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ABSTRACT

Spontaneous preterm labor occurs in two subsets of patients
with sterile intra-amniotic inflammation, a process induced by
alarmins such as high-mobility group box-1 (HMGB1). Inflam-
masomes are implicated in the process of spontaneous preterm
labor. Therefore, we investigated whether HMGB1 initiates an
inflammasome-associated inflammatory response in the cho-
rioamniotic membranes. Incubation of the chorioamniotic
membranes with HMGB1 1) induced the release of mature IL-
1beta and IL-6; 2) upregulated the mRNA expression of the pro-
inflammatory mediators NFKB1, IL6, TNF, IL1A, IFNG, and
HMGB1 receptors RAGE and TLR2; 3) upregulated the mRNA
expression of the inflammasome components NLRP3 and AIM2
as well as NOD proteins (NOD1 and NOD2); 4) increased the
protein concentrations of NLRP3 and NOD2; 5) increased the
concentration of caspase-1 and the quantity of its active form
(p20); and 6) upregulated the mRNA expression and active form
of MMP-9. In addition, HMGB1 concentrations in chorioamni-
otic membrane extracts from women who underwent sponta-
neous preterm labor were greater than in those from women
who had undergone spontaneous labor at term. Collectively,
these results show that HMGB1 can induce an inflammatory
response in the chorioamniotic membranes, which is partially

mediated by the inflammasome. These results provide insight
into the mechanisms whereby HMGB1 induces preterm labor
and birth in mice and explain why the concentration of this
alarmin is increased in women who undergo spontaneous
preterm labor.

AIM2, alarmins, caspase-1, DAMPs, interleukin-1b, interleukin-6,
MMP-9, NLRP3, NOD2, parturition, pregnancy, preterm birth,
preterm labor, RAGE, sterile inflammation, sterile intra-amniotic
inflammation, TLR-2

INTRODUCTION

Preterm birth (PTB), delivery prior to the 37th wk of
gestation, is the leading cause of perinatal morbidity and
mortality worldwide [1]. In 2015, 9.63% of all births in the
United States were classified as preterm [2]. Preterm neonates
are at an increased risk for short- and long-term morbidity, and
prematurity places a substantial burden on the healthcare
system and society [3–6]. Two-thirds of PTBs occur after
spontaneous preterm labor [7]. Spontaneous preterm labor is a
syndrome associated with multiple pathological processes [8],
such as intra-amniotic infection/inflammation, which has been
causally linked to PTB [9–12].

Intra-amniotic inflammation can be due to microorganisms
(bacteria or viruses) or endogenous danger signals derived
from necrosis or cellular stress [13, 14], termed damage-
associated molecular pattern molecules [15, 16] or alarmins
[17]. The pro-inflammatory process induced by alarmins is
termed sterile inflammation [18]. We have used the term sterile
intra-amniotic inflammation to describe the inflammatory
process (interleukin-6 [IL-6] �2.6 ng/ml), in which microor-
ganisms cannot be detected by cultivation and molecular
microbiology techniques [19–29]. Sterile intra-amniotic in-
flammation appears to be more common than microbial-
associated intra-amniotic inflammation in patients with preterm
labor and intact chorioamniotic membranes [20]. This process
is also frequently observed in patients with a sonographic short
cervix [21] and in those with preterm prelabor rupture of the
membranes (PPROM) with clinical chorioamnionitis at term
[22]. Because the concentrations of several alarmins, including
IL-1a [30], S100 calcium-binding protein B [31], heat-shock
protein 70 [32], and high-mobility group box-1 (HMGB1) [33,
34], are increased in the amniotic fluid of women with intra-
amniotic inflammation, we have previously proposed that these
danger signals are responsible for sterile inflammation [32–34].
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The median amniotic fluid concentration of HMGB1 is
significantly higher in patients with sterile intra-amniotic
inflammation than in those without intra-amniotic inflamma-
tion [20]. Indeed, patients with sterile intra-amniotic inflam-
mation who delivered within 7 days after amniocentesis had
higher amniotic fluid concentrations of HMGB1 than those
who delivered after 7 days [20]. Amniotic fluid concentrations
of HMGB1 are also higher in women who underwent
spontaneous preterm labor with intra-amniotic infection/
inflammation than in those without this clinical condition
[33]. Recently, we provided in vivo evidence demonstrating
that the intra-amniotic administration of HMGB1 induces
preterm labor and birth in mice [35].

HMGB1 is an evolutionarily conserved protein that
stabilizes nucleosome formation and facilitates gene transcrip-
tion while localized in the nucleus, yet acts as an alarmin when
released extracellularly [36, 37]. This alarmin activates innate
immune cells via pattern recognition receptors such as the
receptor for advanced glycation end products (RAGE) [38],
toll-like receptor (TLR)-2, and TLR-4 [39] in order to initiate
inflammatory responses. In vitro studies of monocytes [40],
neutrophils [41, 42], dendritic cells [43], and endothelial cells
[44] have demonstrated that HMGB1 promotes the activation
of pro-inflammatory transcription factor NF-jB that, in turn,
induces the production of pro-inflammatory cytokines, includ-
ing tumor necrosis factor (TNF)-a, IL-8, IL-6, and IL-1b.
However, the mechanisms whereby HMGB1 induces a sterile
inflammatory response in the amniotic cavity are poorly
understood.

Previously, we proposed that the mechanisms responsible
for physiological (i.e., sterile) inflammation involve inflam-
masomes [45–47], which are cytoplasmic high-molecular-
weight multisubunit protein complexes capable of inducing
an inflammatory response through the production of IL-1b
and IL-18 [48–66]. Their basic structure consists of 1) an
inflammasome sensor molecule, 2) the adaptor protein ASC
(an apoptosis-associated speck-like protein), and 3) pro-
caspase-1 (pro-CASP-1) [48–66]. Following activation, the
inflammasome complex induces the autocatalytic cleavage of
pro-CASP-1 into its active form that, in turn, can cleave pro-
IL-1b and pro-IL-18 into their mature and released forms [67–
75]. In line with our hypothesis, the chorioamniotic
membranes express inflammasome components (e.g., NLR
family pyrin domain containing 3 [NLRP3]), nucleotide-
binding oligomerization domain-containing (NOD) proteins,
and active forms of CASP-1, as well as release mature IL-1b
in spontaneous labor at term [47], suggesting a role for the
inflammasome in the sterile inflammatory process of
parturition. Yet, whether HMGB1 could induce the inflam-
masome-mediated release of IL-1b in the chorioamniotic
membranes is unknown.

The aims of this study were to determine whether 1)
HMGB1 induces the release of mature IL-1b and IL-6 by the
chorioamniotic membranes as well as the upregulation of pro-
inflammatory mediators; 2) HMGB1-induced release of
mature IL-1b is associated with the upregulation of inflam-
masome components, NOD proteins, and the activation of
CASP-1; 3) these changes are linked to an increased mRNA
abundance and active form of matrix metalloproteinase 9
(MMP-9) in the chorioamniotic membranes; and 4) the
chorioamniotic membranes from patients who underwent
spontaneous preterm labor have an increased concentration of
HMGB1 compared to those who had undergone spontaneous
labor at term.

MATERIALS AND METHODS

Human Subjects

Chorioamniotic membrane samples were obtained from the Bank of
Biological Specimens of the Detroit Medical Center, Wayne State University
(WSU), and the Perinatology Research Branch, an intramural program of the
Eunice Kennedy Shriver National Institute of Child Health and Human
Development, National Institutes of Health, U.S. Department of Health and
Human Services (NICHD/NIH/DHHS, Detroit, MI). The Institutional Review
Boards (IRBs) of WSU and NICHD approved the collection and use of
biological materials for research purposes (WSU IRB No. 110605MP4F, WSU
IRB No. 082403MP2F, and NICHD No. OH95-CH-N040). All participating
women provided written consent, and samples were collected 30 min after
delivery.

To evaluate the in vitro effects of HMGB1 in the chorioamniotic
membranes, samples were collected from women who delivered at term
without labor and underwent an elective cesarean section (n ¼ 23).
Demographic and clinical characteristics of the study population are shown
in Table 1. Patients with multiple births or with neonates having congenital or
chromosomal abnormalities were excluded. Labor was defined by the presence
of regular uterine contractions at a frequency of at least two contractions every
10 min with cervical changes resulting in delivery [76]. In each case, tissue
sections of the chorioamniotic membranes were evaluated for acute histologic
chorioamnionitis according to published criteria [77, 78] by pathologists who
were blinded to the clinical outcome. Samples collected from women with labor
or acute histologic chorioamnionitis were excluded from this study.

To determine the concentration of HMGB1 in the chorioamniotic
membranes, samples were collected from four study groups (term delivery
without labor, TNL; term delivery with labor, TIL; preterm delivery without
labor, PTNL; and preterm delivery with labor, PTL; n ¼ 8–12 each) and
processed on the same day. Demographic and clinical characteristics of the
study groups are shown in Table 2. Preterm labor was diagnosed by the
presence of regular uterine contractions (at least three in 30 min) and
documented cervical changes in patients with gestational ages between 20 and
36-6/7 wk. Preterm delivery was defined as birth prior to the 37th wk of
gestation.

In Vitro Incubation of the Chorioamniotic Membranes with
HMGB1

Chorioamniotic membrane samples were spread out flat onto a sterile
cutting board. A dermatological biopsy punch (12 mm Acu-Punch; Acuderm
Inc.) was used to obtain tissue explants (three to six explants per sample) from
the chorioamniotic membranes. Tissue explants were placed into a Falcon 24-
well plate (Corning) in 500 ll of 13 Dulbecco modified Eagle medium
(Corning) containing 10% fetal bovine serum (Gibco, Life Technologies
Corporation) and 1% penicillin/streptomycin (Gibco) with or without 10 ng/
ml–50 lg/ml of ultrapure HMGB1 (RE-HM050; IBL International Corpora-
tion). Tissue explants were incubated with 100 ng/ml of lipopolysaccharide
(Escherichia coli 0111:B4; Sigma Aldrich) as a positive control. The tissue
explants were incubated for 24h in a humidified 5% CO

2
incubator. Following

incubation, tissue supernatants were collected and stored at�808C until use. In
addition, tissue explants were homogenized in either their conditioned medium

TABLE 1. Demographic and clinical characteristics of term non-labor
cases utilized for in vitro treatment with HMGB1.

Demographic or clinical characteristica Parameter

Maternal age (yr; median [IQR]) 24 (22–28)
Body mass index (kg/m2; median [IQR]) 31.8 (25.6–36.7)
Gestational age at delivery (wk; median [IQR]) 39 (39–39.1)
Birth weight (g; median [IQR]) 3135 (2917.5–3487.5)
Race (n [%])

African-American 21 (91.3
Caucasian 2 (8.7)
Hispanic 0 (0)
Asian 0 (0)
Other 0 (0)

Primiparity (n [%]) 3 (13.0)
Cesarean section (n [%]) 23 (100)
Absence of clinical chorioamnionitis (n [%]) 23 (100)
Smoking during pregnancy (n [%]) 4 (17.4)

a IQR, interquartile range.
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to prepare tissue extracts or in 13 sterile PBS (Gibco) containing protease
inhibitor cocktail (Roche) to prepare tissue lysates. Tissue explants were also
placed into Ambion RNAlater Solution (Thermo-Fisher Scientific, Inc.) for
quantitative RT-PCR (qRT-PCR) analysis or into 10% formalin (Thermo-
Fisher Scientific) for histology.

Enzyme-Linked Immunosorbent Assays

The concentrations of NLRP3, AIM2, NOD1, NOD2 in tissue lysates,
CASP-1 in tissue extracts, and IL-6 and mature IL-1b in tissue supernatants
were measured using specific and sensitive enzyme-linked immunosorbent
assays (ELISA) (kits for NLRP3, NOD1, and NOD2 from Cusabio; kits for
AIM2 and CASP-1 from Cloud Clone; kit for IL-6 and IL-1b from R&D
Systems), following the manufacturers’ instructions. Briefly, recombinant
human standards and the samples were incubated in duplicate wells of the 96-
well microplates precoated with monoclonal antibodies specific for target
analytes. After washing the unbound substances, enzyme-conjugated antibodies
bound to the target analytes were added to the wells. After the incubation, assay
plates were washed to remove the unbound antibodies, followed by the addition
of a substrate solution that developed color proportional to the amount of target
protein bound in the initial step. Finally, the color development was stopped by
the addition of a sulfuric acid solution, and the microplates were read using a
programmable spectrophotometer (SpectraMax M5 Multi-Mode Microplate
Reader; Molecular Devices). The sensitivities of the assays were ,0.039 ng/ml
for NLRP3, ,0.056 ng/ml for AIM2, ,3.9 pg/ml for NOD1, ,6.25 pg/ml for
NOD2, ,0.112 ng/ml for CASP-1, ,0.70 pg/ml for IL-6, and ,1 pg/ml for
mature IL-1b. The IL-1b ELISA kit measures approximately 6.1% of the pro-
IL-1b. The immunoassays for NLRP1 and NLRC4 did not meet our criteria for
validation; therefore, immunoblotting was performed.

RNA Isolation, cDNA Generation, and qRT-PCR Analysis

TRIzol (Invitrogen, Life Technologies Corporation) and a Qiagen RNeasy
kit (Qiagen) were used to extract total RNA from the chorioamniotic membrane
tissues (n ¼ 6–7 each). RNA purity and concentration were assessed with the
NanoDrop 1000 spectrophotometer (Thermo-Fisher Scientific, Inc.), and RNA
integrity was evaluated with the Bioanalyzer 2100 (Agilent Technologies). The
Super-Script III First-Strand Synthesis System (Invitrogen) and oligo (dT)20
primers (Invitrogen) were utilized to generate cDNA. Gene expression profiling
was performed on the BioMark System for high-throughput qRT-PCR
(Fluidigm) and on the ABI 7500 FAST Real-Time PCR System (Applied
Biosystems, Life Technologies Corporation) with TaqMan gene expression
assays (Applied Biosystems) listed in Supplemental Table S1 (Supplemental
Data are available online at www.biolreprod.org).

Immunoblotting

Chorioamniotic membrane tissue lysates (n ¼ 7 each for NLRP1 and
NLRC4) or tissue extracts (n¼ 9 each for CASP-1) were subjected to 4%–12%
SDS-polyacrylamide gel electrophoresis (Invitrogen). After electrophoresis,
separated proteins were transferred onto nitrocellulose membranes (Bio-Rad),
and the membranes were blocked with StartingBlock T20 Block Buffer

(Thermo-Fisher Scientific, Inc.) and probed overnight at 48C with the following
primary antibodies: anti-NLRP1 (1:500, ALX-210-904; Enzo Life Sciences),
anti-NLRC4 (1:1000, 659702; BioLegend), and anti-CASP-1 (1:500,
MAB6215; R&D Systems). Next, either of the following horseradish
peroxidase-conjugated secondary antibodies was added: anti-rabbit IgG
(7074; Cell Signaling) or anti-mouse IgG (7076; Cell Signaling). Signals were
detected by chemiluminescence with ChemiGlow West reagents (ProteinSim-
ple). Images were acquired using the FUJIFILM LAS-4000 Imaging System
(Fujifilm North America Corporation), and semiquantification was performed
by the ImageJ 1.44p software (NIH). Finally, nitrocellulose membranes were
stripped with Restore Plus Western Blot Stripping Buffer (Pierce Biotechnol-
ogy, Thermo-Fisher Scientific, Inc.) for 15 min, washed with 19 mM Tris and
137 mM NaCl containing 0.1% Tween-20 (1706531; Bio-Rad), blocked, and
reprobed for 1 h at room temperature with either mouse anti-GAPDH (Santa
Cruz Biotechnology) or anti-ACTB (A5316; Sigma-Aldrich).

Zymography

To determine the active form of MMP-9, chorioamniotic membrane tissue
extracts (n ¼ 8 each) were subjected to 10% Zymogram (gelatin) gel
electrophoresis (Novex, Life Technologies Corporation). After electrophoresis,
the gels were incubated for 30 min in Zymograph Renaturing Buffer (Novex,
Life Technologies Corporation) followed by an additional 30-min incubation in
Zymograph Developing Buffer (Novex, Life Technologies Corporation), both
with gentle agitation. Gels were then placed in a freshly made developing
buffer and incubated overnight at 378C. Following incubation, gels were
washed in double-distilled H

2
O, stained for 4 h with SimplyBlue SafeStain

(Invitrogen), and washed with double-distilled H
2
O again. Images were taken

using Alpha Innotech FluorChem SP (ProteinSimple) and semiquantified using
ImageJ 1.44p software.

Determination of HMGB1 Concentration in the
Chorioamniotic Membranes

Chorioamniotic membrane tissue extracts from the four study groups (TNL,
TIL, PTNL, and PTL; n¼ 8–12 each) were prepared as follows: 10–12 tissue
explants were obtained from each membrane using a dermatological punch (12
mm Acu-Punch; Acuderm Inc.). Tissue explants were placed at 378C in a
humidified 5% CO

2
incubator for 24 h in 500 ll of Dulbecco modified Eagle

medium (Gibco, Life Technologies) in a 24-well plate. Following incubation,
tissue explants were homogenized in their conditioned medium using a
mechanical tissue homogenizer (T-25 Ultra-Turrax; IKA Works, Inc.). Tissue
extracts were centrifuged at 14 000 3 g for 3–5 min at 48C, and the supernatant
was collected and filtered using a syringe filter (0.22 lm Millex-GV Syringe
Filter Unit, 33mm polyvinylidene fluoride, gamma-sterilized; EMD Millipore).
The concentration of HMGB1 in these tissue extracts was determined using an
ELISA kit (IBL International) following the manufacturers’ instructions. The
sensitivity of the HMGB1 ELISA kit was ,0.2 ng/ml.

TABLE 2. Demographic and clinical characteristics of cases used to determine HMGB1 concentrations.a

Characteristics TNL (n ¼ 12) TIL (n ¼ 9) PTNL (n ¼ 8) PTL (n ¼ 11) P value

Maternal age (yr; median [IQR])b 24.5 (23.5–30.8) 23 (23–25) 26 (22.8–29.3) 26 (24–28) NS
Body mass index (kg/m2; median [IQR])b 27.9 (24.6–29.6) 28.3 (20.7–30.7) 36.5 (27.5–38.2) 27.1 (20.8–33.4) NS
Gestational age at delivery (wk; median [IQR])b 39 (37.6–39.3) 40.3 (38.9–40.3) 32.6 (29.7–34.5) 31.9 (30.2–35.4) P , 0.001
Birth weight (g; median [IQR])b 3172.5 (3012.5–3515) 3245 (2980–3630) 1458 (951.3–1996.3) 1755 (1657.5–2505) P , 0.001
Race (n [%])c

African-American 10 (83.3%) 8 (88.9%) 6 (75%) 10 (90.9%) NS
Caucasian 2 (16.7%) 0 (0%) 2 (25%) 1 (9.1%) NS
Hispanic 0 (0%) 1 (11.1%) 0 (0%) 0 (0%) NS
Asian 0 (0%) 0 (0%) 0 (0%) 0 (0%) NS
Other 0 (0%) 0 (0%) 0 (0%) 0 (0%) NS

Primiparity (n [%])c 1 (8.3%) 3 (33.3%) 2 (25%) 1 (9.1%) NS
Cesarean section (n [%])c 12 (100%) 0 (0%) 8 (100%) 1 (9.1%) P , 0.001
Chronic chorioamnionitis (n [%])c 5 (41.7%) 3 (33.3%) 4 (50%) 5 (45.5%) NS
Acute chorioamnionitis (n [%])c 0 (0%) 3 (33.3%) 0 (0%) 4 (36.4%) P ¼ 0.036

a IQR, interquartile range; TNL, term delivery without labor; TIL, term delivery with labor; PTNL, preterm delivery without labor; PTL, preterm delivery
with labor; NS, not significant.
b Kruskal-Wallis test.
c Chi-squared test.
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Statistical Analyses

Statistical analyses were performed using SPSS, version 21.0 (IBM
Corporation). For gene expression data, Ct values over technical replicates were
averaged and gene expression relative to references (ACTB, GAPDH, RPLPO)
were quantified by subtracting target gene Ct values from mean reference gene
Ct values within the same sample. A Shapiro-Wilk test was performed to
determine whether the data were normally distributed. Normally distributed
data were analyzed by a paired t-test. Nonnormally distributed data were
analyzed by either a Wilcoxon signed-rank test for paired samples or a Mann-
Whitney U-test for unpaired samples. A value of P � 0.05 was considered
statistically significant.

RESULTS

Incubation with HMGB1 Induces the Release of Mature IL-
1b and IL-6 by the Chorioamniotic Membranes

Because HMGB1 concentrations in cytoplasmic fractions of
the chorioamniotic membranes range between 400 and 500 ng/
ml [79], we incubated chorioamniotic membrane explants with
either 1 lg/ml or 10 lg/ml of this alarmin. Incubation of the
chorioamniotic membranes with either 1 lg/ml or 10 lg/ml of
HMGB1 did not increase the release of mature IL-1b or IL-6
(Supplemental Fig. S1 and data not shown). Yet, incubation of
the chorioamniotic membranes with lipopolysaccharide in-
creased the release of mature IL-1b and IL-6 (positive control,
Supplemental Fig. S1). Next, we increased the concentrations
of HMGB1 to 25 or 50 lg/ml. Incubation of the chorioamniotic
membranes with 25 or 50 lg/ml of HMGB1 increased the
release of mature IL-1b (Fig. 1A) and IL-6 (Fig. 1B) when
compared to negative controls. We used 50 lg/ml of HMGB1
for subsequent experiments.

Incubation with HMGB1 Increases the mRNA Abundance
of Pro-Inflammatory Mediators in the Chorioamniotic
Membranes

Previous studies demonstrated that HMGB1 activates the
NF-jB pathway, which consequently upregulates the expres-
sion of pro-inflammatory cytokines [40–44]. Therefore, we
investigated whether this alarmin would cause the upregulation
of NF-jB and several pro-inflammatory cytokines in the
chorioamniotic membranes. Incubation of the chorioamniotic
membranes with HMGB1 increased the mRNA abundance of
NFKB1, IL6, TNF, IL1A, and IFNG compared to negative
controls (Fig. 2, A and C–F). Incubation of the chorioamniotic

membranes with HMGB1 tended to increase the mRNA
abundance of IL1B compared to negative controls, yet this
increase did not reach statistical significance (Fig. 2B; P ¼
0.053). However, the mRNA abundance of IL18 was unaltered
upon HMGB1 incubation (Fig. 2G). These data demonstrate
that HMGB1 can induce a pro-inflammatory response in the
chorioamniotic membranes.

HMGB1 interacts with RAGE, TLR-2, and TLR-4 [38, 39]
and can increase the expression of these receptors in a positive
feedback mechanism, which contributes to disease progression
in several pathological conditions [80]. Therefore, we inves-
tigated whether incubation with HMGB1 would increase the
expression of RAGE, TLR2, and TLR4 in the chorioamniotic
membranes. Incubation with HMGB1 increased the mRNA
abundance of RAGE and TLR2 (Fig. 2, H and I), but not TLR4
(data not shown), in the chorioamniotic membranes compared
to negative controls. These data demonstrate that HMGB1
increases the mRNA abundance of RAGE and TLR2 in the
chorioamniotic membranes.

Incubation with HMGB1 Increases the mRNA Abundance
and Protein Concentration of NLRP3 and NOD2 in the
Chorioamniotic Membranes

Next, we investigated whether HMGB1 upregulates the
mRNA and protein expressions of major inflammasome
components (NLRP1, NLRP3, NLRC4, and AIM2) and
NOD proteins (NOD1 and NOD2) in the chorioamniotic
membranes. Incubation with HMGB1 increased the mRNA
abundance of NLRP3, AIM2, NOD1, and NOD2 compared to
negative controls (Fig. 3, B, C, E, and F). However, the mRNA
abundance of NLRP1 and NLRC4 was unchanged upon
HMGB1 incubation (Fig. 3, A and D). HMGB1 increased
the protein concentrations of NLRP3 and NOD2 in the
chorioamniotic membranes compared to negative controls
(Fig. 4, B and F). In contrast, the protein concentrations of
NLRP1, AIM2, NLRC4, and NOD1 were unaltered upon
HMGB1 incubation (Fig. 4, A and C–E). These data
demonstrate that HMGB1 simultaneously upregulates the
mRNA and protein expression of NLRP3 and NOD2 in the
chorioamniotic membranes.

FIG. 1. Incubation with HMGB1 induces the release of mature IL-1b and IL-6 by the chorioamniotic membranes. A) Protein concentrations of mature IL-
1b in the chorioamniotic membranes upon incubation with either media alone (negative control) or media containing HMGB1 (25 and 50 lg/ml, n¼ 13
each). B) Protein concentrations of IL-6 in the chorioamniotic membranes upon incubation with either media alone or media containing HMGB1 (25 and
50 lg/ml, n¼ 11–12 each).
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Incubation with HMGB1 Increases the Protein

Concentration and Activation of Caspase-1

We then investigated whether elevated concentrations of
NLRP3 and NOD2 were associated with the activation of
CASP-1 in the chorioamniotic membranes. Activation of
CASP-1 results in the generation of two subunits: p10 and
p20 [69]. Incubation of the chorioamniotic membranes with
HMGB1 tended to increase the mRNA abundance of CASP1
compared to negative controls, yet this increase did not reach
statistical significance (Fig. 5A). Incubation with HMGB1
increased the total protein concentration of CASP-1 in the
chorioamniotic membranes compared to negative controls (Fig.

5B). Moreover, the pro- and active forms of CASP-1 (p20)
were increased in the chorioamniotic membranes upon
incubation with HMGB1 (Fig. 5C). There was a 2.8-fold
increase in the active form of CASP-1 (p10) upon incubation of
the chorioamniotic membranes with HMGB1, yet this increase
did not reach statistical significance (Fig. 5C). Because an
increase in the p20 subunit alone is a sufficient marker for the
activation of this inflammatory caspase [81, 82], these data
demonstrate that HMGB1 induces the activation of CASP-1 in
the chorioamniotic membranes.

FIG. 2. Incubation with HMGB1 increases the mRNA abundance of pro-inflammatory mediators by the chorioamniotic membranes. Messenger RNA
abundance of NFKB1 (A), IL1B (B), IL6 (C), TNF (D), IL1A (E), IFNG (F), IL18 (G), RAGE (H), and TLR2 (I) in the chorioamniotic membranes upon
incubation with either media alone or media containing HMGB1 (n¼ 7 each). Relative gene expressions are presented as �DCt values.
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Incubation with HMGB1 Increases the mRNA Abundance
and Active Form of MMP-9 in the Chorioamniotic
Membranes

The median concentration of HMGB1 is higher in amniotic
fluid samples from women with PPROM than in those from
women who undergo spontaneous preterm labor with intact
membranes [33]. In addition, amniotic fluid MMP-9 concen-
trations are increased among women with PPROM compared
to those who undergo spontaneous preterm labor with intact
membranes [83], and a polymorphism in the MMP-9 promotor
is associated with an increased risk of PPROM [84]. Therefore,
we investigated whether incubation with HMGB1 would
increase the mRNA abundance and active form of MMP-9 in
the chorioamniotic membranes. Incubation with HMGB1
increased the mRNA abundance (Fig. 6A) and active form
(Fig. 6B) of MMP-9 in the chorioamniotic membranes
compared to negative controls. An increase in the mRNA
abundance of MMP-9 and its active form suggests that
HMGB1 may be implicated in the mechanisms of rupture of
the membranes.

HMGB1 Concentration Is Increased in the Chorioamniotic
Membranes from Women Who Underwent Spontaneous
Preterm Labor

HMGB1 concentration in the cytoplasmic fraction of the
chorioamniotic membranes is not different between women
who underwent spontaneous labor at term and those who
delivered at term without labor [79]. In this study, we
determined whether the concentration of HMGB1 was
increased in the chorioamniotic membrane extracts from
women who underwent spontaneous preterm labor. The
chorioamniotic membrane extracts from women who under-
went spontaneous preterm labor had greater concentrations of
HMGB1 than those from women who had undergone
spontaneous labor at term (Fig. 7). These findings demonstrate
that the chorioamniotic membranes from women undergoing
spontaneous preterm labor have an elevated concentration of
the alarmin HMGB1.

DISCUSSION

Principal Findings of the Study

Incubation of the chorioamniotic membranes with HMGB1
1) induced the release of mature IL-1b and IL-6; 2) upregulated
the mRNA expression of the pro-inflammatory mediators
NFKB1, IL6, TNF, IL1A, and IFNG, as well as HMGB1
receptors RAGE and TLR2; 3) upregulated the mRNA

FIG. 3. Incubation with HMGB1 increases the mRNA abundance of inflammasome components and NOD proteins in the chorioamniotic membranes.
Messenger RNA abundance of NLRP1 (A), NLRP3 (B), AIM2 (C), NLRC4 (D), NOD1 (E), and NOD2 (F) in the chorioamniotic membranes upon incubation
with either media alone or media containing HMGB1 (n¼ 6–7 each). Relative gene expressions are presented as �DCt values.
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expression of NLRP3, AIM2, NOD1, and NOD2; 4) increased
the protein concentrations of NLRP3 and NOD2; 5) increased
the protein concentration of CASP-1 and the quantity of its
active form (p20); and 6) upregulated the mRNA abundance
and active form of MMP-9. In addition, HMGB1 concentra-
tions in the chorioamniotic membrane extracts from women
who underwent spontaneous preterm labor were greater than in
those from women who had undergone spontaneous labor at
term. Collectively, these data suggest that HMGB1 induces an
inflammatory response in the chorioamniotic membranes,
which is partially mediated by the inflammasome.

Incubation of the Chorioamniotic Membranes with
HMGB1 Induces the Release of Mature IL-1b and IL-6 as
well as the Upregulation of Pro-inflammatory Mediators

HMGB1 induces the activation of NF-jB in innate immune
cells [40–43]. The study herein demonstrated that HMGB1 also
upregulated the mRNA expression of NF-jB in the cho-
rioamniotic membranes. This was accompanied by the
upregulation of downstream targets such as IL6, TNF, IL-1A,
and IFNG. Importantly, incubation of the chorioamniotic
membranes with HMGB1 also increased the concentrations
of mature IL-1b and IL-6. These cytokines participate in the
pathophysiology of spontaneous preterm labor [23]. In
particular, IL-1b is a central mediator of pathological
inflammation because its administration induces preterm labor
and birth in mice [85, 86] and monkeys [10–12]. This effect is
ameliorated by the administration of its antagonist IL-1RA [86,

87]. IL-1b is synthesized as a zymogen, which is processed
into its mature form by the inflammasome [48, 88]. In addition,
neutrophil- and macrophage-derived serine proteases (e.g.,
proteinase 3, elastase, cathepsin-G, chymase, and chymotryp-
sin) and metalloproteases (e.g., meprin a and meprin b) can
cleave pro-IL-1b into its mature form [75, 89–92]. Recently,
we provided evidence demonstrating that the inflammasome is
implicated in the processing of mature IL-1b in the
chorioamniotic membranes in the setting of physiological
inflammation during term parturition [47]. Our recently
published data also support a role for the inflammasome in
the processing of mature IL-1b in pathological inflammation
(i.e., acute histologic chorioamnionitis) in term [93] and
preterm [94] gestations. These findings are concordant with
previously reported observations demonstrating that 1) amni-
otic fluid IL-1b concentrations are greater in women who had
undergone spontaneous term labor compared to those who
delivered at term without labor [95] and 2) amniotic fluid IL-1b
concentrations are elevated in women who had undergone
spontaneous preterm labor with intra-amniotic infection
compared to those without this clinical complication [30]. IL-
1b actively participates in the process of labor by inducing 1)
the biosynthesis of prostaglandin E2 by the human amnion [96]
and myometrial cells [97, 98], 2) the expression of cycloox-
ygenase-2 in human myometrial cells [99], and 3) the
expression of matrix-metabolizing enzymes (MMP-1, MMP-
3, MMP-9, and cathepsin S) in human cervical smooth muscle
cells [100]. Collectively, these data show that HMGB1 induces
the release of mature IL-1b in the chorioamniotic membranes,

FIG. 4. Incubation with HMGB1 increases the protein concentration of NLRP3 and NOD2 in the chorioamniotic membranes. Protein concentrations of
NLRP1 (A, immunoblotting), NLRP3 (B, ELISA), AIM2 (C, ELISA), NLRC4 (D, immunoblotting), NOD1 (E, ELISA), and NOD2 (F, ELISA) in the
chorioamniotic membranes upon incubation with either media alone or media containing HMGB1 (n¼ 7–9 each). ACTB was used as a loading control.
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which we suggest is partially mediated by the inflammasome.
The fact that incubation of the chorioamniotic membranes with
HMGB1 also induces the release of IL-6, an inflammasome-
independent cytokine, suggests that this alarmin activates
inflammasome and non-inflammasome pathways in order to
promote preterm labor and birth [35].

We also found that incubation of the chorioamniotic
membranes with HMGB1 upregulated the mRNA expression
of RAGE and TLR2. RAGE and TLR2 are putative receptors
for HMGB1 [38, 39] that are regulated by NF-jB. Because we
demonstrated that HMGB1 increased the expression of
NFKB1, it is not surprising that it also upregulated the
expression of RAGE and TLR2. This positive-feedback
mechanism is thought to participate in the amplification of
pathological inflammation [80], and in our model, it may
contribute to the pro-inflammatory milieu that accompanies
spontaneous preterm labor.

Incubation of the Chorioamniotic Membranes with
HMGB1 Increases the mRNA Abundance and Protein
Concentration of NLRP3 and NOD2

Physiological inflammation during spontaneous labor at
term includes the participation of inflammasomes [47].
Specifically, we demonstrated that the mRNA abundance and
protein expression of NLRP3 and NOD2 are increased in the
chorioamniotic membranes of women who underwent sponta-
neous labor at term compared to those who delivered at term

without labor [47]. Herein, we demonstrated that incubation of
the chorioamniotic membranes with HMGB1 increased the
mRNA abundance and protein expression of NLRP3 and
NOD2. Together, these data suggest that the HMGB1-induced
inflammatory response in the chorioamniotic membranes
resembles the physiological inflammation in the in vivo
scenario.

The NLRP3 inflammasome includes the NLRP3 protein
(also known as cryopyrin), the adaptor molecule ASC
containing two death-fold domains (one pyrin domain and
one CARD), and pro-caspase-1 [101–103]. Activation of the
NLRP3 inflammasome can be induced by chemically and
structurally different stimuli, including crystalline material
[104, 105], extracellular ATP released from dying cells
[106], peptide aggregates such as vaccine adjuvants [107–
111], phospholipid cardiolipin and mitochondrial DNA
[112–114], and bacterial toxins [106, 115, 116]. NLRP3
inflammasome activation requires two steps: priming and
assembly of the inflammasome complex [117, 118]. The
priming step is initiated by pattern recognition receptors,
cytokine receptors, or any other factor able to induce the
activation of NF-jB, which results in the upregulation of
NLRP3 to a functional level and pro-IL-1b expression [117–
119]. The second step is posttranscriptional and allows the
assembly of the NLRP3 inflammasome complex [117, 118].
The fact that incubation of the chorioamniotic membranes
with HMGB1 upregulated the mRNA and protein expression
of NLRP3 suggests that this alarmin can initiate the

FIG. 5. Incubation with HMGB1 increases the protein concentration and activation of caspase-1. A) Messenger RNA abundance of CASP1 in the
chorioamniotic membranes upon incubation with either media alone or media containing HMGB1 (n¼ 7 each). Relative gene expressions are presented
as �DCt values. B) Protein concentrations of CASP-1 in the chorioamniotic membranes upon incubation with either media alone or media containing
HMGB1 (n ¼ 9 each). C) Immunoblotting of CASP-1 in the chorioamniotic membranes upon incubation with either media alone or media containing
HMGB1 and its quantification (n¼ 9 each). GAPDH was used as a loading control.
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activation of the inflammasome. Yet, whether the assembly

of the NLRP3 inflammasome complex occurs in the

chorioamniotic membranes upon HMGB1 incubation re-

quires further investigation.

The NOD2 protein is an intracellular receptor that

recognizes bacterial peptidoglycan segments but does not

recruit inflammasome components [120–129]. NOD2 can also

mediate sterile inflammatory processes such as those related to

the endoplasmic reticulum stress response [130]. In dendritic
cells, NOD2 can act synergistically with the NLRP3
inflammasome in response to bacterial muramyl dipeptide
and uric acid [131]. A previous study showed that the mRNA
expression of NOD2 is greater in the chorioamniotic
membranes from women who underwent spontaneous preterm
labor than in those who delivered preterm without labor [132].
Herein, we demonstrated that the incubation of the chorioamni-
otic membranes with HMGB1 upregulated the mRNA and
protein expression of NOD2. Together, these data suggest that
NOD2 and the NLRP3 inflammasome may be implicated in the
HMGB1-induced preterm labor process [35].

Incubation of the Chorioamniotic Membranes with
HMGB1 Induces the Activation of Caspase-1

Oligomerization of the inflammasome leads to the recruit-
ment of ASC, which binds and activates pro-CASP-1 via its
CARD domain [64, 133]. Active forms of CASP-1 are able to
convert inactive pro-IL-1b into its bioactive and secreted form
[68–70, 88, 134]. In the current study, incubation of the
chorioamniotic membranes with HMGB1 induced the activa-
tion of CASP-1, which coincided with the release of the mature
form of IL-1b. In concordance with this finding, the active
forms of CASP-1 and the mature form of IL-1b are increased in
the chorioamniotic membranes in spontaneous labor at term
[47]. In addition, the mRNA abundance and active form of
CASP-1 (p10) are increased in the rupture zone of the
chorioamniotic membranes and myometrium from women
who undergo spontaneous labor at term when compared to
those from women who deliver at term without labor [135].
Taken together, these data demonstrate that HMGB1 is
implicated in the activation of CASP-1 in the chorioamniotic

FIG. 6. Incubation with HMGB1 increases the mRNA abundance and active form of MMP-9 in the chorioamniotic membranes. A) Messenger RNA
abundance of MMP9 in the chorioamniotic membranes upon incubation with either media alone or media containing HMGB1 (n¼7 each). Relative gene
expressions are presented as �DCt values. B) Zymography of the active form of MMP-9 in the chorioamniotic membranes upon incubation with either
media alone or media containing HMGB1 and its quantification (n ¼ 8 each).

FIG. 7. HMGB1 concentration is increased in the chorioamniotic
membranes from women who underwent spontaneous preterm labor.
Protein concentrations of HMGB1 in the chorioamniotic membranes from
women who delivered at term with labor (TIL, n ¼ 9) or without labor
(TNL, n¼ 12) or those who delivered preterm with labor (PTL, n¼ 11) or
without labor (PTNL, n¼ 8).
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membranes, which may participate in the maturation of IL-1b
during the process of labor.

Incubation of the Chorioamniotic Membranes with
HMGB1 Induces the Expression and Activation of MMP-9

Inflammasome activation [136] and IL-1b expression
[100] are associated with an enhanced production of
extracellular matrix remodeling enzymes, such as MMP-9.
Because incubation of the chorioamniotic membranes with
HMGB1 is characterized by the upregulation of inflamma-
some components and maturation of IL-1b, we hypothesized
that this alarmin would induce the expression and activation
of MMP-9. Consistent with our hypothesis, HMGB1
increased the mRNA expression and active form of MMP-9
in the chorioamniotic membranes. MMPs are a superfamily of
zinc enzymes that participate in the degradation of the
extracellular matrix [137–141]. Particularly, MMP-9 (also
known as gelatinase B) [142] is expressed by resident cells
and infiltrating leukocytes at the maternal-fetal interface and
is associated with the processes of term and preterm
parturition [143–154]. Collectively, these data suggest that
HMGB1 promotes the activation of MMP-9, which may
participate in the process of preterm parturition induced by
this alarmin [35].

Increased Concentration of HMGB1 in the Chorioamniotic
Membranes of Patients Who Undergo Spontaneous
Preterm Labor

Patients with sterile intra-amniotic inflammation and
elevated amniotic fluid concentrations of HMGB1 delivered
earlier than those with low concentrations of this alarmin
[20]. In addition, intra-amniotic administration of HMGB1
induces preterm labor and birth in mice [35]. Herein, we
showed that the chorioamniotic membrane extracts from
women who underwent spontaneous preterm labor had
greater HMGB1 concentrations than those who had under-
gone spontaneous labor at term. These data demonstrate that
the chorioamniotic membranes from women who underwent
spontaneous preterm labor contain high concentrations of
HMGB1, which may contribute to the quantity of this
alarmin in the amniotic fluid of women with sterile intra-
amniotic inflammation.

A limitation of the current in vitro study is that the effects of
HMGB1 were observed at high concentrations. Incubation of
the chorioamniotic membranes with low concentrations of
HMGB1 did not increase the release of mature IL-1b or IL-6
(Supplemental Fig. S1). It is likely that physiological
concentrations of HMGB1 induce PTB in mice [35] by
triggering the release of other alarmins which, in turn, will
amplify the inflammatory response in the amniotic cavity and
promote labor. However, the findings herein provide insight
into the mechanisms whereby HMGB1 induces preterm labor
and birth, and further in vivo studies are needed in order to
extend our observations.

The study herein demonstrates that HMGB1 induces a pro-
inflammatory response in the chorioamniotic membranes,
which may be partially mediated by the inflammasome. This
response was characterized by the upregulation of pro-
inflammatory mediators, increased expression and activation
of MMP-9, and the processing of mature IL-1b, which is
likely mediated by inflammasome-derived CASP-1 activa-
tion. Collectively, these findings provide insight into the
mechanisms whereby HMGB1 induces preterm labor and
birth in mice [35] and explain why the concentration of this

alarmin is increased in women who undergo spontaneous
preterm labor [20, 33].
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