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The Journal of Immunology

Hemorrhagic Shock Augments Nlrp3 Inflammasome

Activation in the Lung through Impaired Pyrin Induction

Peng Xu,*,†,1 Zongmei Wen,*,†,1 Xueyin Shi,† Yuehua Li,* Liyan Fan,‡ Meng Xiang,*,x

Aijun Li,{ Melanie J. Scott,* Guozhi Xiao,‖ Song Li,# Timothy R. Billiar,*,**

Mark A. Wilson,*,†† and Jie Fan*,**,††

Hemorrhagic shock (HS) promotes the development of systemic inflammatory response syndrome and organ injury by activating

and priming the innate immune system for an exaggerated inflammatory response through, as of yet, unclear mechanisms. IL-1b

also plays an important role in the development of post-HS systemic inflammatory response syndrome and active IL-1b produc-

tion is tightly controlled by the inflammasome. Pyrin, a protein of 781 aa with pyrin domain at the N-terminal, negatively

regulates inflammasome activation through interaction with nucleotide-binding oligomerization domain–like receptor protein

(NLRP). Expression of pyrin can be induced by LPS and cytokines, and IL-10 is a known potent inducer of pyrin expression in

macrophages. In the current study, we tested the hypothesis that HS downregulates IL-10 and therefore decreases pyrin expres-

sion to promote inflammasome activation and subsequent IL-1b processing and secretion in the lungs. Our results show that LPS,

while activating Nlrp3 inflammasome in the lungs, also induced pyrin expression, which in turn suppressed inflammasome

activation. More importantly, LPS-mediated upregulation of IL-10 enhanced pyrin expression, which serves, particularly in later

phases, as a potent negative-feedback mechanism regulating inflammasome activation. However, HS-mediated suppression of IL-

10 expression in alveolar macrophages attenuated the upregulation of pyrin in alveolar macrophages and lung endothelial cells

and thereby significantly enhanced inflammasome activation and IL-1b secretion in the lungs. This study demonstrates a novel

mechanism by which HS suppresses negative-feedback regulation of Nlrp3 inflammasome to enhance IL-1b secretion in response

to subsequent LPS challenge and so primes for inflammation. The Journal of Immunology, 2013, 190: 5247–5255.

H
emorrhagic shock (HS), as a result of major trauma and

surgical operation, promotes the development of sys-

temic inflammatory response syndrome (SIRS) and organ

injury by activating and priming the innate immune system for

an exaggerated inflammatory response through, as of yet, unclear

mechanisms. IL-1b is one of the key proinflammatory mediators

of inflammation and studies have shown that HS induces IL-1b

expression and secretion, which in turn promotes the development

of SIRS (1–7). IL-1b not only causes inflammation itself, but

more importantly also induces the expression of many other pro-

inflammatory cytokines and adhesion molecules, which further

exaggerate inflammation (8).

The production of active IL-1b is tightly controlled by the

formation and activation of the inflammasome, which is com-

prised of nucleotide-binding oligomerization domain–like recep-

tors (NLRs), caspase-1, and apoptosis-associated speck-like protein

containing a CARD domain (ASC) (9–11). IL-1b is synthesized

initially as an inactive precursor molecule (pro–IL-1b p35),

which must be cleaved by caspase-1 at aa position 116 to pro-

duce the actively mature IL-1b (p17) that is then secreted in re-

sponse to stimulating signals. Caspase-1 is also synthesized as an

inactive 45-kDa protein (procaspase-1) that undergoes autocata-

lytic processing after assembly of the inflammasome in response

to an appropriate stimulus (12). However, it is not clear how

HS augments inflammasome activation and IL-1b processing

in the lungs.

Pyrin, a protein of 781 aa, is an important regulator of the

inflammasome (13). Pyrin was primarily recognized as a protein

that is encoded by the gene responsible for familial Mediterranean

fever, a recessively inherited systemic autoinflammatory disease

(14, 15). The N-terminal of pyrin constitutes a protein domain

named pyrin domain (PYD), a member of the death effector-fold

domain (16, 17). The PYD found in pyrin is also present in NLR

protein (NLRP; the nomenclature used in mouse is Nlrp). The NLRP

proteins are involved in the formation of the inflammasome that
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triggers activation of caspase-1 followed by processing and release

of active IL-1b (18, 19). It has been reported that pyrin may serve

as a negative regulator for caspase-1 activity and therefore inhibit

pro–IL-1b processing (13, 20, 21). Pyrin is expressed in neu-

trophils, monocytes, and macrophages, and its expression is tightly

regulated by cytokines (22), with IL-10 reported to induce pyrin

expression in macrophages (20).

The immunosuppressive cytokine IL-10 has been shown to in-

hibit activation of cells of the monocyte/macrophage lineage,

causing impaired LPS-induced release of various cytokines and

chemokines (23, 24). In the in vivo setting, IL-10 administration

in models of ischemia-reperfusion has been shown to abrogate or-

gan injury, whereas neutralization or deficiency of IL-10 generally

aggravates the inflammatory response (25–27). Studies investi-

gating bronchoalveolar lavage (BAL) levels of IL-10 in patients

with acute respiratory distress syndrome (ARDS) showed that al-

though increased IL-10 levels in the lavage fluid were frequently

observed (∼90% of these patients), the median IL-10 levels in

nonsurvivors were significantly lower than that detected in sur-

viving patients (28). We have previously demonstrated, by using

in vivo HS mouse model and ex vivo LPS challenge of alveolar

macrophages (AM), that HS suppresses LPS-induced IL-10 ex-

pression in AM through inhibiting IL-10 gene transcription, and

this effect of HS correlates with augmented lung inflammation

(29). Together, these data show that IL-10 is an important con-

tributor to the anti-inflammatory response of the lung during in-

jury, and impaired expression of IL-10 may augment the overall

magnitude of inflammation.

In the current study, we tested the hypothesis that HS may act

through downregulating IL-10 and therefore decreasing pyrin ex-

pression to promote inflammasome activation and resultant IL-1b

processing and secretion in the lungs. Our results show that LPS,

while activating Nlrp3 inflammasome in the mouse lungs, also

induced pyrin expression, which in turn suppressed inflammasome

activation. More importantly, LPS-mediated upregulation of IL-10

enhanced pyrin expression, which serves as a potent negative-

feedback mechanism regulating inflammasome activation at later

time points. However, HS-mediated suppression of IL-10 ex-

pression in AM attenuated LPS-induced upregulation of pyrin in

AM and lung endothelial cells and thereby significantly enhanced

inflammasome activation and IL-1b secretion in the lungs. In

aggregate, these findings suggest a novel mechanism by which HS

suppresses negative regulation of Nlrp3 inflammasome and en-

hances IL-1b secretion in the lungs with subsequent LPS chal-

lenge and therefore primes for inflammation.

Materials and Methods
Materials

rIL-10, LEAF-purified anti-mouse IL-10–neutralizing Ab, and the mouse
IL-10 ELISA MAX Deluxe kit were purchased from BioLegend (San
Diego, CA). Nonimmune rabbit IgG (item I5006) was purchased from
Sigma-Aldrich. Polyclonal anti-pyrin Ab for Western blotting was pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA). All other chemi-
cals were obtained from Sigma-Aldrich, except where noted.

Mouse model of HS and resuscitation

Male C57BL/6 wild-type (WT) mice were purchased from The Jackson
Laboratory (Bar Harbor, ME). TLR4 knockout (TLR42/2) mice and
MyD882/2 mice were bred in Dr. Billiar’s laboratory at the University of
Pittsburgh; Nlrp32/2 mice were obtained from Millennium Pharmaceuti-
cals (Cambridge, MA) and bred in Dr. Billiar’s laboratory; all mice used
are on a C57BL/6 background. All experimental protocols involving ani-
mals were approved by the Institutional Animal Care and Use Committee
of VA Pittsburgh Healthcare System and University of Pittsburgh. Mice
were 12–14 wk of age at the time of experiments and were maintained on
standard rodent chow and water ad libitum. The mice were not fasted

before experiments. Animals were anesthetized with 50 mg/kg ketamine
and 5 mg/kg xylazine via i.p. administration. Femoral arteries were can-
nulated for monitoring of mean arterial pressure, blood withdrawal, and
resuscitation. HS was initiated by blood withdrawal and reduction of the
mean arterial pressure to 40 mmHg within 20 min. Blood was collected
into a 1-ml syringe and heparinized to prevent clotting. To exclude the
effect of heparin on immune processes, equal amounts of heparin (10 U)
were injected into sham animals through the cannulated femoral artery
during the sham operation. After a hypotensive period of 1 h, animals were
resuscitated by transfusion of the shed blood and Ringer’s Lactate in
a volume equal to that of shed blood, over a period of 20 min. The
catheters were then removed, the femoral artery was ligated, and the
incisions were closed. Sham animals underwent the same surgical proce-
dures without hemorrhage and resuscitation. At 2 h after resuscitation, LPS
in a dose of 100 mg/kg body weight (B.W.) was injected intratracheally
(i.t.) into the mice (HS-LPS model). The animals remained anesthetized
throughout the entire experimental period under the influence by ketamine
and xylazine. At various time points after resuscitation (0–10 h), either
BAL was performed and BAL fluid was collected, or lung tissue was
harvested for experimental analysis.

AM isolation

BAL was performed as previously described (30). Normally the BAL
fluid contains ∼91% of AM and ∼9% of other cells including PMN, lym-
phocytes, and erythrocytes. The immunomagnetic separation system (BD
Biosciences, San Diego, CA) was used to isolate AM from BAL fluid.
Magnetic nanoparticle-conjugated Abs (anti-mouse Gr-1, anti-CD4, anti-
CD8, and anti-CD45R/B220 Abs; BD Biosciences) were chosen to label
and remove PMN and lymphocytes. The resulting cells consisted of .98%
macrophages, and cell viability was .95%.

Mouse lung vascular endothelial cell isolation

and characterization

Mouse lung vascular endothelial cell (MLVEC) were isolated using a pre-
viously described method (31) that was modified in our laboratory as fol-
lows. Briefly, mice were anesthetized with 50 mg/kg ketamine and 5 mg/kg
xylazine i.p. The chest cavity was opened, and the right ventricle was
cannulated. PBS was infused to remove blood from lungs. Peripheral lung
tissue was cut into ∼1-mm3 dices and prepared and cultured in a 60-mm
culture dish in growth medium (MEM D-Val medium containing 2 mM
glutamine, 10% FBS, 5% human serum, 50 mg/ml penicillin/streptomycin,
5 mg/ml heparin, 1 mg/ml hydrocortisone, 80 mg/ml endothelial cell growth
supplement from bovine brain, 5 mg/ml amphotericin, and 5 mg/ml myco-
plasma removal agent) at 37˚C with 5% CO2 for 60 h. The adherent cells
were continued in culture for 3 d after removal of the tissue dices, followed
by purification using biotin-conjugated rat anti-mouse CD31 (PECAM-1)
mAb and BD IMag streptavidin particles plus-DM and the immunomag-
netic separation system (BD Biosciences Pharmingen, San Diego, CA)
following the manufacturer’s instructions. The cells were allowed to grow
for 3 to 4 d after purification. The cells were characterized by their cob-
blestone morphology, uptake of Dil-Ac-LDL (Biomedical Technologies,
Stoughton, MA), and staining for factor VIII–related Ag (Sigma Chemical
Co., St. Louis, MO). MLVEC passaged between three and five times were
used in experiments.

AM–MLVEC coincubation

AM–MLVEC coincubation was performed using Transwell plates (Corn-
ing Incorporated Life Sciences, Acton, MA). AM were collected from
BAL fluid from HS or sham mice, treated with LPS for 2 h, and then
transferred into the top well of Transwell in a concentration of 5 3 105

cells/well. MLVEC in the bottom well were prepared as described above.
The cocultures were then incubated for up to 8 h in DMEM containing
10% FCS.

Coimmunoprecipitation and immunoblotting analysis

Mouse lung tissue or MLVEC were homogenized or lysed (∼13 106 cells/
ml) in lysis buffer (10 mM Tris [pH 7.4], 150 mM NaCl, 5 mM EDTA, 1%
Triton X-100, 10 mM NaF, 1 mM Na3VO4, 10 mg/ml leupeptin, 10 mg/ml
aprotinin, and 20 mM PMSF). The supernatants were quantified, and 600
mg total protein for each sample was then immunoprecipitated with anti-
ASC Ab (Santa Cruz Biotechnologies). The immunoprecipitated proteins
were separated on a 10% SDS-PAGE gel and were then electroblotted onto
polyvinylidene difluoride membrane and blocked for 1 h at room tem-
perature with TBS containing 3% nonfat dried milk. Pyrin and Nlrp3
proteins were detected by probing the membranes with anti-pyrin and anti-
Nlrp3 Abs (Santa Cruz Biotechnologies) at 1:500 dilution, respectively,
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and detected with Clean-Blot IP Detection Reagent (Thermo Scientific,
Rockford, IL) following the manufacturer’s instructions. Blots were then
stripped and reprobed with anti-ASC Ab and again detected with Clean-
Blot IP Detection Reagent (Thermo Scientific). Caspase-1 cleavage in the
lung tissue and MLVEC were measured by detecting its p10 fragment in
Western blot using rabbit polyclonal anti-mouse caspase-1 p10 (Santa Cruz
Biotechnologies).

Measurement of IL-1b, pro–IL-1b, and IL-10

IL-1b, pro–IL-1b, and IL-10 in BAL fluid, lung tissue, cell supernatant,
and cell-culture media were measured using ELISA Ready-Set-Go kit for
mouse IL-1b (eBioscience, San Diego, CA), Mouse IL-1b Proform ELISA
Ready-Set-Go kit (eBioscience, San Diego, CA), and ELISA kit for mouse
IL-10 (BioLegend, San Diego, CA), respectively, following the manu-
facturers’ instructions.

RNA extraction and quantitative real-time PCR

Total RNA was isolated from lung tissue, AM, and MLVEC by TRI-
REAGENT (Molecular Research Center, Cincinnati, OH) following the
manufacturer’s instruction. Real-time RT-PCR was done using a single-
step real-time RT-PCR kit (Qiagen, Valencia, CA) in a Bio-Rad iQ5 real
time PCR machine (Bio-Rad, Hercules, CA) using SYBR Green detection
protocol (Invitrogen). The following gene-specific primers were used for
amplifying genes: IL-1b forward, 59-GCAACTGTTCCTGAACTCAACT-
39, and reverse, 59-ATCTTTTGGGGTCCGTCAACT-39; and GAPDH
forward, 59-TGACCACAGTCCATGCCATC-39 and reverse, 59-GACG-
GACACATTGGGGGTAG-39. Reverse transcription was performed for 30
min at 50˚C then reverse transcriptase was inactivated at 95˚C for 15 min.
Amplification was performed with cycling conditions of 94˚C for 15 s,
57˚C for 30 s, and 72˚C for 30 s for 35 cycles. After amplification protocol
was over, PCR product was subjected to melt-curve analysis using Bio-Rad
iQ5 software (Bio-Rad). Fold change was calculated using the DD threshold
cycle method (32) and the value for the GAPDH gene, which was normalized
to untreated mouse lung tissue, AM, or MLVEC.

Transfection of small interfering RNA in MLVEC

Pyrin small interfering RNA (siRNA), control siRNA, and the transfec-
tion kit were purchased from Santa Cruz Biotechnologies. MLVEC (2 3

105 cells) were seeded in a six-well tissue-culture plate and incubated at
37˚C in a CO2 incubator until the cells were 80% confluent. The cells were

then transfected with pyrin siRNA or control siRNA using the siRNA
transfection kit following the manufacturer’s instructions. At 24–72 h after
the transfection, pyrin protein expression in the transfected cells was an-
alyzed by Western blot. Because we observed a confirmed knockdown
of pyrin in the MLVEC at 48 h after siRNA transfection, we set this time
point as time 0 for the experiments using LPS and/or IL-10 treatment.

Data presentation and statistical analysis

The data are presented as mean 6 SEM of the indicated number of
experiments. Statistical significance among group means was assessed by
ANOVA. The Student Neuman-Keuls post hoc test was performed. Dif-
ferences were considered significant at p , 0.05.

Results
HS augments Nlrp3 inflammasome activation in response to

LPS in the lung

To determine whether enhanced activation of inflammasome

might contribute to shock-enhanced IL-1b processing, we ex-

amined inflammasome activation in the lung by detecting the

association of Nlrp3 and ASC, as well as caspase-1 cleavage in

animals treated with LPS with or without prior HS. Animals

were subjected to HS or sham operation and then given LPS or

saline vehicle (SAL) i.t. at 2 h after resuscitation. Lung tissue and

BAL fluid were then recovered at 2–8 h after LPS or SAL. The

association of Nlrp3 and ASC was determined by using coimmu-

noprecipitation and immunoblotting analysis. Lung tissue from

sham and shock alone animals demonstrated a very low level of

association between Nlrp3 and ASC (Fig. 1A, 1B), as well as an

undetectable caspase-1 cleavage (Fig. 1C). Administration of LPS

to sham animals induced an increase in the association between

Nlrp3 and ASC and cleavage of caspase-1 in the lung by 4 h, which

increased further by 8 h (Fig. 1A–C). Animals subjected to HS

before LPS exhibited at 8 h a noticeable increase in the associ-

ation between Nlrp3 and ASC and cleavage of caspase-1 as com-

pared with that in the lungs from sham/LPS-treated animals at the

FIGURE 1. HS primes for augmented Nlrp3

inflammasome activation and IL-1b secretion in

the lungs. WT (C57BL/6) mice and Nlrp32/2

mice were subjected to HS or sham operation

(SM) followed by LPS or SAL i.t. at 2 h after

resuscitation as detailed in Materials and

Methods. Lung tissue and BAL fluid were re-

covered at the time (h) as indicated after LPS or

saline. All images are representatives of five

independent experiments, and graphs depict the

value of mean and SEM; n = 5. (A) The asso-

ciation of Nlrp3 and ASC was detected using

immunoprecipitation (IP) with anti-ASC Ab

followed by immunoblotting (IB) for Nlrp3 and

ASC. (B) Densitometry of Nlrp3 shown in (A).

(C) Caspase-1 (Casp-1) cleavage product p10

fragments were detected using Western blotting.

(D) IL-1b in BAL fluid measured by ELISA.

(E) IL-1b mRNA in the lung tissue measured by

quantitative real-time PCR. (F) Pro–IL-1b in

the lungs measured by ELISA. (G) IP for ASC

followed by IB for Nlrp3 and ASC in the lung

tissue that was collected from WT or Nlrp32/2

mice at 8 h after i.t. LPS or saline. (H) IL-1b in

BAL fluids that were recovered from WT or

Nlrp32/2 mice at 8 h after i.t. LPS or saline.

*p , 0.01 compared with the groups labeled

with no asterisk, **p , 0.01 compared with all

other groups, ***p , 0.01 compared with all

other groups.

The Journal of Immunology 5249
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same time point (Fig. 1A–C). The increased activation of inflam-

masome and caspase-1 seen in the lungs from HS/LPS-treated ani-

mals resulted in a marked increase in IL-1b in BAL fluid, which

represents the secretion of IL-1b from pulmonary cells, as shown in

Fig. 1D. The alterations in IL-1b mRNA and pro–IL-1b in the lungs

induced by LPS and HS/LPS were similar (Fig. 1E, 1F), suggesting

that HS augments IL-1b secretion through enhancing inflammasome

activation, rather than IL-1b expression. In contrast, lung tissue re-

covered from Nlrp32/2 mice failed to show a significant increase in

activation of caspase-1 in the lungs and IL-1b in BAL fluid at 8 h

after LPS (Fig. 1G, 1H), which indicated an important role of Nlrp3

inflammasome in controlling lung IL-1b secretion in a setting of HS.

To determine whether AM contribute to the enhanced inflam-

masome activation detected in whole lung tissue, BAL cells were

recovered at 2 h after HS/resuscitation and enriched for AM by

using immunomagnetic separation system. The AM were then

incubated in vitro in the presence or absence of LPS (1 mg/ml) to

evaluate activation of inflammasome and caspase-1, as well as IL-

1b release. AM from sham animals treated with LPS exhibited an

increased association of Nlrp3 and ASC and increased caspase-1

cleavage at 4 and 8 h (Fig. 2A). There was also increased IL-1b

secretion in the cell-culture medium by 8 h (Fig. 2B). However,

in the AM that were isolated from HS mice, LPS induced a

markedly augmented association of Nlrp3 and ASC, cleavage of

caspase-1, and release of IL-1b (Fig. 2A, 2B). Noticeably again,

there was no significant difference in the levels of IL-1b mRNA

and pro–IL-1b expression in AM between the groups treated with

LPS and HS/LPS, respectively (Fig. 2C, 2D). The results sug-

gested that the release of IL-1b is mainly controlled by the acti-

vation of inflammasome while sufficient pro–IL-1b was available.

Considered together, these data support the notion of an important

role for HS in augmenting the LPS-induced Nlrp3 inflammasome

activation in the lung and AM.

HS causes impaired upregulation of pyrin in the lung

Pyrin has been suggested as an inhibitor of caspase-1 activation

and subsequent processing of IL-1b (13, 20). To address whether

pyrin is involved in the regulation of inflammasome activation in

the lung in a setting of HS, we first detected the level of pyrin

expression in the lung and AM following HS and/or LPS. Using

the animal model of HS/LPS treatments, we found that antecedent

HS significantly impaired the expression of pyrin protein in the

lungs in response to LPS, as shown in Fig. 3A. This observation

was recapitulated in the AM that were isolated from either sham

or HS mice and treated with LPS ex vivo. As shown in Fig. 3B,

LPS upregulated the expression of pyrin protein in AM from

sham animals, whereas HS markedly attenuated the LPS-induced

expression of pyrin.

HS-suppressed IL-10 expression is responsible for impaired

pyrin induction

Studies have shown that pyrin expression can be modulated by

several cytokines (21). IL-10 has been shown to induce pyrin ex-

pression in a manner that is dependent on Jak3, Stat6, and NF-kB,

because the genetic deficiency of these genes diminished IL-10–

induced pyrin expression (20). We have previously reported that

HS impairs LPS-induced upregulation of IL-10, which in turn

exaggerates lung inflammation (29). In this study, we further

confirmed that LPS induced the increase expression of IL-10 in

the lung acting through TLR4 and MyD88 signaling pathways,

because IL-10 expression in TLR42/2 or MyD882/2 mouse lung

FIGURE 2. HS primes for enhanced Nlrp3 inflammasome activation

and IL-1b secretion in the AM. WT (C57BL/6) mice were subjected to

HS or sham operation (SM), and at 2 h after resuscitation, AM were re-

covered from BAL fluid and incubated in vitro in the presence or absence

of LPS (1 mg/ml) for 4 and 8 h. Cell lysates underwent immunoprecipi-

tation (IP) for ASC followed by immunoblotting (IB) for Nlrp3 and ASC,

and caspase-1 p10 fragments were detected by Western blotting (A). IL-1b

in the cell culture media was measured with ELISA (B), pro–IL-1b in the

AM supernatants was measured with ELISA (C), and IL-1b mRNA in the

AM was measured by quantitative real-time PCR (D). The images are

representative of five independent experiments. The graph shows the mean

and SEM; n = 5. *p , 0.01 compared with the groups labeled with no

asterisk, **p , 0.01 compared with all other groups.

FIGURE 3. HS causes impaired upregulation of pyrin in the lung. (A)

WT mice were subjected to HS or sham operation (SM) followed by LPS

or SAL i.t. at 2 h after resuscitation. Lung tissues were recovered after 2–8

h. Pyrin expression in the lung tissues was detected by Western blotting.

The images are representative of three independent experiments. (B) WT

mice were subjected to HS or SM, and at 2 h after resuscitation, AM were

recovered from BAL fluid and incubated ex vivo in the presence or absence

of LPS (1 mg/ml) for 4 and 8 h. Pyrin expression in AM was detected by

Western blotting. The images are representative of four independent

experiments.
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tissue after LPS challenge was low and not altered by HS,

whereas HS attenuated the LPS-induced IL-10 lung expres-

sion in WT mice (Fig. 4A).

To elucidate whether IL-10 expression impaired by HS con-

tributes to reduced pyrin induction, rIL-10 (10 mg/kg B.W.) or

neutralizing Ab against IL-10 (2 mg/kg B.W.) was administered

i.t. along with LPS or saline to sham or HS animals at 2 h after

resuscitation, and pyrin protein expression in the lungs was then

detected at 2 and 8 h afterward. As shown in Fig. 4B, at the 2-h

time point, exogenous IL-10 induced a greater increase in pul-

monary pyrin in both sham and HS mice as compared with that in

the groups treated with LPS alone, and the combination of LPS

and IL-10 induced an even higher expression of pyrin in the lungs.

At 8 h after LPS, exogenous IL-10 significantly enhanced the

LPS-induced pyrin expression in HS animals, and this was sig-

nificantly attenuated in both sham and HS mice by neutralizing

Ab against IL-10 (Fig. 4B). These findings suggest that the failed

upregulation of IL-10 contributes to the suppressed pyrin ex-

pression following HS/LPS, especially at the later time point.

To test the role of AM in regulating pyrin expression in the

lungs, AM collected from sham or HS mice were treated ex vivo

with LPS, and IL-10 level in the cell-culture media was measured

after 0–6 h using ELISA. As shown in Fig. 4C, LPS induced an

increase in IL-10 from the AM of sham animals. However, ante-

cedent HS decreased the LPS-induced IL-10 release from AM

(Fig. 4C). The alterations in pyrin expression in the AM at 8 h

after LPS treatment are shown in Fig. 4D. LPS, IL-10, or a com-

bination of LPS and IL-10 upregulated pyrin expression in the

AM that were recovered from sham animals, and neutralizing Ab

against IL-10 significantly attenuated the LPS-induced pyrin ex-

pression. In contrast, in the AM collected from HS animals, the

LPS-induced pyrin expression was suppressed, but was able to be

restored by exogenous IL-10 (Fig. 4D). Noteworthy, IL-10 alone

was sufficient to induce a high level of expression of pyrin in the

AM from HS animals (Fig. 4D). Taken together, these results

suggest that AM, through the release of IL-10, enhanced LPS-

induced pyrin expression in an autocrine manner.

The role of AM-derived IL-10 in enhancing pyrin expression

in lung endothelial cells, a major cell population in the lung,

was also evaluated. AM from either sham or HS animals were

treated with LPS for 2 h and then transferred to the top well of

a Transwell plate, in which the bottom well was layered with

MLVEC. The cocultures were then incubated for 6 h in the pres-

ence or absence of either neutralizing Ab against IL-10 or rIL-10.

The changes in pyrin expression in the MLVEC were detected as

shown in Fig. 4E. LPS-treated AM that were isolated from sham

animals were able to induce pyrin expression in MLVEC, and

this induction was attenuated by IL-10 Ab. AM that were recov-

ered from HS mice and treated with LPS failed to induce a sig-

nificant expression of pyrin in MLVEC. However, addition of rIL-

10 restored the pyrin expression in the MLVEC to similar levels

as the MLVEC cocultured with sham AM (Fig. 4E). These results

FIGURE 4. HS-suppressed IL-10 expression is responsible for impaired

pyrin induction in the lung. (A) HS acting through TLR4 and MyD88

signaling pathway suppresses IL-10 expression in the lung in response to

LPS. WT mice, TLR42/2 mice, and MyD882/2 mice were subjected to

HS or sham operation (SM) followed by LPS or SAL i.t. at 2 h after re-

suscitation. Lung tissues were recovered 2–6 h after LPS (or SAL) i.t. IL-

10 levels in the lung digest homogenates (100 mg of tissue) were quan-

tified by ELISA. The graph shows the mean and SEM; n = 5. (B) IL-10

augments LPS-induced pyrin expression in the lung. WT mice were sub-

jected to HS or SM followed by LPS or SAL together with i.t. rIL-10 (10

mg/kg B.W.) or neutralizing Ab against IL-10 or nonspecific IgG control

Ab (2 mg/kg B.W.) at 2 h after resuscitation. Lung tissues were recovered

at 2 and 8 h after i.t. LPS (or SAL). Pyrin expression in the lung tissue

digest homogenates was detected by Western blotting. The images are

representative of four independent experiments. (C) Ex vivo experiments

show that antecedent HS impairs LPS-induced IL-10 secretion from AM.

WT (C57BL/6) mice were subjected to HS or SM, and at 2 h after re-

suscitation, AM were recovered from BAL fluid and incubated in vitro in

the presence or absence of LPS (1 mg/ml) for up to 6 h. IL-10 in the cell-

culture media was measured with ELISA. The graph shows the mean and

SEM; n = 5. (D) Ex vivo experiments demonstrate important role of IL-10

in enhancing LPS-induced pyrin expression in AM. AM from SM or HS

animals, as described in (C), were treated with LPS (1 mg/ml) and/or rIL-

10 (2 ng/ml), neutralizing Ab to IL-10 (2 mg/ml), or control nonspecific

IgG Ab for 8 h, and pyrin expression in the AM was detected by Western

blotting. The images are representative of four independent experiments.

(E) IL-10 derived from AM plays a critical role in enhancing pyrin ex-

pression in response to LPS in lung EC. AM from either sham or HS

animals, as described in (C), at a concentration of 5 3 105 cells/well were

pretreated with LPS for 2 h and then were transferred to top well of

a Transwell plate, in which the bottom well was layered with MLVEC. The

cocultures were incubated for 6 h in the presence or absence of either

neutralizing Ab against IL-10 or rIL-10. Nonspecific IgG was also added to

some wells as control. Pyrin expression in the MLVEC lysates was

detected by Western blotting. The images are representative of four in-

dependent experiments. *p , 0.01.
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further suggest an important role of AM-derived IL-10 in inducing

pyrin expression in the lungs.

Impaired pyrin induction contributes to HS-augmented

inflammasome activation

Next, we tested the hypothesis that HS impaired IL-10 expres-

sion, and therefore, decreased pyrin expression in the lungs is re-

sponsible for augmented inflammasome activation and IL-1b

secretion following HS/LPS. First, the role of the IL-10–pyrin axis

in regulating inflammasome activation in the lungs was deter-

mined. Mice were subjected to HS followed by i.t. injection of

LPS and neutralizing Ab against IL-10 or rIL-10. The interaction

of pyrin and Nlrp3 inflammasome components was determined

by coimmunoprecipitation using anti-ASC Ab. With blocking of

IL-10 by neutralizing Ab, the binding of pyrin to ASC was de-

creased, which was allied with an increase in Nlrp3–ASC asso-

ciation in the lung and IL-1b level in the BAL fluid from sham/

LPS animals (Fig. 5A, 5B); whereas, in HS/LPS-treated mice,

exogenous rIL-10 increased pyrin expression in the immunopre-

cipitates and weakened the association of Nlrp3 and ASC, which

resulted in a decrease in IL-1b in the BAL fluid (Fig. 5A, 5B). In

this experimental setting, changes in IL-10 did not significantly

cause alteration in pro–IL-1b level in the lungs (Fig. 5C), al-

though IL-1b mRNA expression in the lungs was increased,

whereas IL-10 was either blocked by neutralizing Ab or dimin-

ished by HS (Fig. 5D). These results demonstrate an important

role of IL-10 and pyrin in regulating IL-1b secretion, predomi-

nantly through modulating activation of Nlrp3 inflammasome, but

not IL-1b expression.

To reveal the connection among IL-10, pyrin, and Nlrp3 in-

flammasome, we knocked down pyrin in MLVEC using siRNA

techniques. At 48 h after transfection of MLVEC with pyrin

siRNA, the expression of pyrin protein in response to LPS or IL-

10 was significantly decreased in the MLVEC (Fig. 6A). Knock-

FIGURE 5. HS-suppressed IL-10 expression is responsible for aug-

mented activation of inflammasome and IL-1b secretion in the lung. IL-10

augments LPS-induced pyrin expression in the lung. WT mice were sub-

jected to HS or sham operation (SM) followed by LPS or SAL together

with rIL-10 or neutralizing Ab against IL-10 (Ab) or control nonspecific

IgG Ab (IgG) i.t. at 2 h after resuscitation. BAL fluid and lung tissue were

recovered at 8 h after LPS (or SAL) i.t. (A) The association of pyrin, Nlrp3,

and ASC was detected using immunoprecipitation (IP) with anti-ASC Ab

followed by immunoblotting (IB) for pyrin, Nlrp3, and ASC, respectively.

The images are representative of five independent experiments. (B) IL-1b

in BAL fluid was measured with ELISA. (C) Pro–IL-1b in the lung tissue

was measured with ELISA. (D) IL-1b mRNA in the lung tissue was

measured by quantitative real-time PCR. The graph shows the mean and

SEM from five mice. *p , 0.01 compared with the groups labeled with no

asterisk, **p , 0.01 compared with all other groups.

FIGURE 6. IL-10–induced pyrin is an important regulator in inflamma-

some feedback regulation. Pyrin in MLVEC was knocked down using siRNA

techniques. At 48 h after transfection of pyrin siRNA into MLVEC, the

MLVEC were treated with LPS and/or rIL-10 for 8 h. The pyrin protein could

not be detected in the cells in response to LPS and/or IL-10 (A). Knockdown of

pyrin in MLVEC enhanced LPS-induced Nlrp3-ASC association as detected

using immunoprecipitation (IP) with anti-ASC Ab followed by immunoblot-

ting (IB) for pyrin, Nlrp3, and ASC (B), caspase-1 (Casp-1) cleavage (C), and

IL-1b release in the cell-culture media (D) as compared with that in the

MLVEC treated with nonspecific control siRNA. Exogenous IL-10 attenuated

LPS-induced pro–IL-1b and IL-1b mRNA expression in MLVEC (E, F). The

images are representative of three independent studies. The graph shows the

mean and SEM from three independent experiments. *p, 0.01 compared with

the groups labeled with no asterisk, **p, 0.01 comparedwith all other groups.
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down of pyrin in MLVEC dramatically increased the LPS-induced

Nlrp3-ASC association as determined by coimmunoprecipitation

and immunoblotting (Fig. 6B), caspase-1 cleavage (Fig. 6C), and

IL-1b release (Fig. 6D) as compared with that in the MLVEC

transfected with nonspecific control siRNA. IL-10 attenuated the

LPS-induced IL-1b mRNA and pro–IL-1b expression in the

MLVEC (Fig. 6E, 6F). However, IL-1b release appeared directly

dependent on the activation of inflammasome and caspase-1,

rather than the level of pro–IL-1b. Of note, exogenous IL-10

does not decrease inflammasome activation and IL-1b release in

the MLVEC with pyrin knockdown, indicating that the IL-10–

attenuated inflammasome activation is mediated by pyrin. The

changes in pyrin in the immunoprecipitates shown in Fig. 6B sug-

gested that pyrin is not required for the association of Nlrp3 and

ASC and subsequent activation of caspase-1; however, the binding

of pyrin to the inflammasome complex caused a decrease in the

association of Nlrp3 and ASC, caspase-1 activation, and IL-1b

secretion. Taken together, the results indicate an important role of

pyrin in regulating inflammasome activation in the lungs (Fig. 7).

Discussion
The major cause of late death in HS and trauma patients relates to

the development of progressive systemic inflammation and organ

failure. The mechanism by which HS augments and exaggerates

the inflammatory response remains unclear. IL-1b critically con-

tributes to the development of acute lung injury (33, 34) and SIRS

following hemorrhage and trauma (2–7), and elucidating the

mechanism underlying HS-primed IL-1b release may result in a

new therapeutic strategy for posthemorrhage SIRS. The present

study shows that although LPS induces Nlrp3 inflammasome ac-

tivation, it also induces pyrin expression in AM and lung endo-

thelial cells (EC). Increased pyrin expression inhibits Nlrp3

inflammasome activation and serves as a self-regulatory mecha-

nism. More importantly, LPS induces IL-10 expression in the

AM, which in turn augments pyrin expression in AM and EC and

enhances the negative regulation of the inflammasome at later

time points. However, HS through the suppression of LPS-induced

IL-10 expression prevents this increase in pyrin expression, im-

pairs the negative regulatory mechanism of inflammasome activa-

tion, and thus augments IL-1b secretion in the lung (Fig. 7).

Pyrin has been shown to inhibit caspase-1 activation and sub-

sequent processing of IL-1b (20). Targeted disruption of the C-

terminal portion of pyrin in mice causes increased endotoxin

sensitivity and caspase-1 activation, and the macrophages stimu-

lated with LPS produced more IL-1b (20). These data are con-

sistent with the notion that full-length pyrin, but not its truncated

version consisting of only the PYD domain, acts as a negative

regulator of caspase-1 (35). Pyrin, through its B30.2 domain (also

called SPRY domain and RFP) and PYD domains, interacts with

inflammasome components caspase-1, ASC, NLRP1, NLRP2, and

NLRP3, as well as pro–IL-1b, and thereby serves as an inhibitory

protein for the inflammasome (13). A recent study, however, re-

ported that a gain-of-function pyrin mutation could cause NLRP3-

independent inflammasome activation and autoinflammatory dis-

ease (36). That study suggested that pyrin may influence different

pathways to lead to a variety of outcomes.

In the current study, by using a gene-knockout approach, we

showed that the Nlrp3 inflammasome is part of the major ma-

chinery in the lung and AM that induces IL-1b processing in re-

sponse to HS and LPS. A direct role for pyrin in suppressing

Nlrp3 inflammasome activation in the lung cells was shown by

two lines of evidence. First, the amount of pyrin presented in the

immunoprecipitate of Nlrp3 inflammasome complex directly affects

the Nlrp3–ASC association. Second, decreasing pyrin expression

by pyrin knockdown with siRNA significantly increased LPS-

induced Nlrp3 inflammasome activation, caspase-1 cleavage, and

IL-1b secretion in the lung EC. These findings suggest an important

role of pyrin in the negative regulation of Nlrp3 inflammasome

activation in the lungs in response to LPS, although the exact

mechanism by which pyrin inhibits Nlrp3 inflammasome activa-

tion remains unclear.

Pyrin expression in lung EC and its role in regulating inflam-

masome activation are new findings in this study. Lung EC are

the major cell populations that compose a considerable part of the

lung. Results from our previous (1) and current studies show that

EC are able to secret IL-1b in response to HMGB1 and LPS,

suggesting that EC are also an important source of IL-1b and,

conversely, are a target of IL-1b, which causes them to release

a range of inflammatory molecules in response to IL-1b stimu-

lation (6, 37, 38). Thus, EC are postulated to be an amplifier of

inflammation through the sensing and releasing of IL-1b, and

therefore, EC are a good model for understanding the mechanism

of regulation of IL-1b secretion in the lung.

IL-10 plays a key role in limiting inflammation and main-

taining immunological homeostasis (39–41). IL-10 has been shown

to inhibit alveolar macrophage production of proinflammatory

mediators involved in ARDS (42). In a clinical study involving

patients of ARDS of different etiologies (sepsis, multiple trauma,

and perforated bowel), it was shown that patients who had ARDS

had lower circulating and BAL levels of IL-10 than those who

were supposed to be at risk, but did not develop the disease (43).

Deficient IL-10 responses were shown to contribute to the septic

death of burned patients (44), whereas administration of IL-10 has

a protective effect in animal models of ARDS of different etiol-

ogies, such as sepsis and acute pancreatitis (45–47). In the current

study, we revealed a new mechanism by which IL-10, through the

induction of pyrin expression, suppresses inflammasome activa-

tion. We demonstrated in the in vivo and in vitro studies that LPS-

induced IL-10 expression contributed to the upregulation of pyrin

FIGURE 7. Model of HS-primed activation of Nlrp3 inflammasome in

the lung. LPS induces Nlrp3 inflammasome activation and pyrin expres-

sion in AM and lung EC. Increased pyrin expression inhibits Nlrp3

inflammasome activation and serves as a self-regulatory mechanism. More

importantly, LPS induces IL-10 expression in the AM, which in turn

augments pyrin expression in AM and EC, and enhances the negative

regulation of inflammasome at later time points (blue circled + symbol).

Thus, LPS-induced IL-10 is postulated to be a critical feedback mechanism

to regulate IL-1b secretion in the lung. However, HS, through suppression

of LPS-induced IL-10 expression, prevents a further increase in pyrin

expression, impairs the negative regulatory mechanism of inflammasome

activation, and thus augments IL-1b secretion in the lung.
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in AM and lung EC. In the in vivo HS-LPS–treated mouse model,

neutralizing Ab against IL-10 attenuated LPS-induced pyrin ex-

pression in the lungs, whereas exogenous IL-10 restored HS-sup-

pressed pyrin expression in response to LPS. The AM-derived

IL-10 is therefore important to pyrin induction in both AM and

EC, presumably through autocrine and paracrine pathways, respec-

tively. Furthermore, we demonstrated that IL-10 suppressed Nlrp3

inflammasome activation in the lungs in HS-LPS–treated mice,

whereas neutralizing Ab against IL-10 enhanced LPS-induced

inflammasome activation in the lungs (Fig. 5). These observa-

tions are consistent with the effect of IL-10 on inducing pyrin ex-

pression. Notably, the IL-10 modulation of IL-1b expression is not

a direct regulatory factor controlling IL-1b secretion. As illustrated

in the results, although IL-10 decreased the expression of pro–IL-

1b in lung EC and IL-1b mRNA in lung and EC, these changes

did not lead to a corresponding alteration in IL-1b secretion. The

regulation of IL-1b secretion involves multiple steps including

regulation of pro–IL-1b expression, inflammasome assembly and

activation, caspase-1 activation, IL-1b maturation, and IL-1b se-

cretion. Each step may regulate IL-1b secretion. In our experi-

mental setting, we observed that rIL-10 suppressed LPS-induced

expression of IL-1b mRNA and pro–IL-1b in MLVEC; however,

pyrin knockdown increased IL-1b secretion. This result suggests

that pyrin-regulated inflammasome activation also plays an impor-

tant role in regulating IL-1b secretion as long as sufficient pro–

IL-1b is available.

The findings from the current study also demonstrated that LPS

through TLR4 and MyD88-dependent signaling induced IL-10

expression in AM, which was, however, significantly suppressed

by antecedent HS. LPS-induced IL-10 expression is regulated

posttranscriptionally by the RNA-binding protein tristetraprolin,

which destabilizes IL-10 mRNA in activated macrophages (48).

Studies investigating IL-10 regulation show that LPS-stimulated

tristetraprolin-deficient macrophages overproduced IL-10, con-

tained an increased amount of activated STAT3, and showed re-

duced expression of inflammatory cytokines (48). However, the

mechanism by which HS modulates IL-10 expression remains

unclear. We have previously reported that HS plus LPS markedly

reduced the transcription rate of IL-10 mRNA as compared with

LPS alone but did not affect IL-10 mRNA stability. Reduced

IL-10 transcription was not caused solely by impaired nuclear

translocation of STAT3 and Sp1/Sp3 transcription factors because

LPS-induced nuclear translocation of these factors was augmented

by antecedent HS (29). Thus, the HS suppressed IL-10 expression

in AM is perhaps through inhibition of IL-10 gene transcription

rather than destabilization of IL-10 mRNA.

In summary, this study demonstrates a novel mechanism by

which HS, through suppression of negative regulation of Nlrp3

inflammasome activation following LPS challenge, enhances IL-

1b secretion in the lungs and therefore primes for inflammation.

This study sheds light on the regulatory role of IL-10 and pyrin in

the development of post-HS inflammation. Restoring IL-10 and/or

pyrin expression may represent a therapeutic strategy to amelio-

rate the effects of augmented post-HS inflammation.
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