followed by detection
with the HRP-conjugated goat anti-mouse or anti-rabbit sec-
ondary antibody (Sigma; 1:5000). Western blots were devel-
oped using SuperSignal Pico chemiluminescent substrate
(Thermo Scientific).
Statistical Analysis—Experiments were repeated at least

three times unless indicated otherwise. Statistical significance
between experimental groups was measured by two-tailed Stu-
dent’s t test with p � 0.05 considered significant.

RESULTS

Expression and Function of POP2 in THP-1—Initial reports
identifying the POP2 gene revealed that POP2 interferes with
NF-�B signaling and the formation of the inflammasome com-
plex in epithelial cells; thus POP2 is a potential regulator of
inflammation (30, 31). However, the impact of POP2 upon pro-
inflammatory cytokine production in monocyte/macrophage
cells is not known. Because regulators of inflammation should
be expressed during an inflammatory response, we first exam-
ined the expression of endogenous POP2 in human monocytic
THP-1 cells upon exposure to proinflammatory stimuli. Treat-
ment with E. coli LPS or TNF� led to roughly a 15- or 40-fold
increase, respectively, in POP2 mRNA expression as detected
by real-time PCR (Fig. 1A). POP2 expression was also induced
by �5-fold in THP-1 cells following activation with PMA (Fig.
1A), a strong NF-�B inducer (37). Next, we determined the
impact of siRNA-mediated POP2 mRNA knockdown upon
TNF� and IL-1� production in THP-1 cells. Transfection of
POP2-specific siRNA resulted in an �70% reduction in POP2
mRNA expression compared with scrambled siRNA-
transfected cells (Fig. 1B). In these experiments we could not
verify the decrease in POP2 protein level, as a POP2-specific
antibody is currently not available. Knockdown of POP2
resulted in a modest, but significant, increase in LPS-induced
TNF� and IL-1� production compared with scrambled
siRNA-transfected THP-1 cells (Fig. 1C). Although the impact
of siRNA knockdown of POP2 upon cytokine response was
modest, these results are consistent with a role for POP2 in
regulating and/or fine-tuning inflammatory responses. Impor-

tantly, these results are also consistent with the previously
reported NF-�B and inflammasome inhibitory functions of
POP2. Together, these results led us to conclude that POP2
expression is induced in response to a variety of inflammatory
signals and that POP2 negatively regulates TNF� and IL-1�
production in response to LPS.
Stable Expression of POP2 in Mouse J774A.1 Macrophage

Regulates Cytokine Response and Caspase-1 Activation—To
further investigate a role for POP2 in regulating inflammatory
responses, we employed a gain-of-function approach in the
J774A.1 mouse macrophage cell line. As the mouse genome
lacks a POP2 ortholog (32), J774A.1 cells provide an ideal sys-
tem for gain-of-function studies in a more biologically relevant
context. J774A.1 cells stably expressingMyc-pcDNA3 (control;
J7-pcDNA3) or wild-type Myc-POP2 (J7-POP2) were gener-
ated, and POP2 expression was confirmed by intracellular
staining (Fig. 2A). Using this system, we examined the potential
of POP2 to limit production of the TLR-driven, NF-�B-depen-
dent TNF� response. Compared with control cells, J7-POP2
cells produced significantly lower levels of TNF� in response to
LPS stimulation, a potent TLR4 agonist (Fig. 2B). J7-POP2 cells
also displayed a reduced TNF� response following treatment
with Pam3-CSK4, a TLR2 agonist (Fig. 2C). Consistent with the
ability of POP2 to inhibitNF-�B, these results demonstrate that
POP2 regulates both TLR2- and TLR4-mediated induction of
TNF� response. As expected, J7-POP2 cells also had reduced
TNF� mRNA induction following LPS stimulation (Fig. 2D).
The induction of mRNA for IL-1�, another NF-�B-responsive
gene, was similarly down-regulated in J7-POP2 cells compared
with control (Fig. 2D). TLR-stimulated IL-1� secretion was not
measured because although TLR signals lead to intracellular
pro-IL-1� accumulation, they do not cause the inflammasome
activation necessary for substantial IL-1� secretion. Addition-
ally, POP2 also inhibits TNF�-induced IL-8 mRNA expression
in HeLa cells, further showing the ability of POP2 to regulate
the expression of an endogenous NF-�B-responsive gene (Fig.
2E). Beyond regulating NF-�B responses, another function of
POP2 is the disruption of the interaction between ASC and the
Pyrin domain ofNLRP1,NLRP3, orNLRP12 (30). Thus, we also
determined the impact of POP2 expression upon inflam-

FIGURE 1. Expression and function of POP2 in THP-1 cells. A, quantitative real-time RT-PCR showing POP2 mRNA expression in THP-1 cells stimulated with
LPS or TNF� (�) for 1 h and with PMA for 12 h. Results are represented as -fold induction over untreated controls (�). All reactions were run in triplicates, and
values were normalized to �-actin as internal control. B, POP2 mRNA knockdown in THP-1 cells following transfection with POP2-specific siRNA or scrambled
(Scr.) siRNA as control. C, siRNA-transfected THP-1 cells were treated overnight with PMA, washed, and stimulated with LPS for 6 h. TNF� and IL-1� production
was measured in culture supernatant using CBA and is shown as the mean 	 S.E. of three experiments.
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masome activation in J774A.1 stable transfectants using the
FLICA assay, which labels active caspase-1. Following Nlrp3
inflammasome activation with ATP for 30 min, the percentage
of caspase-1 positive cells was found to be lower in J7-POP2
(18.6%) compared with J7-pcDNA3 (30.5%) transfectants (Fig.
2F). In these experiments, we avoided priming the cells with
TLR ligands (e.g. LPS) prior to Nlrp3 inflammasome activation
with ATP, as POP2 may interfere with the NF-�B-dependent
expression of Nlrp3 inflammasome machinery and thus may
have confounded the results. Thus, the lower level of caspase-1
activation in J7-POP2 cells was most likely a direct effect upon
the inflammasome, consistent with its ability to impair inflam-
masome assembly in 293T cells (31). Collectively, these results
illustrate the utility of J774A.1 cells as a model for POP2 gain-
of-function studies and confirm that POP2 acts to regulate the
production of proinflammatory cytokines.
The First �-Helix of POP2 (Residues 1–19) Is Necessary and

Sufficient to Inhibit NF-�B p65 Activity—POP2 has previously
been shown to mediate two major functions: inhibition of
NF-�B signaling by acting at the level (or downstream) of p50/
p65 (30) and disruption of ASC/NLR interactions leading to

inhibition of inflammasome assembly and subsequent IL-1�
processing (30, 31). How POP2 performs these two disparate
functions remains unknown. To better understand how POP2
operates at the molecular level, we sought to identify the func-
tional region(s) within POP2 responsible for NF-�B inhibition.
The secondary structure of POP2 is predicted to contain six
�-helices (31). Tomaintain the integrity of the individual�-hel-
ices, we generated POP2 deletion mutants by inserting a stop
codon within the interhelical loops (Fig. 3A). Based on struc-
tural studies of the NLRP1 and NLRP7 PYDs (38, 39), POP2
may lack the otherwise short helix 3, thus, helices 2 and 3 were
deleted together. The ability of the wild-type and POP2
mutants to inhibit NF-�B was determined by a luciferase assay
in 293T cells following expression of NF-�B p65. Surprisingly,
the first N-terminal �-helix of POP2 (�1; residues 1–19) signif-
icantly inhibited NF-�B p65 activity and was comparable with
wild-type POP2 (Fig. 3B), demonstrating that POP2 �1 is suffi-
cient to inhibit NF-�B p65. Deletion of the C-terminal helices
did not significantly impact the ability of POP2 to suppress
NF-�B p65. To determine whether POP2�1 was also necessary
for p65 inhibition, an N-terminal deletion mutant was gener-

FIGURE 2. Stable expression of POP2 in mouse J774A.1 macrophage regulates cytokine response and caspase-1 activation. A, flow cytometry showing
intracellular staining against the myc tag in J774A.1 stable transfectants expressing Myc-pcDNA3 vector control (J7-pcDNA3) or wild-type Myc-POP2 (J7-POP2
WT). SA, secondary antibody only. B and C, J7-pcDNA3 and J7-POP2 WT cells were stimulated with indicated amounts of LPS (B) or Pam3-CSK4 (C) for 18 h. TNF�
production was measured in culture supernatants using CBA. Cytokine results are representative of at least three experiments (error bars, S.D.; *, p � 0.05; **,
p � 0.001). D, quantitative RT-PCR showing TNF� and IL-1� mRNA induction in J7-pcDNA3 and J7-POP2 WT cells in response to LPS stimulation for 1 h (TNF�)
or 6 h (IL-1�). E, IL-8 expression in pcDNA3 or POP2-transfected HeLa cells in response to TNF� stimulation (10 ng/ml, 6 h). All of the mRNA results are
represented as -fold induction over untreated controls and are shown as mean 	 S.D. of at least three independent experiments. F, capase-1 activation was
measured in J7-pcDNA3 and J7-POP2 WT cells using caspase-1 fluorescent FLICA dye and analyzed by flow cytometry. Cells were either left untreated or pulsed
with 5 mM ATP for 30 min. The result shown is representative of at least three independent experiments with similar results.
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ated lacking helix-1 (POP2��1). As expected, POP2��1 failed
to inhibit NF-�B p65 activity at all dosages of transfected DNA
(Fig. 3C), demonstrating that the first �-helix of POP2 is also
necessary for NF-�B p65 inhibition.
POP2 is highly homologous to the Pyrin domain of NLRP2

(30). This is particularly interesting, as NLRP2-PYD also inhib-
its NF-�B signaling by acting upstream, via interaction with
IKK�/�, to block TNF�-induced I�B� phosphorylation and
p50/p65 release but does not inhibit transfected NF-�B p65
activity (40). Because the first 19 amino acids of NLRP2-PYD
differ at only four residues from the POP2 �1 (Fig. 3D), we
reasoned that these differences might account for NF-�B p65
inhibition by POP2. To test this possibility, point mutations
were introduced to replace these residues in POP2with those of
NLRP2 (A2V, E6Q, L7M, and D8G). All four POP2 to NLRP2-
PYD point mutants equally inhibited the activity of transfected
NF-�B p65 (Fig. 3D). This result suggests that either these res-
idues are not involved or that individual mutations alone are
not sufficient to disrupt the NF-�B p65 inhibitory surface on
POP2.We therefore examined the ability of POP2, carrying the
combined E6Q, L7M, and D8G substitutions (POP2 QMG), to
mediate NF-�B p65 inhibition. Additionally, we used NLRP2
and a truncated version ofNLRP2 containing theN-terminal 19
residues (NLRP2-(1–19)), which essentially resembles POP2
�1, to confirm that NLRP2 indeed lacks the capacity to inhibit
NF-�B p65. Expression of wild-type or POP2 QMG signifi-
cantly inhibited NF-�B p65 activity (Fig. 3E). Similar results
were also obtained with TNF�-induced NF-�B activation in
these cells. Surprisingly, NLRP2 expression also inhibited

NF-�B p65 activity, in contrast with a previous report that
NLRP2 fails to inhibit the activity of transfected p65 (40). Nev-
ertheless, from these experiments we concluded that POP2 �1
is both necessary and sufficient to inhibit NF-�B signaling and
that Ala2, Glu6, Leu7, and Asp8 side chains are not critical alone
or in combination for this function.
Acidic Residues in the First �-Helix of POP2 Mediate Inhibi-

tion of the ASC and NLRP3 Inflammasome—Besides inhibiting
NF-�B signaling, POP2 also disrupts ASC/NLR interaction and
thus inflammasome-mediated pro-IL-1� processing (30, 31).
To determine whether the inflammasome-modifying function
of POP2 ismediated by a distinct portion of the protein, we next
tested the panel of POP2 truncation mutants for their ability to
interfere with pro-IL-1� processing. 293T cells were trans-
fected with plasmids encoding the inflammasome machinery,
including pro-caspase-1 (enzyme), pro-IL-1� (substrate), ASC
(adaptor), and the NLRP3 (sensor). Because ASC overexpres-
sion activates caspase-1 leading to pro-IL-1� processing, most
likely via ASC oligomerization or interaction with an endoge-
nous NLR (41), ASC was used in excess (400 ng) without any
exogenous NLR. In addition, limiting amounts of ASC (10–20
ng) were transfected with NLRP3 in excess to activate the
NLRP3 inflammasome (42). Under both experimental condi-
tions, POP2 �1 expression led to a significant decrease in IL-1�
production (Fig. 4, A and B). IL-1� release was similar in cells
expressing the �1–3, �1–4, and �1–5 truncations and full-
length POP2, suggesting that the presence of helices 2–6 does
not enhance the inflammasome-modifying function of POP2
�1. Furthermore, POP2 ��1 fails to inhibit IL-1� production

FIGURE 3. POP2 helix-1 is necessary and sufficient to inhibit NF-�B p65 activity. A, schematic of POP2 deletion mutants showing individual �-helices. B—D,
293T cells were co-transfected with NF-�B luciferase and NF-�B p65 in the presence or absence of WT and POP2 deletion mutants (B), increasing amounts of
POP2 ��1 lacking helix-1 (C), and the indicated POP2 point mutants (D). Alignment of POP2 �1 and the first 19 residues in human NLRP2 with non-conserved
residues is shown in box (D). E, NF-�B luciferase assay in 293T cells following TNF� stimulation (open bars) or NF-�B p65 co-transfection (closed bars) in cells
expressing WT or mutant versions of POP2 and NLRP2. Results are representative of at least three experiments (error bars, S.D.).
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(Fig. 4C). These results demonstrate that POP2 �1 contains the
minimal functional region for inflammasome inhibition. In
these experiments, POP1 did not affect either ASC or NLRP3
inflammasome processing of IL-1� (Fig. 4, A and B) even when
up to 3�g of transfectedPOP1DNAwas used (data not shown).
Further, POP1 was functional in these cells, as TNF�-induced
NF-�B luciferase activity was inhibited by POP1 (data not
shown). Our results are consistent with the report showing that
POP1 does not regulate NLPR3 inflammasome activation (43)
and suggest that cellular POPs (POP1 and POP2) may exhibit
specificity for certain inflammasome complexes.
PYD/PYD interactions are thought to be electrostatic in

nature, as suggested by structural studies of the ASC�POP1 and
ASC�NLRP3 complexes (43). Thus, we reasoned that charged
residues in POP2 �1 could be similarly involved in interaction
with ASC resulting in disruption of ASC oligomerization or
ASC recruitment to NLRP3. Interestingly, the first �-helix of
POP2 contains three acidic residues (Glu6, Asp8, and Glu16),
but no basic residues (Fig. 3D). Thus, POP2 E6Q, D8G, and
E16A pointmutants were tested for their ability to inhibit ASC-
mediated inflammasome processing of IL-1�. All of the POP2

pointmutants displayed a significant loss of function compared
with WT POP2 (Fig. 4C). As controls, POP2 A2V and L7M
inhibition of IL-1� generationwas comparable withWTPOP2.
Notably, although POP2 E6Q and D8G mutants are markedly
impaired in disrupting inflammasome function, their ability to
inhibit NF-�B p65 is comparable with that of WT POP2 (Fig.
3D). The same was observed for POP2 E16A (data not shown).
These results demonstrate that the acidic residues in the first
�-helix of POP2 are involved in inflammasome inhibition but
are not required forNF-�B p65 inhibition. Asmutation of these
acidic residues does not affect the ability of POP2 to suppress
NF-�B p65, our findings demonstrate that the two known func-
tions of POP2, although mediated by the first �-helix, can be
uncoupled and are thus likely to be distinct, independent
functions.
POP2 InhibitsNF-�Bp65 Independently of ASCby Interfering

with NF-�B p65 Transactivation—POP2 is known to interact
with ASC (30, 31), and our functional mapping studies strongly
suggest that the inflammasome inhibitory functions of POP2
are distinct from those affecting NF-�B p65 activity. Further,
none of the specific amino acid side chains required for inflam-
masome inhibition appeared to be important for the impact of
POP2 uponNF-�B p65.We therefore reasoned that if the func-
tional surfaces were not truly distinct, the addition of ASC
would compete for a single functional surface on POP2 and
thus interfere with POP2 inhibition of NF-�B p65 activity (Fig.
5A). To examine this possibility, we tested the ability of POP2 to
inhibit NF-�B p65 in 293T cells (which do not express ASC) in
the absence or presence of increasing amounts of transfected
ASC. POP2 inhibits p65 activity alone and there is no reduction
in POP2 function in the presence of concentrations of ASC
sufficient to form POP2�ASC specks (30) suggesting that ASC
does not interfere with POP2-mediated inhibition of NF-�B
p65 (Fig. 5B). These results confirm that ASC does not block or
compete with the functional surface of POP2 in mediating
NF-�B inhibition and supports our conclusion that POP2 �1
contains two distinct functional surfaces, one that mediates
NF-�B inhibition and the other forASC interaction and inflam-
masome inhibition.
Previously, we reported that POP2 blocks the activity of

transfected NF-�B p65, demonstrating that POP2 acts at the
level of p65, the distal end of the NF-�B signaling pathway (30).
This step is downstream of the convergence point of theNF-�B
signaling pathway activated in response to TLR or TNF recep-
tor signals. To determine whether POP2 interferes with the
transactivation potential of NF-�B p65, we employed a GAL4-
based luciferase assay using a GAL4-p65-(521–551) chimeric
construct containing the transactivation (TA) domain 1 of
NF-�B p65 (Fig. 5C). The TA1 region of p65 is sufficient to
activate transcription and is critical for NF-�B p65 transcrip-
tional activity (34, 44). Surprisingly, POP2 expression led to
significant inhibition of luciferase activity driven by GAL4-p65
TA1 (Fig. 5D). As a control, POP1 failed to inhibit, consistent
with its known action at the level of IKKupstreamofNF-�Bp65
(33). All of the POP2 deletionmutants including POP2 �1 were
similarly effective in suppressing GAL4-p65 TA1-driven lucif-
erase activity (not shown), consistent with the results shown in
Fig. 3B. These results suggest that POP2 interferes with the

FIGURE 4. Acidic residues in POP2 helix-1 mediate inhibition of ASC and
the NLRP3 inflammasome in 293T cells. A and B, 293T cells were transfected
with plasmids encoding pro-caspase 1 and pro-IL-1� (background control)
with high amount (400 ng) of ASC only (A) or low amount of ASC (20 ng) and
NLRP3 (B) in the presence or absence of POP1, wild-type POP2, or POP2 dele-
tion mutants. The total amount of transfected DNA per well was kept con-
stant using pcDNA3. The amount of IL-1� produced in culture supernatant
was measured using ELISA. Results are representative of at least three exper-
iments (error bars, S.D.). C, 293T cells were transfected as in A in the presence
or absence of WT and POP2 mutants, and the amount of IL-1� produced was
measured by ELISA. The result is shown as percent maximal IL-1� response by
taking the values in (pro-caspase-1 � pro-IL-1� � ASC) transfectant as 100%
(error bars, S.E.; n � 3–5; *, p � 0.05; **, p � 0.001).
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transactivation of NF-�B p65 and provide additional molecular
insight into how POP2 acts to regulate NF-�B signaling.
The First �-Helix of POP2 Is Functionally Sufficient to Regu-

late the TNF� Response to LPS and F. novicida Infection—To
confirm our molecular findings obtained using 293T cells in a
more physiologically relevant setting, we again used J774A.1
cells. The gain-of-function approach provides the advantage of
functionally validating POP2 mutants identified in transient
transfection studies. Stable transfectants of a functionally suf-
ficient or impaired POP2mutant(s) were generated. Expression
of POP2 �1, ��1, and E6Q was comparable with wild-type
POP2 in J774A.1 stable transfectants (Fig. 6A). Because the first
�-helix of POP2 was both necessary and sufficient to inhibit
NF-�Bp65 activity in 293T cells, we examined the sufficiency of
POP2 �1 and the ��1 mutant in J774A.1 to regulate TNF�
production. Because POP2E6Q retainedNF-�B inhibition (Fig.
3D) but was impaired for inflammasome regulation in 293T
cells (Fig. 4C), we also considered whether POP2 E6Qwould be
comparable with WT POP2. Following LPS stimulation,
J7-POP2 �1 showed significantly reduced TNF� production
compared with J7-pcDNA3 control and more pronounced
inhibition than the wild type (Fig. 6B). Secretion of TNF� by
J7-POP2 ��1 cells was similar to J7-pcDNA3 control cells.
Moreover, J7-POP2 E6Q and J7-POP2 WT cells were compa-
rable in their ability to impair TNF� production. Similar results
were also observed in response to infection with F. novicida, an

intracellular bacterium known to activate TLR2 (Fig. 6C).
These results confirm that the first �-helix of POP2 contains
the functional region responsible for the impact of POP2 upon
TLR2 and -4-mediated TNF� production, further establishing
the capacity of POP2 to act as a regulator of proinflammatory
responses in macrophage.
POP2 Controls Nlrp3 Inflammasome-mediated IL-1�

Response—As POP2 exhibits a substantial impact upon inflam-
masome activation in inflammasome reconstitution experi-
ments, we examined the potential of POP2 to limit IL-1� pro-
duction in J774A.1 cells stimulated with activators of the Nlrp3
inflammasome. Following Nlrp3 inflammasome activation by
ATP, nigericin, or MSU, J7-POP2 WT cells produced signifi-
cantly less IL-1� compared with the J7-pcDNA3 control (Fig.
7A). As POP2 was observed to limit IL-1� mRNA expression,
the impact on IL-1� transcription versus inflammasome activa-
tion must be considered. The POP2 E6Q mutant retains its
NF-�B inhibitory properties but has a diminished capacity to
inhibit the inflammasome. Thus, the E6Q mutant would be
predicted to display an increase in IL-1� production only if
impairment of inflammasome activation is relieved. As
expected, upon stimulation with ATP, nigericin, or MSU,
J7-POP2 E6Q cells displayed a modest but significant increase
(�20–30%) in IL-1� release comparedwith J7-POP2WT. This
finding is consistent with the partial inability of POP2 E6Q to
inhibit the NLRP3 inflammasome in 293T cells (Fig. 4C). In the

FIGURE 5. POP2 inhibits NF-�B p65 independently of ASC by interfering with NF-�B p65 transactivation. A, schematic showing two functional outcomes
of ASC overexpression upon POP2-mediated inhibition of NF-�B p65. B, NF-�B luciferase assay in 293T cells, as described in the legend for Fig. 3, in the absence
or presence of increasing amounts of transfected ASC (100 ng-2 �g). The result shown is representative of two experiments (error bars, S.D.). C, schematic of
full-length NF-�B p65(1–551) with Rel homolgy domain (RHD) and transactivation (TA) domains 1 and 2; GAL4-p65(521–551) fusion construct containing the
DNA-binding domain (DBD) of GAL4 and the TA1 of NF-�B p65; and GAL4-luciferase construct containing five tandem repeats of GAL4-binding site upstream
of firefly luciferase. D, GAL4-luciferase assay in 293 cells transfected with pcDNA3 control, POP1, or POP2. Results are represented as percentage luciferase
activity and shown as mean 	 S.D. of one representative experiment of 3– 4 independent transfections giving similar results (**, p � 0.001).
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same experiments, J7-POP2 WT and J7-POP2 E6Q cells dis-
played a similar inhibition of TNF� production (Fig. 7B). These
experiments confirm that POP2 regulates the Nlrp3 inflam-
masome in a manner dependent upon the same acidic residues
required in 293T cells. Further, these results strongly implicate
POP2 as an endogenous regulator of the IL-1� response.

DISCUSSION

TLRs and NLRs are the critical players mediating inflamma-
tion and host immunity (12, 45). Of particular interest are host
proteins that regulate NLR-initiated inflammasome activity.
However, endogenous host factors controlling this arm of
immunity are not widely appreciated and have been poorly
studied. Several candidates are proposed that are thought to
interfere with PYD/PYD or CARD/CARD interactions,
although the details and consequences of their action is less
clear. These potential regulators include the small CARD-only

proteins such as ICEBERG (27) and Pyrin-only proteins such as
POP2 (30, 31), the focus of this study. Here we have addressed
the function of POP2, a candidate regulator of Pyrin-containing
inflammasomes (e.g. NLRP3), which also limits NF-�B p65
activity, exploring both its mechanism of action and its role in
regulating the inflammatory responses.
Our functional mapping studies illustrate that the first �-he-

lix of POP2 is both necessary and sufficient for NF-�B p65 inhi-
bition. As the helical secondary structure of a protein (or a part
thereof) is dictated by the properties of the amino acids it com-
prises, it is very likely that POP2-(1–19) retains the helical
structure in isolation. Although we contend that the secondary
structure of helix-1 is maintained, this does not mean that the
inhibitory events observed are necessarily dependent upon a
helical structure. For NF-�B inhibition in particular, it is possi-
ble that a short stretch of amino acids in this region is respon-
sible independent of the helix structure. Multiple Pyrin-con-
taining proteins, including NLRP2, -3, -4, -6, and -12, are
known to either positively or negatively modulate NF-�B acti-
vation, although the mechanistic details are limited (40,
46–50). POP2 is most closely related to the PYD of NLRP2/
Pypaf2 (40) with only four amino acid differences within �1.
NLRP2/Pypaf2 is reported to block NF-�B activation by block-
ing IKK�/� activity upstream of p50/p65 release and with no
suppressive effect on transfected NF-�B p65 (40). Surprisingly,
single andmultiple pointmutations converting the�1 region of
POP2 into that of NLRP2 had no effect upon NF-�B inhibition,
and the full-length NLRP2 was also inhibitory in our hands.
Although the initial NLRP2/Pypaf2 study used NLRP2-PYD-

FIGURE 6. The first �-helix of POP2 is functionally sufficient to regulate
TNF� response to LPS and F. novicida infection. A, flow cytometry analysis
showing intracellular staining against the indicated stable transfectants in
J774A.1 cells. The plots described in the legend for Fig. 2A and this panel are
from the same experiment but are shown separately for clarity. B and C,
J774A.1 cells stably expressing pcDNA3, POP2 WT, or the indicated POP2
mutants were treated with LPS for 18 h (B) or infected with F. novicida for 24 h
(C) followed by TNF� measurement in culture supernatant. A representative
experiment is shown of least three experiments showing similar results (error
bars, S.D.). Statistics were performed using two-tailed Student’s t test (*, p �
0.05; **, p � 0.001).

FIGURE 7. Mutation of Glu6 compromises ability of POP2 to control Nlrp3
inflammasome. J7-pcDNA3, J7-POP2 WT, and J7-POP2 E6Q cells were
primed with LPS for 4 h followed by mock treatment or brief pulse with nige-
ricin (5 �M), ATP (5 mM), and MSU (10 �g/ml) for 30 min. Cells were washed
twice and incubated in fresh medium for 6 h. The amounts of IL-1� (A) and
TNF� (B) in culture supernatants were measured using CBA. Results are
shown for one representative experiment (error bars, S.D.; n � 2–3). NT (#),
non-detectable levels; *, p � 0.05; **, p � 0.001.
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(1–112), we found that the truncated version of NLRP2 con-
taining only the N-terminal 19 residues was similarly effective
at suppressing NF-�B p65 activity, suggesting that NLRP2 is
indeed inhibitory (Fig. 3E). Although it is difficult to adequately
account for the observed differences, we found that none of the
residues that differ between POP2 and NLRP2 account for the
impact of POP2 uponNF-�Bp65.Moreover,mutation of acidic
residues Glu6, Asp8, andGlu16 within�1, important for inflam-
masome inhibition, also has no apparent impact on NF-�B
inhibition by POP2. These studies support the idea that either
other residues not yet mutated or a generalized structural fea-
ture of POP2 is important. Mechanistically, POP2 appears to
actively inhibit NF-�B p65 by interfering with the transactiva-
tion potential of p65 TA1; but the precise mechanism and
whether POP2 acts directly or indirectly upon p65 is not
known. For example, PDLIM2 also suppresses NF-�B but does
so by promoting the degradation of promoter-bound p65 in the
nucleus (51). Further, it remains unclearwhether POP2 is selec-
tive for canonical NF-�B signaling. Future studies will be
needed to better understand how POP2 inhibits NF-�B.

Most importantly, POP2 modulates the induction of the
NF-�B-responsive proinflammatory cytokines TNF� and
IL-1� in J774A.1 macrophages. The same trend was also
observed following siRNA knockdown in THP-1 cells. Further,
inflammatory signals induced POP2 expression with timings
reminiscent of inflammatory proteins, as would be expected for
regulatory molecules. These findings support the hypothesis
that POP2 is an additional regulator of NF-�B signaling in
monocytic cells. Several protein, acting either directly or indi-
rectly, modify NF-�B responses in monocyte/macrophages,
including Tollip (52), IRAK-M (53, 54), CYLD (55), SOCS-1
(56), Trim30� (57), A20 (58), andmore recently TIPE2 (59, 60).
Most of these regulators, unlike POP2, act at early steps in the
NF-�B signal transduction cascade by targeting either the sig-
naling adaptors or kinases (61, 62). In this regard POP2 appears
unique, as it acts distally to IKK�/� activation at the level of p65
(30). Furthermore, POP2 is apparently unique because the
POP2 gene is present only in Old World monkeys, apes, and
human (i.e. absent inmice), suggesting a relatively recent selec-
tive pressure driving its evolution (32). This primate restriction
also appears to be true for other solitary POP andCOP proteins
(32). Exactly why primates need POPs and COPs is not clear,
although human autoinflammatory diseases suggest that
appropriate physiological regulation of inflammatory media-
tors is quite essential (23). Beyond reducing TNF� and IL-1�,
the ability to regulate NF-�B-dependent processes suggests a
number of potential advantages. For example, tightly regulated
NF-�B responses in hematopoietic cells could limit aberrant
cell proliferation and/or apoptosis and protect against malig-
nant transformation associated with uncontrolled inflamma-
tion (63).
As with NF-�B inhibition, POP2 �1 is likewise necessary and

sufficient to disrupt inflammasome function (Fig. 4, A and B).
Nuclear magnetic resonance studies performed on ASC-PYD
(64), NLRP1-PYD (38), and POP1 (65) reveal that these mole-
cules are highly polar and that surface-exposed charged resi-
dues mediate the PYD/PYD interaction by forming an electro-
static potential surface patch (EPSP). This interaction is

analogous to theCARD/CARD interaction betweenApaf-1 and
caspase-9 (66, 67). Recently, Srimathi et al. (43) reported an
interaction model for ASC-PYD/POP1 in which the negative
EPSP formed by helices 1 and 4 on ASC-PYD interact with
positive EPSPs on helices 2 and 3 of POP1. Consistent with
these structural studies, we found that the acidic residues Glu6,
Asp8, and Glu16 within POP2 �1 are clearly important for the
regulation of ASC-dependent IL-1� processing. In light of our
previous work (30) and that of Dorfleutner et al. (31), POP2
inhibition of the NLRP3 and ASC inflammasomes likely results
from competitive inhibition by POP2 for the PYD of NRLP3
and/or ASC. As the ASC-PYD has a bipartite surface (solvent-
exposed) charge distribution (negative on �1 and �4 and posi-
tive on �2 and �3) (43), we propose that POP2 interacts with
the positive EPSP on �2 and �3 of the ASC-PYD. Whether
POP2 broadly inhibits NLRP- and other Pyrin-containing
inflammasome initiators and whether the pattern of electro-
static interactions reflects a “barcode” determining which
inflammasomes are potentially regulated by POP2 remain to be
addressed. Furthermore, we find that POP2 and POP1 differ in
their ability to target ASC and NLRP3 inflammasome, suggest-
ing some specificity for POP functions. BeyondPOPs, hostNLR
proteins NLRP10/PyNOD (68) and NLRP7/Pypaf3 (69) can
interact with ASC and suppress inflammasome, although the
biological implications at present are not very clear.
Inflammasome-mediated IL-1� response in monocytes

require two signals; signal 1 occurs via cell surface receptors
(mostly TLRs) leading to NF-�B and/orMAPK activation driv-
ing intracellular pro-IL-1� accumulation, and signal 2 com-
prises cytosolic events triggering inflammasome assembly and
IL-1� processing (70). POP2 appears to regulate both of these
steps during Nlrp3 inflammasome activation in J774A.1 (Figs.
2D and 7A). Why are both signals leading to IL-1� production
controlled by POP2? By restricting the intracellular pro-IL-1�
pool, POP2 can effectively reduce the magnitude and duration
of the IL-1� response. Restriction of the inflammasome activa-
tion alone will not completely prevent active caspase-1 from
enzymatically processing any available pro-IL-1� until the pool
is depleted or the enzyme is inactivated. Thus, the duration of
IL-1� release will be influenced by the availability of pro-IL-1�.
Thus both functions of POP2 may be essential to limit the
inflammatory consequences of IL-1�.
On the other hand, it is an open question as to whether

POP2-mediated suppression of the NF-�B and inflammasome
pathways is beneficial to the host during pathogen infection.
Because IL-1� is crucial to eliminate/control the invading
microbes, a number of bacteria and viruses have evolved stealth
mechanisms, circumventing host immunity by targeting differ-
ent components of the inflammasome (71). For example, Yers-
inia enterocolitica YopE and YopT (72),Mycobacterium tuber-
culosis Zmp1 (73), Pseudomonas aeruginosa ExoU (74),
influenzaA virusNS1 (75), cowpox virusCrmA (76), and Shope
fibroma virus gp013L (77) are all known to inhibit IL-1� and/or
caspase-1 activation. Notably, myxoma virus-encodedM13L is
a viral POP that, similar to POP2, co-regulates NF-�B and
inflammasome by binding to ASC (29, 78). Infection with myx-
oma virus leads to death in rabbits resulting from insufficient
control of viral load; however, theM13L-deficient virus is non-
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pathogenic (29). Similarly, it is possible that pathogens may
induce POP2 and use this host factor to dampen the host
immunity, thus favoring infection. But the evolutionary history
of the POP2 gene argues against this interpretation (32). This is
a difficult question at present and requires future studies to
fully understand the role of POP2 in vivo.

It is intriguing that both POP2 functions localize to �1, with
no apparent involvement of the remainder of the molecule.
However, it is possible that helices 2–6 may play a role in some
yet unidentified function of POP2. Nevertheless, our findings
suggest the potential for therapeutic peptides based onPOP2.A
recent study of an 11-amino acid-long peptide derived from the
vaccinia virus A46 protein, VIPER (viral inhibitory peptide of
TLR4) (79), nicely illustrates this concept. POP2-based pep-
tidomimetics may be expected to be more potent, as they act at
the level of p50/p65. Importantly for IL-1� inhibition, POP2-
mimetic peptides could exert effects on bothNF-�B-dependent
transcription and processing of IL-1�. A similar approach
could also be used in cancer, where NF-�B activity contributes
to tumor cell survival.
Our results demonstrate the importance of the first �-helix

of POP2 in the control of NF-�B activation and inflammasome
formation in the context of macrophage activation, strongly
implicating POP2 as a regulator of inflammation. Deciphering
the role of POP2 in human monocytes/macrophages and gen-
erating transgenic mouse models to probe the broad implica-
tions of POP2 function in vivo are important goals for future
studies. In addition, future studies are needed to determine pre-
cisely how POP2 directly or indirectly (e.g. sequestration of
transcriptional cofactors/accessory proteins) inhibits tran-
scriptional activation by NF-�B p65.
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