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p204, a murinemember of an interferon-inducible p200 family, was reported to recognize intracellular viral and
bacterial DNAs, however, its role in the innate immunity in vivo remains unknown due to the lack of p204-
deficient animal models. In this study we first generated the p204−/− mice. Unexpectedly, p204 deficiency led
to significant defect in extracellular LPS signaling in macrophages, as demonstrated by dramatic reductions of
LPS-mediated IFN-β and pro-inflammatory cytokines. The serum levels of IFN-β and pro-inflammatory cytokines
were also significantly reduced in p204−/− mice following LPS challenge. In addition, p204−/− mice were resis-
tant to LPS-induced shock. LPS-activated NF-ĸB and IRF-3 pathways were all defective in p204-deficient macro-
phages. p204 binds to TLR4 through its Pyrin domain, and it is required for the dimerization of TLR4 following
LPS-challenge. Collectively, p204 is a critical component of canonical LPS-TLR4 signaling pathway, and these
studies also suggest that p204 could be a potential target to prevent and treat inflammatory and infectious
diseases.
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1. Introduction

Detection and elimination of invading pathogens are fundamental
mechanisms of host defense. Among immune cells, macrophages are
first line of defense cells that play a pivotal role in innate immunity
through detecting conserved microbial structures and molecules, such
as nucleic acids and cell wall components, called pathogen-associated
molecular patterns (PAMPs), which are crucial for pathogen survival
and virulence (Vance et al., 2009; Janeway and Medzhitov, 2002; Gay
et al., 2014). Macrophages recognize extracellular pathogen compo-
nents through their conserved pattern recognition receptors (PPRs), es-
pecially toll-like receptors (TLRs), and also detect intracellular pathogen
components through various intracellular RIG-I-like receptors (RLRs)
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and sensor proteins (Akira et al., 2001; Iwasaki and Medzhitov, 2004;
Gay et al., 2014; Goubau et al., 2014). The recognition of extracellular
and intracellular pathogen components initiates signal transduction
cascades that lead to the production and release of type I interferon
(IFN), various pro-inflammatory cytokines, and chemokines, resulting
in the recruitment of other immune cells to the pathogenic lesions for
stimulating further adaptive immune responses and the elimination of
pathogens (Pandey et al., 2015; Stetson and Medzhitov, 2006b;
Stetson and Medzhitov, 2006a).

Traditionally, research concerning the recognition of invading path-
ogens and the mechanisms by which macrophages initiate innate im-
munity through binding with pathogen components has largely
focused on extracellular pathogen components and their cell surface
receptors, including TLRs, scavenger receptors and c-type lectins
(Pluddemann et al., 2011). Among these receptors, TLRs are the repre-
sentative receptors expressed on the surfaces and endosomes ofmacro-
phages to recognize a variety of extracellular pathogen components,
including lipopeptides, single and double strand nucleic acids, flagellins,
and lipopolysaccharide (LPS) (Medzhitov, 2001; Barton andMedzhitov,
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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2003). TLR1, TLR2 and TLR6 expressed on cell surfaces recognize extra-
cellular di and/or triacylated lipopeptides, and TLR4 and TLR5, also
expressed on cell surfaces, recognize extracellular LPS and flagellin,
respectively. Through the recognition of extracellular pathogen compo-
nents by TLRs, macrophages activate and transduce pathogen
component-mediated signaling pathways necessary for the innate im-
munity against pathogen invasion. Interestingly, the recognition of in-
tracellular pathogen components by intracellular sensors has recently
been regarded as another critical strategy to detect and eliminate invad-
ingpathogens. Intensive efforts have identified a number of intracellular
sensors and their specific ligands, and examined anti-pathogenic roles
mediated by these intracellular sensors in innate immunity (Wu and
Chen, 2014; Takaoka et al., 2007; Kondo et al., 2013; Chiu et al., 2009;
Unterholzner et al., 2010; Sun et al., 2013). Cytoplasmic RLRs detectmi-
crobial nucleic acids accumulated in the cytosol of infected cells. RIG-I
detects short single and double strand RNA, andMDA5 and LGP2 recog-
nize double strand RNA (Takeuchi and Akira, 2010; Pandey et al., 2015).
DDX3 also detects viral RNA for host defense (Pandey et al., 2015;
Pluddemann et al., 2011). NOD-like receptors, such as NOD1, NOD2,
NLRP1, NLRP3, NLRC4 and Naip5 are intracellular sensors to detect in-
tracellular pathogen components (Pluddemann et al., 2011). TLRs local-
ized at intracellular endosomes have also been reported to sense
intracellular microbial nucleic acids for host defense. TLR7, TLR8, TLR9
and TLR13 recognize microbial nucleic acids, and TLR11 and TLR12
also recognize pathogen proteins, such as profilin and flagellin
(Pandey et al., 2015, Pluddemann et al., 2011).

Emerging studies have actively focused on the roles of p200 protein
family as intracellular sensors of pathogen components in macrophage-
mediated innate immunity. p200 proteins, also called PYHIN proteins,
are interferon-inducible proteins which consist of an amino-terminus
pyrin domain (PYD) and one or two carboxyl-terminus hematopoietic
interferon-inducible nuclear antigen (HIN)-200 domains (Luan et al.,
2008a). Previous studies have reported that p200 proteins act asmodu-
lators of many cellular functions, including cell proliferation, differenti-
ation, apoptosis, and senescence (Zhao et al., 2015). In addition to these
functions, p200 proteins have been reported as sensors for intracellular
pathogen components in innate immunity. Among the human p200
proteins, IFN-inducible protein 16 (IFI16) was reported as an intracellu-
lar sensor that directly recognizes cytoplasmic nucleic acids derived
from pathogens and subsequently induces the production of IFN-β as
well as other pro-inflammatory mediators (Unterholzner et al., 2010;
Monroe et al., 2014). Another human p200 protein, absent inmelanoma
2 (AIM2), was also reported as a sensor for intracellular nucleic acids to
activate inflammasome and caspase-1 signaling pathways, leading to
the release of interleukin 1 beta (IL-1β) and cell death (Burckstummer
et al., 2009; Roberts et al., 2009; Hornung et al., 2009; Fernandes-
Alnemri et al., 2009). p204, regarded as a murine homologue of IFI16,
was reported to be an intracellular sensor to sense both viral and bacte-
rial dsDNAs, leading to the production of type I IFNs (Storek et al., 2015;
Unterholzner et al., 2010; Conrady et al., 2012). However, due to un-
availability of p204 knockout mouse model, the in vivo significance of
p204's reported importance for sensing viral and bacterial dsDNAs and
whether it is also involved in additional innate immunity pathways
in vivo remains unknown.

In this study, we generated p204 knockout mice using a conventional
gene-editing approach and p204-deficient macrophages using the
CRISPR/Cas9 system. With p204-deficient macrophages and p204−/−

mice, we confirmed previous reports that p204 deficiency led to strong in-
hibition of intracellular double strand (ds)VACV 70mer- and HSV 60mer-
mediated IFNβ induction (Unterholzner et al., 2010). Most importantly,
p204was unexpectedly found to also be required for canonical extracellu-
lar LPS/TLR4 signaling pathways, but not for intracellular LPS activated sig-
naling pathways. Taken together, these results indicate that in addition to
functioning as an intracellular viral dsDNA sensor, p204 is also a critical in-
tracellular mediator essential for extracellular LPS/TLR4 against pathogen
infection in macrophage-mediated innate immunity.
2. Materials and Methods

2.1. Generation of p204−/− Mice

We used mouse strain 129 to generate loxP-floxed p204 mice in
which exon2 and exon5 of the p204 gene were flanked by loxP se-
quences. The floxed p204 mice were then crossed with Sox2-Cre mice
(which directly express Cre in epiblast at E6.5) to generate p204+/−

mice. For the purpose of genetic background consistency, p204+/−

mice were used as parental mice to produce mice of p204−/− (KO)
and p204+/+ (WT) genotypes (Fig. 1A). p204−/− (KO) mice were
backcrossed with C57BL/6 for 10 generations before used for in vitro
and in vivo experiments.

2.2. Mice

C57BL/6 WT, Casp-11−/− and Tlr4−/− mice were purchased from
Jackson Laboratory. All mice used in this study were bred and main-
tained in a specific pathogen-free facility at New York University Medi-
cal Center. All experiments were performed according to the
experimental protocols approved by the Institutional Animal Care and
Use Committee of New York University.

2.3. Generation of p204-deficient Raw264.7 Macrophages

p204 sgRNA sense (5′-CAG CGA AGT TGT TGC TGA GCC TTC C-3′)
and anti-sense oligos (5′-AAA CGG AAG GCT CAG CAA CAA CTT C-3′)
were synthesized and p204 sgRNA expression construct (sgp204) was
generated by insertingp204 sgRNAduplex into a lentiCRISPRv2 plasmid
(Addgene) as described previously (Shalem et al., 2014). Raw264.7
macrophages were transfected with sgp204 constructs using
Lipofectamine® 2000 (Invitrogen) according to the manufacturer's in-
struction, and the transfected cells were selected using 2.0 μg/ml
puromycine, Dihydrochloride (Millipore) in Dulbecco'sModified Eagle's
medium (DMEM; Invitrogen) containing 10% fetal bovine serum (FBS;
Atlanta Biologicals) until all non-transfected cells were dead.

2.4. Isolation of Mouse Bone Marrow-derived Macrophages (BMDMs)

Mouse BMDMs were isolated as described previously with slight
modification. Briefly, BMDMs were isolated by flushing the femurs
and tibiae of WT, p204−/−, Casp-11−/− and Tlr4−/− C57BL/6 mice
(8–10 weeks) and plated in DMEM conditional media (10% FBS and
25% L929 mouse fibroblasts cell culture media in DMEM) providing
macrophage-colony-stimulating factor (M-CSF). After 24 h, the
suspended cells were re-plated in DMEM conditional media and differ-
entiated for 5–6 days.

2.5. Cell Culture, Treatment and Transfection

BMDMs, Raw264.7 macrophages and HEK293T cells were main-
tained in DMEM supplemented with 10% FBS and grown at 37 °C in
5% CO2 humidified incubator. BMDMs and Raw264.7 macrophages
were transfected with poly(dA:dT) (1 μg/ml), poly(dC:dG) (1 μg/ml),
dsVACV70mer (1 μg/ml) or HSV60mer (1 μg/ml) using either
Lipofectamine® 2000 according to the manufacturer's instruction or
treated with Pam3CSK4 (10 ng/ml; InvivoGen), poly(I:C) (200 ng/ml;
InvivoGen) or LPS (Serotype O111:B4; 1 μg/ml; InvivoGen) for 6 h or
18 h. BMDMs were also transfected with various serotypes of LPS
(O111:B4, O55:B5, E. coli K12, P. gingivalis, S. Minnesota; InvivoGen
and O127:B8; Sigma-Aldrich; 2 μg/ml) for 18 h using FuGENE® HD
(Promega) according to the manufacturer's instruction. The cells and
culture media were immediately used for RNA isolation and enzyme-
linked immunosorbent assay (ELISA) experiments.



Fig. 1. p204-deficiency suppresses IFN-β production in macrophages transfected with viral DNA sequences or treated with bacterial components. (A) Gene targeting strategy for the
generation of p204−/− mice, and confirmation of p204 deletion by PCR using two different pairs of primers, p204–1 (482 bp) and p204–2 (386 bp) in the BMDMs isolated from p204−/

− mice and by Western blot analysis in the indicated tissues of the p204−/− mice. Black boxes and numbers represent exons and exon numbers, respectively. The mRNA expression
and the release of IFN-β in WT and p204−/− BMDMs transfected with indicated viral DNA sequences (B–C) or treated with indicated bacterial components (D–E). (F) Western blot
analysis of targeted knock-down of p204 expression by CRISPR/Cas9 system in Raw264.7 macrophages. mRNA expression and release of IFN-β inWT and p204-deficient Raw264.7 mac-
rophages transfected with indicated viral DNA sequences (G–H) or treated with indicated bacterial components (I–J). For the analysis of mRNA expression and release of IFN-β, BMDMs
and Raw264.7 macrophages were transfected or treated for 6 h and 18 h, respectively. Bar graphs are presented as the mean± SD of three independent experiments. *p b 0.05 and **p b

0.01.
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2.6. Enzyme-linked Immunosorbent Assay (ELISA)

Cell culture media was harvested from the transfected or treated
BMDMs and Raw264.7 macrophages. Sera of the mice (8–10 weeks)
were collected from whole blood by centrifugation using BD
Microtainer® Amber Tubes with Serum Separator (BD) at 0 h, 1 h, 3 h
and 6 h after intraperitoneal injection of LPS (1 mg/kg). The cell culture
media and themouse sera were used for ELISAs to measure the amount
of IFN-β (PBL Assay Science), TNF-α(eBioscience), IL-6 (eBioscience),
IL-1β(eBioscience) and IL-18 (eBioscience) according to the manufac-
turers' instructions. All experiments were repeated at least three times
for statistical analysis.

2.7. Survival Rate

WTand p204−/−C57BL/6mice (8–10weeks)were intraperitoneally
injected with lethal dose of LPS (Serotype O111:B4; 30 mg/kg
bodyweight; Sigma-Aldrich) and the mice were monitored for signs of
lethality twice daily for 4 days (n = 6 per group).

2.8. Preparation of Whole Cell Lysates, Nuclear and Cytoplasmic Proteins of
Macrophages and Western Blot Analysis

Whole cell lysates of BMDMs and Raw264.7 macrophages were ob-
tained by incubation with radioimmunoprecipitation assay (RIPA)
buffer (50 mM Tric-HCl (pH 8.0), 150 mM NaCl, 1% nonidet p (NP)-40,
0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate) containing
proteinase inhibitor cocktail (Sigma-Aldrich), phenylmethanesulfonyl
fluoride (PMSF; Sigma-Aldrich) and sodium orthovanadate (Sigma-Al-
drich) on ice for 30 min followed by centrifugation at 16,000 ×g for
10 min at 4 °C to remove cell debris. The supernatants of cell lysates
were transferred to clean Eppendorf tubes and stored at −20 °C until
use. Nuclear and cytoplasmic proteins of Raw264.7 macrophages were
fractionated using Cytoplasmic and Nuclear Protein Extraction Kit
(101 Bio) according to the manufacturer's instruction and stored at −
20 °C until use.

For Western blot analysis, whole cell lysates, nuclear or cytoplasmic
proteins of the cells were loaded and separated by SDS-polyacrylamide
gels electrophoresis and transferred to polyvinylidenedifluoride mem-
branes. After blocking the membranes with 3% bovine serum albumin
(Sigma-Aldrich) in 0.1% Tris-buffered saline (TBS)-T (10 mM Tric-HCl
(pH 7.5), 150 mM NaCl, 0.1% Tween-20) for 1 h at room temperature,
the membranes were incubated with primary antibodies specific for
p204 (Santa Cruz), p-TBK1 (Cell Signaling Technology), p-PI3K/p85
(Cell Signaling Technology), p-AKT (Cell Signaling Technology), p-
IKKα/β (Cell Signaling Technology), IκBα (Santa Cruz), p- IκBα (Santa
Cruz), NF-κB/p65 (Santa Cruz), IRF-3 (Santa Cruz), p-IRF-3 (Cell Signal-
ing Technology), Lamin B (Santa Cruz), GFP (Santa Cruz), FLAG (Sigma-
Aldrich) and GAPDH (Cell Signaling Technology) for 1 h at room tem-
perature and washed three times with 0.1% TBS-T. The membranes
were then incubated with horseradish peroxidase-conjugated second-
ary antibodies for 1 h at room temperature and washed three times
with 0.1% TBS-T. The specific bands were visualized using an Enhanced
Chemiluminescence system (PerkinElmer).

2.9. Immunoprecipitation

BMDM fromWT and p204 null micewere treatedwith LPS (1 μg/ml)
for 4 h, and cells were lysed by RIPA lysis buffer. In another experiment,
293 T cells were transfected with GFP, p204-GFP, as well as p204 mu-
tants tagged with GFP, and 24 h later cells were stimulated (1 μg/ml)
for 4 h. Totally, 400 μg protein for each sample was used for immuno-
precipitation. 2 μg/ml normal mouse and rabbit antibodies and 20 μl
protein A/G agarose-beads were added, and incubated for 1 h at 4 °C
to reduce non-specific binding followed by centrifugation at 3000 rpm
for 5 min to pellet the beads. The supernatant was transferred to a
new tube and 2 μg/ml primary antibodies were added and incubated
for 1 h at 4 °C, then 20 μl protein A/G agarose-beadswere added and in-
cubated overnight. The beads were washed with RIPA lysis buffer 6–8
times, the samples were run on SDS-PAGE, and targeted proteins were
probed with antibody and visualized by western-blot.

2.10. Flow Cytometry

BMDMs from WT and p204−/− mice were stimulated with LPS
(100ng/ml) for 2 h, and the cell surface TLR4-MD2 complexwas stained
with a specific antibody (MTS510). The percentage of the TLR4/MD-2
monomer was determined by the ratio of the MFI values of MTS510
staining of stimulated cells to those of the un-stimulated cells. The per-
centage of TLR4 dimerization was calculated as 100%-TLR4 monomer%
as previous reported (Zanoni et al., 2016),

2.11. Real Time Polymerase Chain Reaction (Real time PCR)

Total RNAs were isolated from the BMDMs and Raw264.7 macro-
phages transfected or treated with each reagent using TRIzol® Reagent
(Ambion) and first strand cDNAs were synthesized from the isolated
total RNAs using reverse transcriptase (Promega) according to theman-
ufacturers' instructions. Quantification and comparison of mRNA ex-
pression (IFN-β, TNF-α, IL-6, IL-1 β) were performed by real time PCR
with SYBR® Green PCR Master Mix (Applied Biosystems) using a Real
Time PCR System (Applied Biosystems). All experiments were repeated
at least three times for statistical analysis. The primer sequences used
for real time PCR in this study are listed in Table 1.

2.12. Luciferase Reporter Gene Assay

Raw264.7 macrophages were transfected with either NF-kB
(Addgene) or IRF-3 luciferase reporter construct (gifted fromDr. Joanna
Shisler) along with the construct expressing β-galactosidase using
FuGENE® HD (Promega) according to the manufacturer's instruction.
24 h after transfection, the cells were treated with LPS (Serotype
O111:B4; 1 μg/ml; InvivoGen) and further incubated for 24 h. The cells
were then lysed and luciferase activities in the cell lysates were mea-
sured by Luciferase Assay System (Promega) according to themanufac-
turer's instruction. All experiments were repeated at least three times
for statistical analysis.

2.13. Cytotoxicity

BMDMs were transfected with LPS (Serotype O111:B4; 2 μg/ml)
using FuGENE®HD (Promega) for 18 h, and the amount of lactate dehy-
drogenase (LDH) in cell culture media were measured using Pierce®
LDH Cytotoxicity Assay Kit (Thermo Fisher Scientific) according to the
manufacturer's instruction. All experiments were repeated at least
three times for statistical analysis.

2.14. Streptavidin Pull-down Assay

HEK293T cellswere transfectedwith either GFP-p204 or FLAG-Casp-
11 (Addgene) expressing construct using Lipofectamine® 2000 accord-
ing to themanufacturer's instruction for 48 h, and pull-down assay was
performed as described previously (Shi et al., 2014) with slight modifi-
cation. Briefly, the transfected cells were lysed in the lysis buffer
(50 mM Tric-HCl (pH 7.6), 150 mM NaCl, 2 mM EDTA, 1% Triton X-
100, proteinase inhibitor cocktail, PMSF and sodium orthovanadate)
for 30 min on ice followed by centrifugation at 16,000 ×g for 10 min
at 4 °C to collect supernatant. Supernatant was incubated with
streptavidin agarose resin (Thermo Fisher Scientific) for its pre-
clearance for 1 h at 4 °C with constant rotation. Biotin conjugated LPS
(Biotin-LPS; InvivoGen) was immobilized onto streptavidin agarose
resin, and unbound Biotin-LPS was removed by washing the resin
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three times with the lysis buffer. Pre-cleared supernatant was added to
the Biotin-LPS bound streptavidin agarose resins for 1 h at 4 °C with
constant rotation, and the resins were washed three times with the
lysis buffer. The precipitates were eluted in 1 X SDS sample buffer
followed by Western blot analysis.

2.15. Site-directed Mutagenesis

pEGFP vector containing the p204 or CD3 sequence was used as a
template to create serial deletion mutants using a site-directed muta-
genesis kit (Stratagene Ipswich, MA). RKR motifs were replaced with
an AAA sequence in the p204 full length vector or CD3-GFP vector. All
mutant constructs were confirmed by DNA sequencing and their ex-
pressions were examined by western-blot.

2.16. Statistics

All the data presented in this study are expressed asmean± SD. For
statistical comparison, all results were analyzed using paired Student's
t-test using the Statistical Package for the Social Sciences Software
9SPSS version 15.0; IBM Corporation). For mouse septic shock study,
Laplan-Meier survival curves were generated and analyzed for statisti-
cal significance. P value b 0.05 was considered to be significantly differ-
ent between groups for all experiments.

3. Results

3.1. IFN-β Production Was Potently Suppressed in p204-deficient Macro-
phages in Response to Intracellular Viral DNAs and Extracellular Bacterial
Components

To determinewhether p204 is responsible for the production of type
I IFN, p204−/−micewere generated by deleting exon 2 to exon 5 of p204
gene (Fig. 1A). Deletion of p204 gene was confirmed by PCR using two
different pairs of primers, p204-1, which produces 482 base pairs only
in wildtype (WT), and p204-2, which produces 386 base pairs only in
p204−/− mice. The loss of p204 protein expression was further con-
firmed in bonemarrowderivedmacrophages (BMDMs) andmouse em-
bryonic fibroblasts byWestern blot analysis (Fig. 1A). IFN-β production
wasmeasured in BMDMs isolated from p204−/−mice after transfection
with various viral DNA sequences. IFN-β mRNA level and release were
significantly suppressed in the p204−/− BMDMs transfected with viral
DNA sequences compared to those of WT BMDMs (Fig. 1B, C). The re-
duced production of IFN-β is not due to the reduced number of
BMDMs, as differentiations of macrophages and dendritic cells were
not affected by p204 gene deletion (Fig. S1). IFN-β production was
also measured in the BMDMs isolated from p204−/− mice treated
with various bacterial components, such as Pam3CSK4, poly(I:C), and
LPS. Unexpectedly, IFN-β mRNA expression level and release were
also dramatically suppressed in the p204−/− BMDMs treated with
poly(I:C) and LPS, but not Pam3CSK4 compared to those of WT
BMDMs (Fig. 1D, E). In addition, p204−/− BMDMs lost responses to cy-
tosolic DNA sensor, cGAMP, and PAM3Cys, the ligand of TLR2, to pro-
duce TNFα and IL-6 (Fig. S2A–D). Interestingly, p204−/− BMDMs also
shown defective response to IFN- β to release pro-inflammatory cyto-
kines, TNFα and IL-6 (Fig. S2E, F), suggesting that p204may be involved
in the regulation of the IFN-β autocrine loop.

To confirm these results in Raw264.7 macrophages, p204-deficient
Raw264.7 macrophages were generated by using CRISPR/Cas9 system
(Fig. 1F), and IFN-β production was measured in the p204-deficient
Raw264.7 macrophages. Similar to the results from BMDMs, mRNA ex-
pression and release of IFN-βwas significantly suppressed in the p204-
deficient Raw264.7 macrophages transfected with viral DNA sequences
(Fig. 1G, H) as well as treated with LPS (Fig. 1I, J) compared to those of
WT Raw264.7 macrophages. However, unlike our observations in
BMDMs, poly(I:C) did not induce the production of IFN-β in WT
Raw264.7 macrophages, and no significant difference in IFN-β produc-
tion was observed between WT and p204-deficient Raw264.7 macro-
phages transfected with poly(I:C) (Fig. 1I, J). These results
demonstrate that p204 is responsible for the production of IFN-β in re-
sponse to viral and bacterial challenges in macrophages.

3.2. Production of Pro-inflammatory Cytokines Was Strongly Suppressed in
p204-deficient Macrophages Challenged by LPS

To examinewhether p204 is responsible for inflammatory response,
the production of pro-inflammatory cytokines was measured in p204-
deficient macrophages. BMDMs were isolated and treated with LPS,
and the production of IFN-β, TNF-α, IL-6 and IL-1β was determined.
mRNA expression (Fig. 2A–C) and the secretion of IFN-β, TNF-α and
IL-6 (Fig. 2E–G) were suppressed in the p204−/− BMDMs treated with
LPS compared to those of WT BMDMs. Interestingly, mRNA expression
of IL-1βwas highly induced in LPS-treatedWT BMDMs and significantly
suppressed in LPS-treated p204−/− BMDMs compared to that of WT
BMDMs, while its secretion in the cell culture media was not detectable
in WT or p204−/− BMDMs treated with LPS (Fig. 2D, H). To confirm
these results in Raw264.7 macrophages, p204-deficient Raw264.7 mac-
rophageswere treatedwith LPS, and the production of IFN-β, TNF-α, IL-
6 and IL-1β was determined. In accordance with BMDM results, mRNA
expression (Fig. 2I–K) and protein secretion in the cell culture media
(Fig. 2M–O) of IFN-β, TNF-α and IL-6 were potently suppressed in the
p204-deficient Raw264.7 macrophages treated with LPS as compared
to WT Raw264.7 macrophages treated with LPS. mRNA expression
and secretion of IL-1β in the Raw264.7 macrophages showed similar
pattern to those of BMDMs. mRNA expression of IL-1β was suppressed
in LPS-treated p204-deficient Raw264.7 macrophages compared to
that of LPS-treated WT Raw264.7 macrophages, and its secretion in
the cell culture media was not detectable in either WT or p204-
deficient Raw264.7 macrophages treatedwith LPS (Fig. 2L, P). These re-
sults demonstrate that p204 is required for the production of not only
type I IFN, IFN-β, but also pro-inflammatory cytokines, including TNF-
α, IL-6 and IL-1β in response to LPS in macrophages in vitro.

3.3. p204 Deficiency Suppressed the Production of Pro-inflammatory Cyto-
kines in LPS-challengedMice and EnhancedMouse Survival Under LPS Sep-
tic Shock

The production of pro-inflammatory cytokineswas also examined in
the sera of p204−/−mice.WT and p204−/− micewere intraperitoneally
injected with LPS, and the serum levels of IFN-β, TNF-α, IL-6 and IL-1β
were compared at different time points. The serum levels of all cyto-
kines were lower in p204−/− mice than WT mice with LPS injection
(Fig. 3A–D). The serum level of IFN-β was lower in p204−/− mice than
WT mice at 1 h after LPS injection, but its levels were comparable be-
tween WT and p204−/− mice at 3 h and 6 h after LPS injection
(Fig. 3A). Unlike IFN-β, the serum levels of TNF-α, IL-6 and IL-1β were
continuously lower in p204−/− mice than WT mice from 1 h up to 6 h
after LPS injection (Fig. 3B–D). Interestingly, the serum levels of IFN-β
and TNF-α were highest at 1 h after LPS injection and gradually de-
creased at 3 h and 6 h (Fig. 3A–B). The serum level of IL-6 was also
highest at 1 h after LPS injection, but the level was maintained up to
6 h in WT mice, while in p204−/− mice it was slightly increased at 3 h
and decreased again at 6 h (Fig. 3C). The serum level of IL-1βwas grad-
ually increased over 1 h to 6 h after LPS injection (Fig. 3D). Next, the sig-
nificance of in vitro and in vivo production of pro-inflammatory
cytokines was examined with a mouse model of acute septic shock.
WT and p204−/− mice were injected with a lethal dose of LPS
(30 mg/kg), and their survival rates were measured. LPS injection
caused severe morbidity in 80% of WT mice within 40 h, whereas
onset of morbidity was significantly delayed in p204−/− mice and 75%
of the p204−/− mice survived up to 100 h under lethal dose of LPS



Fig. 2. Production of pro-inflammatory cytokineswas suppressed in p204-deficient macrophages treatedwith LPS in vitro. mRNA expression (A–D) and release (E–H) of IFN-β, TNF-α, IL6
and IL-1β in WT and p204−/− BMDMs treated with LPS (1 μg/ml). mRNA expression (I–L) and release (M–P) of IFN-β, TNF-α, IL6 and IL-1β in WT and p204-deficient Raw264.7 macro-
phages treatedwith LPS (1 μg/ml). BMDMs and Raw264.7macrophages were treatedwith LPS for 6 h and the indicated time for the analysis of mRNA expression and release of cytokines,
respectively. Bar graphs are presented as the mean ± SD of three independent experiments. *p b 0.05 and **p b 0.01.

83Y.-S. Yi et al. / EBioMedicine 29 (2018) 78–91
challenge (Fig. 3E). These results demonstrate that p204 is critical for
the production of pro-inflammatory cytokines and host defense in vivo.

3.4. p204 Did Not Recognize Intracellular LPS and Was Dispensable for
Inflammasome Activation

We next examined the possibility that p204 is a sensor/receptor for
intracellular LPS in macrophages. BMDMs primed with Pam3CSK4 in
advance were transfected with LPS, and the secretion of
inflammasome-activated inflammatory cytokines, such as IL-1β and
IL-18, and BMDM pyroptosis were determined. As expected, the secre-
tion of IL-1β was highly induced in WT and Tlr4−/− BMDMs and was
not induced in Casp-11−/− BMDMs with LPS transfection, while its se-
cretion level in LPS-transfected p204−/− BMDMs was comparable
with those of WT and Tlr4−/− BMDMs (Fig. 4A). The secretion of IL-
18, another representative cytokine released by intracellular LPS-
mediated inflammasome activation, was also comparable between
LPS-transfected WT and p204−/− BMDMs, while its secretion was not
induced in Casp-11−/− BMDMs (Fig. 4B). IL-1β secretion wasmeasured
in the p204−/− BMDMs transfectedwith various serotypes of LPS to test
the possibility that different serotypes of LPS elicit suppressed levels of
IL-1β release in LPS-transfected p204−/− BMDMs compared to WT
BMDMs, and IL-1β secretion was comparable between LPS-transfected
WT and p204−/− BMDMs regardless of LPS serotype (Fig. 4C). More-
over, LPS transfection significantly induced pyroptosis of WT and
Tlr4−/− BMDMs and did not induce the pyroptosis of Casp-11−/−

BMDMs, while the pyroptosis of p204−/− BMDMs was not dramatically
reduced compared to that of WT BMDMs (Fig. 4D). A comparable level
of pyroptosis was also observed between LPS-transfected WT and
p204−/− BMDMs regardless of LPS serotypes (Fig. 4E). In addition, the
binding of p204 with LPS was examined by streptavidin pull-down
assay. LPS bound to Casp-11 in a dose-dependent manner, but did not
bind with p204 (Fig. 4F). These results demonstrate that p204 does
not recognize intracellular LPS, induce the production of IL-1β and IL-
18, nor promote BMDM pyroptosis mediated by inflammasome activa-
tion in macrophages.

3.5. LPS-activated NF-κB and IRF-3 Signaling PathwaysWere Suppressed in
p204-deficient Macrophages

To investigate the molecular mechanisms by which p204-deficiency
suppresses extracellular, but not intracellular, LPS-induced production
of IFN-β and pro-inflammatory cytokines in macrophages, the activities
of intracellular signaling molecules of NF-κB and IRF-3 pathways were

Image of Fig. 2


Fig. 3. Serum levels of pro-inflammatory cytokineswere suppressed and survival ratewas increased inp204−/−mice injectedwith LPS in vivo. (A–D)Serum levels of IFN-β, TNF-α, IL-6 and
IL-1β inWT and p204−/−mice injected intraperitoneally with LPS (1mg/kg bodyweight) for the indicated time. Plots are presented as themean± SD of three independent experiments.
(E) Kaplan-Meier survival plot forWT and p204−/−mice injected intraperitoneallywith a lethal dose of LPS (30mg/kg bodyweight) for the indicated time (n=6). *p b 0.05 and **p b 0.01.
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examined in p204-deficient Raw264.7 macrophages with extracellular
LPS challenge. The phosphorylation of intracellular signaling molecules
of NF-ĸB pathway, including phosphoinositide 3-kinase (PI3K)/p85,
AKT, inhibitor of NF-κB (IκBα) kinase alpha/beta (IKKα/β) and IκBα,
and TRAF family member-associated NF-κB activator (TNAK)-binding
kinase 1 (TBK1), a key intracellular signalingmolecule of IRF-3 pathway,
as well as MARK pathways were activated by extracellular LPS, as ex-
pected, in WT Raw264.7 macrophages, while their activations, with
the exception of ERK, were reduced in p204-deficient Raw264.7macro-
phages treated with LPS. Note that ERK activation was not reduced in
p204-deficient cells (Fig. 5A, B). Nuclear translocation of transcription
factors NF-κB/p65 and p-IRF-3 also showed time-dependent increase
in LPS-treated WT Raw264.7 macrophages; however, their nuclear
translocation was clearly inhibited in p204-deficient Raw264.7 macro-
phages treated with LPS (Fig. 5C, D). Next, transcriptional activities of
NF-κB/p65 and p-IRF-3 were examined by luciferase reporter gene
assay. Consistent with nuclear translocation results, transcriptional ac-
tivities of both NF-κB/p65 and p-IRF-3 were activated in LPS-treated
WT Raw264.7 macrophages, while their transcriptional activities were
dramatically decreased in p204-deficient Raw264.7 macrophages
treated with LPS (Fig. 5E, F). In addition, reduced activations of PI3K-
AKT pathways and downstream NF-κB activation, as well as MAPK
pathways p38 and JNK, were also observed in p204−/− BMDMs
(Fig. 5G, H). These results demonstrate that p204 is needed for canonical
LPS-activated NF-κB and IRF-3 signaling pathways for the production of
pro-inflammatory cytokines and IFN in macrophages.

3.6. p204 binds to TLR4 and it is Required for TLR4 Dimerization

The findings that extracellular, but not intracellular, LPS signaling is
defective in p204 deficient cells (Figs. 1–4), and that the LPS/TLR4 sig-
naling pathway, evidenced by loss of PI3K and TBK1 activation, is
blocked in p204 null cells (Fig. 5A), led us to hypothesize that p204
may function as an early component of the TLR4 pathway. We thus
tested whether p204 could associate with TLR4. First we performed a
co-immunoprecipitation assay using 293 T cells co-transfected with a
p204-GFP expression plasmid with a combination of TLR4, MD2 and
CD14 expression constructs. The results demonstrated that p204
bound to TLR4 following LPS stimulation (Fig. 6A). LPS-dependent asso-
ciation between endogenous p204 and TLR4 was further confirmed by
co-immunoprecipitation with BMDMs fromWTmice (Fig. 6B).

As the dimerization of TLR4 is important for the activation of its
downstream signaling pathway, we next tested whether p204 affected
TLR dimerization. Briefly, BMDM from WT and p204 null mice were

Image of Fig. 3


Fig. 4. p204 does not recognize intracellular LPS and is dispensable for the activation of inflammasome signaling pathways in macrophages. (A) IL-1β and (B) IL-18 released from the
BMDMs isolated from WT, p204−/−, CASP-11−/− and Tlr4−/− mice transfected with either vehicle or LPS (Serotype O111:B4, 2 μg/ml) for 18 h after Pam3CSK4 (1 μg/ml) priming for
6 h. (C) IL-1β released from the BMDMs isolated from WT and p204−/− mice transfected with either vehicle or indicated LPSs (2 μg/ml) for 18 h after Pam3CSK4 (1 μg/ml) priming for
6 h. (D) LDH levels in the cell culture media of the BMDMs isolated from WT, p204−/−, CASP-11−/− and Tlr4−/− mice transfected with either vehicle or LPS (Serotype O111:B4, 2 μg/
ml) for 18 h after Pam3CSK4 (1 μg/ml) priming for 6 h. (E) LDH levels in the cell culture media of the BMDMs isolated from WT and p204−/− mice transfected with either vehicle or
indicated LPSs (2 μg/ml) for 18 h after Pam3CSK4 (1 μg/ml) priming for 6 h. (F) Western blot analysis of GFP and FLAG of the whole cell lysates (input) and streptavidin pull-downs of
either GFP-p204 or FLAG-CASP-11-transfected HEK293T cell lysates incubated with the indicated amounts of Biotin-LPS. Bar graphs are presented as the mean ± SD of three
independent experiments. *p b 0.05 and **p b 0.01.
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treated with LPS and immunoprecipitated with TLR4 antibody, and the
TLR dimerization was analyzed in a non-reducing gel. As shown in
Fig. 6C, TLR4 dimer is detectable in WT BMDMs, and the amount of
dimer is significantly enhanced following LPS treatment. However, in
p204-deficient BMDMs, TLR4 is exclusively in monomer form, as the
TLR4 dimer was undetectable, even after LPS stimulation (Fig. 6C).
These results indicated that p204 is required for LPS-trigged TLR4 di-
merization. This result was further confirmed by staining with TLR4/
MD2 specific antibody MTS510 (Zanoni et al., 2016). Around 70% TLR4
dimerization was detected following LPS stimulation in WT BMDMs,
whereas the percentage of TLR4 dimerization was markedly reduced
in p204−/− BMDMs (Fig. 6D).

p204 contains a N-terminal Pyrin domain, and HIN200 domains
(HinA and HinB) in the C-terminal. To further dissect the binding
domain that mediates the interaction between p204 and TLR4, we cre-
ated serial p204 C-terminal deletion mutations and expressed muta-
tions with a GFP tag (Fig. 6E, F). All p204 constructs were co-
transfected with a TLR4 expressing plasmid into 293 T cells. Immuno-
precipitation was performed using GFP antibody and TLR4 antibody
probe. The results revealed that p204 CD3 alone was sufficient to bind
to TLR4 (Fig. 6G), indicating that the N-terminal Pyrin domain of p204
was responsible for its interaction with TLR4. In addition, deletion of
Pyrin domain abolished the interaction between p204 and TLR4
(Fig. 6H). Next, we examined whether these p204 mutants were able
to rescue the defective response to extracellular LPS seen in p204 defi-
cient cells. After transient transfection of these p204 mutants into
p204 deficient Raw cells, we found that transfection of full-length
p204 could restore the p204 deficient Raw cells' response to LPS

Image of Fig. 4


Fig. 5. NF-κB and IRF-3 signaling pathways are suppressed in p204-deficient macrophages treated with LPS. WT and p204-deficient Raw264.7 macrophages were treated with LPS (1 μg/
ml) for the indicated time. (A) Phosphorylated forms of TBK1, PI3K/p85, AKT, and IKKα/β were determined by Western blot analysis in the whole lysates of the cells. (B) Activation of
MAPK pathway inWT and p204-deficient Raw264.7macrophageswas determined byWestern blotting. (C)Phosphorylated and total form of IκBαwas determined byWestern blot anal-
ysis in the cytoplasmic fraction (Cyto) of the cells. (D) Phosphorylated IRF-3 andNF-κB/p65were determinedbyWestern blot analysis in thenuclear fraction (Nuc) of the cells. GAPDHand
laminBwere used for the internal control for the cytoplasmic and nuclear fraction, respectively. Luciferase reporter gene assay of (E)NF-κB promoter and (F) IRF-3 promoter activity inWT
and p204-deficient Raw264.7macrophages treatedwith LPS (1 μg/ml) for 24 h. (G)WT and p204−/− BMDMswere treatedwith LPS (1 μg/ml) for the indicated time, and phosphorylation
of TBK1, PI3K/p85, AKT, and IKKα/βwas determined byWestern blotting. (H) Phosphorylation ofMAPK pathways inWT and p204−/− BMDMs following LPS treatment at indicated time
points was determined byWestern blotting. Bar graphs are presented as the mean ± SD of three independent experiments. *p b 0.05 and **p b 0.01.
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treatment in terms of pro-inflammatory cytokine expressions, including
IFN-β, TNF-α, and IL-6 (b10% transfection rate) (Fig. 6I–K). Intriguingly,
the Pyrin domain alone could also restore the response to LPS in p204
deficient Raw cells (Fig. 6I–K). These data further indicate the Pyrin do-
main of p204 is sufficient for binding to TLR4 and for the activation of
TLR4 signaling pathway following LPS treatment.

Since the Pyrin domain is common to the majority of murine p200
family members, we next determined whether the Pyrin domain of
other members in this family could restore the defective response to
LPS in p204-deficient cells. As shown in Fig. S3C, Pyrin domains of
p206 and AIM2 failed to rescue the defective responses to LPS in p204-
deficient cells. These results led us to examine whether the Pyrin do-
main of p204 contains a unique motif that may be important for its in-
teraction with TLR4. By comparing the sequences of Pyrin domain
from murine p200 family members, we found three consecutive posi-
tively charged amino acids RKR motif is present in p204 and its closest
homologs, p207 and p205, but absent in the rest of murine p200 family
members (Fig. S3 A, B). Both p207 and p205 were undetectable in
wildtype and p204 null macrophages in a gene-array screening (data
not shown). Interestingly, a motif of three consecutive, negatively
charged amino acids (EEE) was present in the intracellular domain of
murine TLR4 (Kim et al., 2007). To test whether the RKRmotif is impor-
tant for the interaction of p204 with TLR4, we mutated RKR motif to
AAA in both p204 full-length and the p204 CD3 fragment by site-
directed mutagenesis, and confirmed the mutation by DNA sequencing.
After co-transfectionwith TLR4 into 293 T cells, we found that RKR-AAA
mutation in p204 (p204m) abolished its binding activity to TLR4
(Fig. 6L). In addition, similar RKR-AAAmutation in CD3 (CD3m) blunted
the ability of the CD3 fragment to restore LPS-triggered IFN-β produc-
tion in p204−/− Raw cells (Fig. 6M). Taken together, these results dem-
onstrate that p204 is required for TLR4 dimerization through its Pyrin
domain in which the RKR motif is essential for p204/TLR4 association.

Image of Fig. 5
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4. Discussion

Several human p200 protein family members, such as IFI16 and
AIM2, have been reported to recognize intracellular pathogen com-
ponents, leading to the production of type I IFNs in cooperation
with other intracellular sensors and inflammasomes in macrophages
for host defense (Unterholzner et al., 2010; Jakobsen et al., 2013;
Ansari et al., 2015; Dell'Oste et al., 2015; Diner et al., 2015; Storek
et al., 2015; Watson et al., 2015; Herzner et al., 2015; Orzalli et al.,
2015; Cai et al., 2014; Hansen et al., 2014; Meunier et al., 2015;
Karki et al., 2015). p204 is a murine p200 protein family member
that regulates cell proliferation, differentiation and apoptosis (Zhao
et al., 2015, Lengyel and Liu, 2010, Luan et al., 2008a, Ding and
Lengyel, 2008, Ding et al., 2006a, Ding et al., 2006b, Liu et al., 2000,
2005, Liu et al., 2002, Liu et al., 1999, Luan et al., 2007, Luan et al.,
2008b, De Andrea et al., 2002b, De Andrea et al., 2002a). Recently,
p204 was also reported as a sensor against bacterial infection that
produces type I IFNs in cooperation with cGAS (Storek et al., 2015),
however, how and what pathogen components stimulate p204-
mediated innate immunity in macrophages remains unknown. In
this study, we demonstrated that p204 is a critical intracellular me-
diator for induction of IFN-β production and inflammatory responses
in macrophages in response to extracellular LPS, one of the most
dominant and pathogenic components of gram negative bacteria
through TLR4 signaling pathways. More importantly, we provide ev-
idence demonstrating the association of p204/TLR4 and the impor-
tance of p204 in LPS-induced TLR4 dimerization and subsequent
activation of its downstream signaling pathways.

Image of Fig. 6


88 Y.-S. Yi et al. / EBioMedicine 29 (2018) 78–91
We have generated the first reported p204−/− mice for our studies
allowing us to extend findings from previous studies that have used
p204 siRNA, which only partially reduces p204 expression
(Unterholzner et al., 2010; Storek et al., 2015). The size and bodyweight
of p204−/− mice were comparable with those of WT mice at same age,
and no defect of appearance, behavior and reproduction was observed
(data not shown). p204 is an ortholog of human IFI16, also reported as
a sensor for some viral DNA sequences, such as dsVACV 70mer and
HSV 60mer (Unterholzner et al., 2010) and bacterial infection
(Hornung et al., 2009). Therefore, we examined the possibility of
whether p204 is a murine counterpart of IFI16 in function, and IFN-β
production in p204-deficient macrophages transfected with various
viral DNA sequences was examined. Similar to IFI16 results, IFN-β pro-
duction was significantly suppressed in p204-deficient macrophages
transfected with not only previously reported viral DNA sequences,
dsVCAV 70mer and HSV 60mer (Unterholzner et al., 2010), but also
newly tested viral DNA sequences, poly(dA:dT) and poly(dC:dG).
These results indicate that p204 is a sensor of intracellular viral DNA
as reported previously (Unterholzner et al., 2010).

While investigating p204 as a sensor of intracellular viral DNAs in
p204 null mice, we, unexpectedly, found that BMDMs from p204 null
mice lost response to LPS treatment, originally implemented as a nega-
tive control for viral DNA. The expressions of IFN-β and inflammatory
cytokines, including IL-1β, were significantly reduced in p204 null
BMDMs (Fig. 2A–G). Similar data were also obtained with p204-
deficicent RAW cells generated with CRISPR-Cas9 technology (Fig. 2I–
O). These in vitro data clearly showed that p204 is a critical intracellular
protein not only acting as a viral DNA sensor, but is also required to trig-
ger innate immune response against bacterial infection, specifically
Gram-negative bacteria.

It has been widely reported that LPS can cause severe systemic in-
flammation that mimics septic shock. To confirm the critical function
of p204 in LPS-triggered response in vivo, we I.P. injected LPS in both
WT and p204 null mice. As expected, serum levels of all pro-
inflammatory cytokines were lower in p204−/− mice than WT mice
with LPS challenge. However, production profiles of pro-inflammatory
cytokineswere different across timepoints, demonstrating that thepro-
duction and metabolism of each pro-inflammatory cytokine is differen-
tially regulated by p204 (Fig. 3). We further evaluated the survival rate
of mice injected with a lethal dose of LPS. Many studies have reported
that production of type I IFNs and inflammation in the context of bacte-
rial infection strongly correlates with decreased host survival
(Auerbuch et al., 2004). Indeed, p204−/− mice were much more resis-
tant to the lethal dose of LPS injection and showed a significantly higher
survival rate than WT mice, strongly suggesting that p204 plays a piv-
otal role for host defense against bacterial infection through producing
type I IFNs and activating inflammatory responses in macrophages.
Fig. 6. p204 binds to TLR4 and is required for LPS-triggered TLR4 dimerization. (A) p204 binds to T
co-transfectedwith a combinationof TLR4,MD2andCD14expressing constructs, followedby LPS c
(upper panel) and the inputs were probed with GFP antibody (lower panel). (B) Endogenous p20
and the cell lysates were used for immunoprecipitation with p204 antibody. The interaction b
dimerization. BMDM isolated from WT and p204 KO mice were treated with LPS (1 μg/ml) for 2
and the samples were run on non-reducing gel to visualize the dimerization of TLR (upper pan
(middle panel), and the input of TLR4 was comparable (lower panel). (D) Dimerization of m
stimulated with LPS (100 ng/ml) for 2 h. The TLR4-MD2 complex was stained with the specific
report (Zanoni et al., 2016). (E) Structure of p204 serial deletion mutants. To determine the bi
p204 deletions from its C-terminus, and all the constructs were fused with a GFP tag. (F) The ex
is sufficient for binding to TLR4. p204 serial constructs were co-transfected with TLR4-expressio
by using antibody against GFP, and samples were probed with TLR4 antibody. (H) Pyrin domain
of GFP, p204-GFP, or p204-GFP lacking Pyrin domain (ΔPYD) were transfected into 293 T cells, a
GFP antibody, and the immunoprecipitated complexes were detected with anti-TLR4 antibody.
deficient RAW cells were transiently transfected with GFP control vector, p204-GFP, and its serial
medium for additional 24 h. The levels of IFN-β (I), TNF-α (J), and IL-6 (K)weremeasured by ELISA
plasmids. The p204-GFP and p204m-GFP plasmidswere co-transfectedwith TLR4 expression plas
GFP antibody, and the immunoprecipitated complexeswere detectedwith anti-TLR4 antibody. (M
RKR motif was replaced with AAA motif using site-directed mutagenesis in CD3-GFP expressing
deficient RAW cells and stimulated with LPS for 24 h. The IFN-β levels were measured by ELISA.
It is well-established that LPS induces the production of pro-
inflammatory cytokines and various inflammatory mediators in
macrophages through activating NF-κB signaling pathway which is
regulated by a number of upstream signaling molecules, including
spleen tyrosine kinase (SYK), SRC, PI3K/p85, AKT, IKKα/β and IκBα.
In contrast, LPS induces the production of type I IFNs in macrophages
through activating the IRF-3 signaling pathway, which is mainly reg-
ulated by the key upstream signaling molecule TBK1. Therefore, we
evaluated the activities of these signaling molecules in p204-
deficient macrophages with LPS challenge. In accordance with the
reduced production of pro-inflammatory cytokines and IFN-β in
p204-deficient macrophages and mice, the activities of signaling
molecules involved in both NF-κB and IRF-3 signaling pathways
were significantly decreased, and nuclear translocation as well as
the transcriptional activities of both transcription factors NF-κB/
p65 and phosphor-IRF-3 were also dramatically suppressed in LPS-
stimulated p204-deficient macrophages. These findings demonstrate
that p204 is a critical modulator of both NF-κB and IRF-3 signaling
pathways in response to LPS, leading to the production of pro-
inflammatory cytokines and type I IFNs in macrophages (Please see
proposed working model in Fig. 7). Interestingly, the activity of
PI3K/p85, which is one of the early upstream signaling molecules
in NF-κB pathway, was significantly suppressed in p204-deficient
macrophages, suggesting that p204 is an upstream regulator of signal-
ing pathways and that its effect is efficiently amplified downstream
(Figs. 4, 7). Intriguingly, it was reported that the extracellular IFI16
propagated inflammation in endothelial cells via p38 MAPK and
NFĸB p65 activation (Bawadekar et al., 2015). Whether p204 is also
secreted and if it is, whether extracellular p204 activates MAPK and
NF-κB and regulates inflammation, need further investigation.

Intracellular p204 binds to TLR4, and it is required for TLR4 dimeriza-
tion after LPS challenge (Fig. 6). In addition, the N-terminal Pyrin do-
main of p204 mediates binding and dimerization of TLR4.
Furthermore, the RKR motif in p204's Pyrin domain is essential for its
binding to TLR4 and activation. TLR4 dimerization is driven by the extra-
cellular binding of an MD2/LPS complex that subsequently permits re-
orientation of the intracellular Toll–interleukin receptor resistance
(TIR) domains of two TLR4 receptors and the assembly of the
“MyDDosome” complex (Ferrao et al., 2012; Ferrao and Wu, 2012; Lin
et al., 2010). In addition, the “MyDDosome” has been shown to differ
substantially in mouse and human cells through selective utilization of
the components in the complex (Perkins and Vogel, 2016). The mecha-
nisms bywhich p204 enhances TLR4 dimerization, such as whether and
how p204 affects MyDDosome formation, whether p204 affects the
translocation or degradation of TLR4, and whether the effect is specific
to mice or whether it also applies to other species, warrant further in-
vestigations. Intriguingly, p204 also interacts with TLR3 (Fig. S4), and
LR4 in overexpressed 293T cells. GFP control vector and p204-GFP expression plasmidwere
hallenge. The cell lysateswerepulleddownbyGFPantibody, andprobedwith TLR4antibody
4 binds to TLR4 followed LPS stimulation. Raw cells were treated with LPS (1 μg/ml) for 2 h,
etween p204 and TLR4 was detected with TLR4 antibody. (C) p204 is required for TLR4
h, then cell lysates were prepared. The TLR4 antibody was used for immunoprecipitation,
el), and p204 binds to TLR4 in WT, but not in p204−/− BMDMs, following LPS treatment
embrane TLR4 is defective in p204−/− BMDMs. BMDMs from WT and p204−/− were
antibody (MTS510). Percentage of dimerization of TLR4 was calculated based on previous
nding domain that mediates the interaction between p204 and TLR4, we generated serial
pression of p204 constructs in (E) was examined by western-blot. (G) Pyrin domain alone
n plasmid into 293 T cells, followed by LPS stimulation. The IP experiment was performed
is required to mediate the interaction between p204 and TLR4. The expression constructs
nd the cells were stimulated with LPS. The immunoprecipitation was performed with anti-
(I–K) Pyrin domain also can restore the response to LPS in p204-deficient RAW cells. p204-
deletion mutants. After 24 h after transfection, LPS (1 μg/ml) were added to the cell culture
. (L) RKRmotifwas replacedwith AAAby site-directedmutagenesis in p204-GFP expressing
mid into 293 T cells. After LPS treatment, The immunoprecipitationwas performedwith anti-
) RKRmotif is critical to restore LPS-triggered IFN-β production in p204-deficient RAW cells.
plasmid. GFP, p204-GFP, CD3-GFP, and CD3m-GFP were transiently transfected into p204-



Fig. 7. Illustration of p204 function in LPS/TLR4 signaling pathway. p204 is recruited to TLR4 receptor complex following LPS stimulation. p204, known to form a homodimer through its C-
terminal HIN-200 domain, induces the dimerization of TLR4 through the binding of its N-terminal Pyrin domain to TLR4, followed by the activation of downstream IRF-3 and NF-ĸB
signaling pathways and the release of IFN-β and pro-inflammatory cytokines, respectively. “PYD”: Pyrin domain; “A” and “B”: p204 C-terminal HIN-A and HIN-B domain respectively.
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p204 deficiency also impairs poly(I:C)-induced IFN-β production
(Fig. 1), suggesting that p204 may associate with several members in
TLR family, which also warrants further studies.

Most of the previous studies regarding LPS have focused predomi-
nately on extracellular LPS because TLR4 was identified as a LPS-
specific cell surface receptor and binding of extracellular LPS to TLR4 ac-
tivates a variety of signaling pathways in innate immune cells, including
macrophages. However, macrophages capture LPS on gram negative
bacteria and phagocytose the bacteria into the cytoplasm for digestion
and initiate innate immune responses. Therefore, LPS could be released
in the cytoplasm and it is highly possible that cytoplasmic sensors could
recognize intracellular LPS and induce immune responses in macro-
phages. Indeed, several groups have recently tested this possibility
and reported that intracellular LPS is directly recognized by one of the
inflammatory caspases, caspase-11 (CASP-11), followed by activation
of non-canonical inflammasome pathways in macrophages, subse-
quently leading to the induction of pyroptosis and the release of IL-1β
and IL-18, which are representative inflammasome-activated inflam-
matory cytokines (Kayagaki et al., 2011; Kayagaki et al., 2013; Hagar
et al., 2013; Shi et al., 2014; Kayagaki et al., 2015; Shi et al., 2015).
Inspired by these studies, we tested the possibility whether p204 di-
rectly recognizes intracellular LPS to induce pyroptosis and the release
of IL-1β and IL-18 in macrophages. However, unlike CASP-11, p204
did not directly recognize intracellular LPS, moreover, it did not induce
pyroptosis ofmacrophages and the release of IL-1β and IL-18 regardless
of LPS serotypes in macrophages, suggesting that p204, which is essen-
tial for extracellular LPS/TLR4 signaling, is not an intracellular receptor
for intracellular LPS and is dispensable for intracellular LPS-mediated
inflammasome activation in macrophages.

In summary, we present in vivo evidences from the first p204 knock-
out line that confirms p204 as an intracellular viral DNA sensor. Most
significantly, we also present evidence demonstrating that p204 is a
critical intracellularmediator of IFN-β and inflammatory response in re-
sponse to extracellular, but not intracellular, LPS, the most significant
pathogenic component of gram negative bacteria. p204 binds to TLR4
through its Pyrin domain, and it is required for TLR4 dimerization fol-
lowing LPS challenge. These results not only present p204 as a
previously-unknown component of canonical LPS signaling, but may
also provide new insights into the complicated host defense during
gram negative bacterial infection.

Image of Fig. 7
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