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IL-113 stimulates ADAMTS9 expression 2
and contributes to preterm prelabor rupture
of membranes
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Abstract

Background Preterm prelabor rupture of membranes (pPROM) is a leading cause of neonatal morbidity and
mortality. While intra-amniotic infection is a well-established driver of pPROM, the role of sterile intra-amniotic
inflammation remains unclear. Recent evidence suggests that interleukin-1 beta (IL-1@3) promotes extracellular matrix
(ECM) remodeling via downstream effectors, a disintegrin-like and metalloproteinase domain with thrombospondin
type 1 motif 9 (ADAMTS9), while protein O-fucosyltransferase 2 (POFUT?2) facilitates its O-fucosylation and secretion,
amplifying ECM degradation. This study investigates how IL-1{3-triggered nuclear factor kappa-B (NF-kB) activation
promotes ADAMTS9 and POFUT2 expression, ultimately driving fetal membrane ECM remodeling and weakening in
pPROM without signs of intra-amniotic infection.

Methods A nested case-control study included maternal serum and fetal membrane samples from 60 pregnant
women (34 pPROM, 26 full-term births [FTB]). ELISA measured serum levels of IL-1 and ADAMTS9, and their
correlations were analyzed. Mechanistic studies utilized primary human amniotic epithelial cells (hAECs) and

fetal membrane-decidua explants with IL-1(3 treatment. The role of NF-kB was explored using chromatin
immunoprecipitation (ChIP) and luciferase assays to assess NF-kB binding to the promoters of ADAMTS9 and POFUT2.
A murine model of sterile intra-amniotic inflammation under ultrasound-guided IL-1( injection was used to validate
in vitro findings and assess pregnancy outcomes.

Results Serum IL-13 and ADAMTSO levels at 16 weeks of gestation were significantly higher in pPROM cases
compared to FTB controls (P<0.001). A combined model of these biomarkers demonstrated high predictive accuracy
for pPROM (AUC =0.83). Mechanistically, IL-1(3 activated NF-kB, leading to its binding to the promoters of ADAMTS9
and POFUT2. NF-kB activation promoted ADAMTS9 expression, while POFUT2 enhanced its secretion. Together, these
processes drove versican degradation and ECM weakening. Intra-amniotic administration of IL-1( in mice induced
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fetal membrane weakening, preterm birth, and adverse neonatal outcomes, which were mitigated by the NF-«B

inhibitor BAY 11-7082 treatment.

Conclusion Maternal serum ADAMTS9 levels at mid-gestation are promising non-invasive biomarkers for pPROM risk
stratification. Mechanistically, IL-13-induced NF-kB activation promotes ADAMTS9 expression and POFUT2-dependent
secretion, contributing to fetal membrane weakening. These findings provide new insights into the role and potential
therapeutic target for sterile intra-amniotic inflammation in pPROM.

Keywords Preterm prelabor rupture of fetal membranes, Interleukin-1 beta, ADAMTS9, NF-kappa B, Protein

O-fucosyltransferase 2

Introduction

Preterm birth (PTB), defined as delivery before 37 weeks
of gestation, significantly impacts 5-18% of pregnancies
globally [1, 2]. It is a leading cause of neonatal morbid-
ity and mortality, imposing long-term health risks on
surviving infants [3]. Preterm prelabor rupture of mem-
branes (pPROM) accounts for 30-40% of PTB cases. Due
to the difficulty in predicting the onset and progression,
pPROM has been a significant challenge in pregnancy
management [4, 5]. These outcomes underscore the
urgent need for detailed investigation into the mecha-
nisms and biomarker identification for pPROM, thereby
reducing the rate of preterm births.

The fetal membranes’ structural integrity is essen-
tial for pregnancy maintenance. However, preterm fetal
membrane weakening occurs more acutely than dur-
ing full-term birth (FTB) [6, 7]. Notably, chorioamniotic
separation (CAS) has been considered a precursor to the
loss of membrane integrity in pPROM, occurring before
the onset of clinical symptoms of membrane rupture [8].
Clinical studies have highlighted that extensive amniotic
membrane detachment is associated with adverse peri-
natal fetal outcomes [9]. Although fetal membrane dam-
age in preterm labor has been investigated over the years
[10-12], the molecular mechanisms that initially trigger
CAS in this process are still not fully understood.

Extracellular matrix (ECM) components are widely
involved in maintaining fetal membranes’ mechanical
strength and functional integrity. Pathological studies
suggest that CAS may originate from a proteoglycan-rich
intermediate layer and be triggered by mechanical stress
or biochemical degradation [13]. Previous studies have
focused on the degradation of fibrous proteins such as
collagen. However, the role of non-fibrous proteoglycan
in pPROM is less understood. Versican (VCAN), a type
of chondroitin sulfate proteoglycan (CSPG) and a mem-
ber of the hyalectan family of ECM components, provides
biomechanical strength, and its proteolytic cleavage may
be closely linked to increased susceptibility to rupture
[14]. Recent studies have found that its cleavage product
versikine could significantly induce inflammatory factors
in amniotic mesenchymal cells and be involved in the

spontaneous rupture of the fetal membrane at parturi-
tion [15].

In addition to the external environment and mater-
nal conditions, intra-amniotic infection caused by
microbes is another known risk factor for pPROM, with
its microbial pathogenic and cytotoxic mechanisms
extensively studied. In clinical practice, only a minority
of pPROM cases are diagnosed early based on detect-
able signs of intra-amniotic infection, which allows for
timely intervention and is associated with improved
clinical outcomes [16, 17], while they generally do not
prevent preterm birth in cases without proven infec-
tion [18, 19]. Currently, many cases still lack microbial
evidence, highlighting the potential role of sterile intra-
amniotic inflammation in pPROM [20]. Previous studies
have found that sterile intra-amniotic inflammation is
mainly mediated by oxidative stress, senescent or apop-
totic cells releasing damage-associated molecular pat-
terns (DAMPs) [21, 22], which trigger signaling cascades
through receptor-activated immune pathways such as
p38 mitogen-activated protein kinase (p38MAPK) and
nuclear factor kappa-B (NF-kB), ultimately leading to the
upregulated pro-inflammatory cytokines such as tumor
necrosis factor-alpha (TNF-a), interleukin-6 (IL-6), and
IL-1p [10, 23, 24]. These cytokines further exacerbate
inflammation, weakening and even severely damaging
the fetal membranes. Importantly, IL-1f has been identi-
fied not only as a mediator of inflammation but also as
a regulator of ECM dynamics [25-27], possibly through
its type I IL-1P receptor (IL-1R1)-mediated downstream
pathways to affect a disintegrin and metalloproteinase
with thrombospondin motifs 9 (ADAMTS9), an enzyme
that modulates ECM components like versican [28-31].
Although IL-1f enhances ADAMTS9 expression in
chondrosarcoma cells [32, 33], how IL-1f influences
ADAMTS9 activity in the fetal membranes and its sub-
sequent impact on versican degradation remains unclear,
particularly without signs of intra-amniotic infection.

This study aims to investigate the potential of maternal
serum IL-1B and ADAMTS9 levels at 16 weeks of ges-
tation as novel non-invasive predictive biomarkers for
pPROM without signs of intra-amniotic infection. Addi-
tionally, it seeks to explore their roles and underlying
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mechanisms in the pathophysiological weakening of fetal
membranes during the development of pPROM.

Materials and methods

Study design

This nested case-control study was conducted within
a larger prospective cohort study initiated at Tianjin
Central Hospital in Tianjin, China. The study initially
enrolled 243 singleton pregnant women between 28*°
and 40*® weeks of gestation. Maternal serum was col-
lected at 16 weeks of gestation as a single-time-point
sampling from all participants. After excluding cases with
potential confounding factors, such as preterm rupture of
membranes > 37 weeks of gestation, spontaneous preterm
birth with intact membrane, preexisting or gestational
diabetes mellitus, and in vitro fertilization, 155 women
with full-term births (FTB, n=103) and pPROM (n=52)
were included in the study. Management of pPROM has
been previously described in detail [34, 35]. The proto-
col consists of an initial assessment and confirmation of
membrane rupture, administration of corticosteroids
for fetal lung maturation, and antibiotic prophylaxis to
prevent infection, followed by careful monitoring for
labor progression and signs of infection. The decision
for timing of delivery is made based on gestational age,
fetal and maternal well-being, and the presence of any
complications.

Following the preliminary analysis of clinical data, a
total of 27 women were excluded from the study due to
the presence of various conditions: placental anomalies
(n=9), obstetric infections including clinical chorioam-
nionitis (n=11) and bacterial vaginosis (n = 6), along with
major fetal structural anomalies (n=1). To minimize the
influence of potential intra-amniotic infections on the
study outcomes, an additional 7 women diagnosed with
acute histological chorioamnionitis were excluded fol-
lowing pathological examinations. After stringent serum
quality control (n=7), 34 women with pPROM (gesta-
tional age > 31 weeks) and 26 age- and BMI-matched FTB
women as controls were selected for the final measure-
ment and comparison of serum IL-1p and ADAMTS9
levels to explore their potential as predictive biomark-
ers for pPROM without signs of intra-amniotic infec-
tion. pPROM was defined as membrane rupture before
37 weeks. This study evaluated signs of intra-amniotic
infection according to the following criteria: (i) clinical
chorioamnionitis; (ii) pathological acute histological cho-
rioamnionitis [36, 37]. Clinical data were collected post-
delivery (Table S1).

Fetal membrane tissues were collected within 15 min
post-delivery, washed with 0.9% saline, and subsequently
fixed in 4% formaldehyde. For histological examination,
five cases from each group were randomly selected.
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The study was approved by the Obstetrics and Gyne-
cology Ethics Committee of Tianjin Central Hospital
(Approval No. 2021KY113). The confidentiality of the
patients was strictly protected, and no personal data were
required for this study. All participants provided written
informed consent.

Human fetal membrane-decidual explants

The human fetal membrane-decidual tissues used to
establish an explant model of sterile intraamniotic
inflammation were obtained from singleton pregnan-
cies and women with complications undergoing elective
cesarean section before the onset of labor. Briefly, fetal
membrane-decidual tissues were cleared with HBSS
containing antibiotic-antimycotic solution (Solarbio)
and cultured in transwell chambers (0.4-um pore size,
BD Falcon). Before treating IL-1p (10 ng/mL, MedChe-
mExpress), Amniotic epithelium was pretreated with
shADAMTS9 or shNC lentivirus for 8 h. Following the
successful establishment of the model, explants were col-
lected for subsequent pathological staining. We also iso-
lated hAECs, hAMCs, hCMCs, hCTCs, and hDECs from
women with FTB for further analysis.

Human primary hAECs isolation and culture

The amnion was obtained from healthy pregnant women
at full term undergoing cesarean section. Briefly, the
amnion was cleared with HBSS containing antibiotic-
antimycotic solution and digested into single-cell sus-
pension with 0.25% trypsin. After centrifugation, the
cell pellet was resuspended and cultured in DMEM/F12
medium containing 1% antibiotic-antimycotic, 10% FBS
(Gibco), 1% sodium pyruvate (Gibco), 1% MEM nones-
sential amino acids (Gibco), 1% L-glutamine (Gibco),
0.1% P-mercaptoethanol (Thermo Fisher), and 0.01%
EGF (Peprotech) (37 °C with 5% CO,).

Animal study

All animal procedures, including euthanasia, were car-
ried out following ARRIVE guidelines and approved
by the Institutional Review Board of Nankai University.
C57BL/6 mice (Vital River, China), aged 8-12 weeks,
were housed under controlled conditions and mated
overnight. The gestational day was counted as 0.5 dpc
when a vaginal plug was present.

All mice were randomly assigned to three groups and
numbered sequentially at 15.5 dpc: PBS (n=10), IL-1p
(n=16), and IL-1f+BAY (n=14). On 17.5 dpc, 1st half
of the mice in each group were designated for pregnancy
monitoring, including ultrasound scanning and fetal
heart rate examination. After the monitoring, serum
samples were collected. The mice were then euthanized
by inhalation of isoflurane, and fetal and placental photos
were taken during tissue dissection. The 2nd half in each
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group was observed until 20.5 dpc to record delivery out-
comes. Neonatal weight was obtained immediately after
delivery. The fetal heart rate and neonatal weight are
reported as an average per litter. The gestational length
was calculated from the detection of the vaginal plug
(defined as 0.5 days post-coitum, dpc) until the appear-
ance of the first pup in the cage bedding. Preterm birth
was defined as delivery before 18.5 dpc, and its rate was
quantified by the percentage of preterm females relative
to the total number of pregnant mice. The rate of neo-
natal mortality was quantified by the percentage of pups
confirmed dead at birth out of the total number of pups
delivered. The survival rate of neonates within four weeks
was defined as the proportion of survival pups among the
total number of infants at postnatal four weeks.

A mouse model of ultrasound-guided intra-amniotic
inflammation was established as previously described
[11, 28, 38]. Briefly, Mice were anesthetized on 15.5 dpc
by inhalation of 1.75% isoflurane. Intra-amniotic admin-
istration of IL-1B (100 ng/20 puL, MedChemExpress) or
PBS (1X/20 pL) was performed in each gestational sac
under ultrasound guidance, using the Vevo 2100 Imag-
ing System (VisualSonics) with a 29-gauge needle. Half
an hour later, NF-kB inhibitor BAY 11-7082 (100 pg/100
uL, MedChemExpress) or PBS was administered via tail
vein; injection was given every two days until delivery
or 20.5 dpc. The dose of 100 ng/20 uL IL-1p for intra-
amniotic injection was selected based on a comprehen-
sive review of prior research [39-41], notably adjusting
from the 10 pg used by Romero et al. in similar mouse
experiments [29], which successfully simulated infection-
induced severe or acute intra-amniotic inflammation and
subsequent preterm labor. Considering the role of IL-1f
in sterile intra-amniotic inflammation and its potential
impact on fetal membrane stability, a lower dosage facili-
tates the simulation of a longer period of sterile inflam-
mation by avoiding immediate preterm labor.

Others

To ensure a comprehensive understanding of all other
methods employed in this study, additional laboratory
techniques such as Western blotting, qRT-PCR, his-
tological staining, immunohistochemistry, and immu-
nofluorescence staining, as well as information on the
corresponding antibodies and primers, are discussed in
the supplementary file.

Statistical analysis

The Shapiro-Wilk test was used to assess the normality
of continuous data. Continuous variables were compared
using the Mann-Whitney U test and the Kruskal-Wal-
lis H analysis, followed by Denn’s test. The results were
presented as a median with an interquartile range or
minimum to maximum values. Categorical variables
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were compared using chi-squared or Fisher’s exact test,
and the results were presented as counts or percent-
ages. Spearman’s correlation analysis was used to detect
correlations among non-normally distributed continu-
ous variables. Receiver operating curves (ROCs) were
constructed to evaluate the performance of serum IL-1
and ADAMTS9 levels at 16 weeks of gestation from the
nested case-control study for predicting pPROM without
signs of intra-amniotic infection, and the areas under the
curve (AUC) were determined and compared by Delong
test. A P-value calculated with two tails and <0.05 was
considered statistically significant. All the Statistical anal-
yses were performed using GraphPad Prism 10 and SPSS
26.0, except the Delong test conducted by MedCalc Soft-
ware 22.032.

Results

Elevated serum II-13 and ADAMTS9 levels predict pPROM
in pregnant individuals

This was a nested case-control study conducted within
a larger prospective cohort study. Serum samples were
collected from all participants at 16 weeks of gestation.
Initially, 243 women (FTB, n=140; PTB, n=103) were
screened for study eligibility. The flow of participants is
displayed in Fig. 1. After excluding cases due to serum
samples failing quality control (#=7) and histological
chorioamnionitis (» =7), 114 women were considered for
final testing and analysis. 60 women were finally included
for clinical and serological analysis, including 34 women
with pPROM without signs of intra-amniotic infection
and 26 age- and BMI-matched women with FTB as con-
trols. No significant differences in demographics were
observed except for gestational age at delivery, which
was significantly lower in the pPPROM group (P <0.0001;
Table S1).

Serum levels of IL-1p and ADAMTS9 at 16 weeks of
gestation were significantly elevated in women who went
on to develop pPROM without signs of intra-amniotic
infection compared to FTB controls (P=0.0005 and
P=0.0001) (Fig. 2a and b). Specifically, the median mea-
sured concentrations of IL-1 and ADAMTS9 were 10.30
pg/mL (interquartile range [IQR], 7.14-21.28 pg/mL)
and 6.17 ng/mL (IQR, 3.94-10.69 ng/mL) in pPROM,
respectively, vs. 6.53 pg/mL (IQR, 4.90-9.70 pg/mL) and
3.13 ng/mL (IQR, 2.31-4.45 ng/mL), in FTB. A signifi-
cant positive correlation between serum concentrations
of IL-1p and ADAMTS9 was evident in pPROM (r=0.51,
P<0.01) but not in FTB (r=0.06, P=0.70) (Fig. 2c and d).

The predictive accuracy of serum IL-1 and ADAMTS9
concentrations at 16 weeks of gestation for pPPROM with-
out signs of intra-amniotic infection was assessed using
ROC analysis. The AUC values for pPROM were 0.77
(95% confidence interval [CI], 0.64—0.87), 0.78 (95%
CI, 0.66—0.88), and 0.83 (95% CI, 0.71-0.91) for IL-1p,
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243 singleton pregnant women from the Tianjin
Central Hospital of Gynecology Obstetrics
(PTB=103, FTB=140)

FTB were Age- and BMI-matched sampling approximately 1:1

Exclusion (n=88, 36.2%)
» premature rupture of membranes
at term (n=12) ¢

» Spontaneous preterm birth with

intact membranes (n=11)

Preexisting or gestational diabetes y

mellitus (n=34)
Preeclampsia (n=12)
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155 delivered
FTB (n=103, 66.5%)
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Exclusion (n=27, 17.4%)

A4

+ Placental anomalies (placenta praevia,
velamentous insertion, etc. n=9)

\/

128 data available
FTB (n=88, 68.7%)
pPROM (n=40, 31.3%)

+ Women with obstetric infection
(Clinical chorioamnionitis, etc. n=17)
» Major structural fetal anomalies (n=1)

Exclusion (n=14, 10.9%)
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+ Acute histological chorioamnionitis (n=7) \
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FTB (n=80, 70.2%)
pPROM (n=34, 29.8%)

v

v

FTB group
(n=26, 43.3%)
Age- and BMI-matched

pPROM group
(n=34, 56.7%)

Fig. 1 The patient flow diagram of the study population

ADAMTS9, and the combined model of IL-1p and
ADAMTSY, respectively, and all the two-tailed P-values
are significant (P<0.0001) (Fig. 2e and Table S2). The
AUC value for predicting pPPROM determined using the
combined model was the highest among the 3 variables,
but it did not reach statistical significance when com-
pared with IL-1p and ADAMTS9 individually (Table S3).
In particular, the likelihood ratio for the combined model
(8.17) far exceeds that of the individual markers (IL-1f: 1
0.86, ADAMTSY: 4.27), illustrating a significant increase
in the odds of detecting pPROM when both biomark-
ers indicate positive results. ADAMTSY also exhibited
higher specificity (84.62%) than IL-1B (53.85%), indicat-
ing better accuracy in correctly identifying women who
will not experience pPROM.

ADAMTS9 overexpression in hAECs correlates with reduced
versican levels and weakened fetal membranes in pPROM

Given that ADAMTS9 demonstrated higher specific-
ity than IL-1B in predicting pPROM, we investigated

its involvement in breaking down versican [7, 42]. In
fetal membrane tissues from FTB and pPROM cases,
pPROM amnions exhibited looser microstructure,
reduced proteoglycan deposition in the intermediate
layer, and decreased cytokeratin 18 (CK18) compared to
FTB (Fig. 3a and b). ADAMTS9 was primarily expressed
in hAECs and significantly increased in pPROM
samples, while versican levels were notably lower in
pPROM patients (Fig. 3c). These findings were con-
firmed in primary hAECs from FTB and pPROM cases
(Fig. 3d). hAECs from pPROM cases exhibited elevated
ADAMTS9 and decreased CK18 and Vimentin levels
(Fig. 3e and £, and Fig. S1). These results suggest that ele-
vated ADAMTSO expression in hAECs may contribute to
pPROM by reducing versican levels and weakening fetal
membranes.
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Fig. 2 The predictive efficacy of individual and composite biomarkers in predicting preterm prelabor rupture of membranes (pbPROM). (a, b) Differences
in prenatal serum IL-13 and ADAMTS9 concentrations between full-term birth (FTB; n=26) and pPROM (n=34) were determined using the Mann-Whit-
ney U test. (¢, d) The correlation between serum IL-13 and ADAMTS9 in women with FTB and pPROM was evaluated using Spearman’s correlation coef-
ficient (r). The orange line indicates the slope of the linear regression. The shadowed area indicates a 95% confidence interval, and the gray dashed line
indicates the reference line. () Comparison of ROC curves of single and combined markers for predicting pPROM using the Delong method (n=60). In
the box-and-whisker plots, the midlines represent the medians, the boxes indicate the interquartile ranges, and the whiskers represent the minimum

and maximum values. ***P<0.001, ns. P>0.05

IL-1pB signaling enhances ADAMTS9 expression and
versican depletion in hAECs

PPROM is associated with elevated levels of DAMPs
[13]. When primary hAECs were exposed to DAMP-
induced inflammatory cytokines, IL-1p notably upregu-
lated ADAMTSY transcription and secretion (Fig. 4a
and b). Western blot analysis confirmed a significant
increase in ADAMTS9 levels 24 h post-IL-1p treatment,
coinciding with reduced versican protein expression
after 24 h (Fig. 4c). To elucidate the role of ADAMTS9
in IL-1B-induced fetal membrane weakening, we used
a fetal membrane-decidual explant model with hAECs
pretreated with shADAMTS9 for 8 h (Fig. 4d). The
downregulation of ADAMTS9 in hAECs confirmed the
effectiveness of the model (Fig. 4f and Fig. S2). Addition-
ally, IL-1P treatment reduced ECM deposition in amnion
tissue and increased ADAMTS9 expression in hAECs;
these effects were attenuated by ADAMTS9 knockdown
(Fig. 4e). Immunohistochemical staining showed elevated
IL-1R1 levels in hAECs from pPROM cases, consistent
with increased ADAMTS9 expression (Fig. 4g). Further-
more, the IL-1R1 inhibitor AF12198 reduced both mRNA
and protein levels of ADAMTS9 in primary hAECs cul-
tured with IL-1f (Fig. 4h). These results collectively
suggest that IL-1f signaling upregulates ADAMTS9 in
hAECs, leading to versican depletion and fetal membrane
weakening in pPROM.

IL-1B promotes ADAMTSO transcription via NF-kB
activation in pPROM

GSEA analysis of the GSE73685 dataset revealed upreg-
ulated IL-1R and NF-«kB pathways in pPROM (Fig. S3).
Immunohistochemical staining confirmed increased
p-p65-positive hAECs in pPROM versus FTB (Fig. 5a).
Immunofluorescence revealed elevated ADAMTS9 and
p-p65 expression in hAECs from pPROM cases (Fig. 5b
and c). In IL-1B-treated hAECs, p65 overexpression
increased ADAMTS9, while BAY treatment reduced it
(Fig. 5d-f). Activated p-p65 exerts transcriptional regu-
latory function by forming an NF-kB dimer with p50
[43]. Our hypothesis that activated NF-xB could bind
to the ADAMTS9 promoter to enhance its transcrip-
tion was confirmed by ChIP assays, which demonstrated
p-p65 binding to the ADAMTS9 promoter in the pres-
ence of IL-1p (Fig. 5g and h). Luciferase reporter assays
with mutant ADAMTS9 promoters showed that IL-1p-
mediated ADAMTS9 promoter activity was abolished

in mutants (Fig. 5i), suggesting that IL-1p promotes
ADAMTS9 transcription by facilitating NF-kB recruit-
ment to its promoter (Fig. 5j).

POFUT2 and NF-kB mediate IL-1B-induced ADAMTS9
expression and secretion in pPROM

Protein O-fucosyltransferase 2 (POFUT2) can regulate
ADAMTS9 expression and secretion in various dis-
eases [44, 45]. Immunohistochemical staining revealed
increased POFUT?2 protein expression in pPROM com-
pared to FTB (Fig. 6a), with colocalized POFUT2 and
ADAMTS9 in hAECs from pPROM (Fig. 6b). ChIP assay
demonstrated that IL-1B treatment enhanced p-p65
binding to the POFUT2 promoter (Fig. 6¢ and d). Lucif-
erase reporter assays with mutated POFUT2 promoter
binding sites reduced IL-1B-induced promoter activity
(Fig. 6e and f). Moreover, IL-1p upregulated POFUT2
mRNA levels in hAECs, which was abolished by BAY
treatment or POFUT2 knockdown (Fig. 6g). Western blot
analysis and ELISA revealed that POFUT2 knockdown
or BAY treatment attenuated IL-1B-induced ADAMTS9
expression and secretion (Fig. 6h and i), suggesting that
IL-1p enhances POFUT2 expression in hAECs through
NF-xB recruitment, leading to increased ADAMTS9
secretion and potentially contributing to fetal membrane
weakening in pPROM.

Inhibition of NF-kB signaling mitigates IL-1B-induced fetal
complications and PTB

Using a murine model of intra-amniotic inflammation
induced by IL-1pB, we administered corresponding drugs
through the ultrasound-guided intra-amniotic injec-
tion from gestational day 15.5 until the onset of labor or
full term (Fig. 7a). IL-1p-exposed fetuses had lower fetal
heart rates than controls, while BAY treatment improved
fetal heart rates (Fig. 7b). IL-1p-injected mice displayed
reduced fetal weights and sizes at birth, which were sig-
nificantly improved by BAY treatment (Fig. 7c, d and Fig.
S4).

We also assessed pregnancy duration, PTB rate, neo-
natal mortality, and short-term postnatal survival in pre-
term infants. Dams injected with IL-1f exhibited a higher
PTB rate, neonatal mortality, and shorter gestation
length than those receiving PBS. BAY treatment partially
mitigated these effects, increasing pregnancy durations
(Fig. 7e-g) and improving survival rates of neonates at
week 4 (Fig. 7h). These results suggest that blocking the
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NF-«B signaling pathway decreases fetal growth restric-
tion and stillbirth rates associated with pPROM.

Potential role of serum ADAMTS9 in predicting PTB and
NF-kB/ADAMTS9 pathway in fetal membrane weakening
We investigated the potential of serum IL-1f and
ADAMTS9 in predicting PTB. ELISA results dem-
onstrated higher serum ADAMTS9 and IL-1P

concentrations in IL-1p-injected mice compared to con-
trols, with BAY treatment reducing ADAMTS9 levels
while leaving IL-1f unchanged (Fig. 8a and b). A positive
correlation was found between ADAMTSY and IL-1B
(Fig. 8¢c). ROC analysis showed that the combined model
of serum IL-1B and ADAMTS9, along with individual
ADAMTS9, exhibited superior predictive efficiency
for PTB compared to IL-13 alone, though statistical
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significance was not reached (Fig. 8d, Table S4, and Table
S5). These findings support the consideration of serum
ADAMTS9 as a potential predictor of PTB.

In addition, we assessed ECM deposition and NF-kB/
ADAMTS9 activation in amnion tissues. Amnionic

membranes from IL-1B-injected mice exhibited reduced
ECM deposition and versican levels compared to PBS-
injected mice, partially reversed by BAY treatment.
Protein levels of p-p65, ADAMTSY, and POFUT2 were
elevated in the amniotic membrane of IL-1B-injected
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hAECs from FTB and pPROM (Mann-Whitney U test). (d) ADAMTS9 and p65 mRNA expression in hAECs. (e) Quantification of ADAMTS9 protein secreted
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sion of p-p65, total-p65 (t-p65), and ADAMTS9 in hAECs after the indicated treatments. (g, h) Chromatin immunoprecipitation (ChIP) in combination with
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mice, reduced by BAY treatment (Fig. 8e). The heatmap  staining results were consistent with the findings above
of H-scores indicated similar expression patterns among  (Fig. S5a and S5b). Furthermore, immunofluorescence
p-p65, ADAMTS9, and POFUT?2, with negative cor- revealed that IL-1p treatment elevated the number of
relations with versican (Fig. 8f). Immunofluorescence  p-p65"8"/ADAMTSO"e" and  p-p65"8"/POFUT2NE
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Fig. 6 ADAMTS9 secretion is enhanced by NF-kB-mediated POFUT2 promoter activation and transcriptional regulation. (a) IHC staining and quantifica-
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hAECs, attenuated by BAY (Fig. S5c-h). These findings
suggest that blocking NF-kB/ADAMTS9 signaling may
inhibit pPROM by preventing fetal membrane weakening

(Fig 9).

Discussion

This study indicates that serum IL-1f and ADAMTS9
levels at 16 weeks of gestation could be non-invasive
biomarkers for predicting pPROM with no signs of
intra-amniotic infection. The AUC value for predicting
pPROM calculated using a combination of the IL-1p and
ADAMTS9 was higher than those alone, although it did
not show statistical significance. The combined model
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values. *P<0.05, *P<0.01, **P<0.001, ***P < 0.0001

and ADAMTS9 showed higher specificity in accurately
identifying the pPROM risk than IL-1p alone. Mechanis-
tically, IL-1pB significantly promoted ADAMTS9 expres-
sion and POFUT2-dependent secretion in hAECs by
promoting the binding of activated NF-kB to their pro-
moters. Ultimately, increased ADAMTS9 leads to the
depletion of versican localized in the intermediate layer
of the fetal membrane. This sequence of events con-
tributes to the weakening and separation of the cho-
rioamnion in pPROM with no signs of intra-amniotic
infection. In the murine model of intra-amniotic inflam-
mation induced by IL-1fB, we have again demonstrated
the above hypothesis and mechanism, highlighting the
importance of blocking NF-kB/ADAMTS9 signaling,

which may inhibit pPROM by preventing fetal membrane
weakening.

The etiology of pPROM is multifactorial. While col-
lagen degradation by MMPs in microbial-driven intra-
amniotic infection has been intensively studied, more
than 50% remain unexplained [46, 47]. Growing evidence
suggests that pPPROM may also be associated with sterile
fetal membrane or intra-amniotic inflammation, though
the initiating factors and pathophysiologic pathways
remain unclear. Our study illuminates the significant ele-
vation of serum IL-1p and ADAMTS9 at 16 weeks of ges-
tation in women with pPROM compared to those with
FTB, which is partially consistent with previous studies
showing increased IL-1 levels of serum, amniotic fluids,
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*P<0.05,**P<0.01, **P<0.001, ****P<0.0001

and vaginal fluids in preterm delivery [48—50]. Compared
to prior studies that primarily captured changes closer to
the onset of labor or post-infection. Our findings extend
the understanding of IL-1f and ADAMTS9 as mid-preg-
nancy biomarkers for pPROM, suggesting biochemical
changes that can be detected before the onset of poten-
tial sterile inflammation-related clinical signs. Further-
more, ADAMTS9 displayed higher specificity than IL-1p,
indicating higher accuracy in correctly distinguishing

cases less likely to develop pPROM. Although serum
IL-1B is promising in pPROM prediction, its optimal
clinical utility may be achieved by combining it with
other biomarkers and integrating it into comprehensive
clinical assessments. In this study, the combined mark-
ers were identified as the prediction model with the best
AUC value, and its likelihood ratio far exceeded that of
the individual markers. This suggested that the chance
of detecting pPROM increased significantly when both
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biomarkers showed positive results. Overall, our find-
ings propose a novel non-invasive approach for screening
pPROM risk in pregnant women as early as 16 weeks of
gestation.

Our findings underscore the critical role of ADAMTS9
in coordination with IL-1p and NF-kB signaling in fetal
membrane weakening. Pregnancy maintenance depends
on a delicate balance of inflammatory and anti-inflam-
matory effects. Disruption of this balance by excessive
pro-inflammatory factors can lead to fetal membrane
ECM degradation and pPROM, even without intra-amni-
otic infection [10]. The elasticity, integrity, and strength
of fetal membranes rely heavily on ECM proteins in
the mesenchymal layer, which are crucial in prevent-
ing pPROM [51]. In a healthy state, the proteoglycan-
rich intermediate layer of the amnion allows for smooth
movement over the chorion, absorbing physical stress.
However, detachment of the amnion from the chorion
compromises this stress-absorbing mechanism, increas-
ing the pPROM risk [52]. An important proteoglycan
component, Versican is implicated in various pathophysi-
ological processes [53]. Furthermore, ADAMTS9, widely
expressed in fetal tissues, contributes to tissue remodel-
ing through versican proteolysis in the cell surface and
the ECM [30, 54, 55]. During pregnancy, ADAMTS9
modulates the ECM of uterine smooth muscle cells,
consequently affecting the timing of labor [56]. It can
also regulate the ECM of the umbilical cord, thereby

influencing the differentiation of umbilical vascular
smooth muscle cells [57]. However, its involvement in
pPROM remains unclear. Our results demonstrated that
compared with FTB, hAECs-derived ADAMTSY expres-
sion in pPROM was significantly elevated, whereas ver-
sican levels were reduced. These findings suggest that
excess ADAMTS9 in hAECs may drive CAS by versican
degradation of the intermediate layer and ultimately lead
to pPROM. Our previous study has highlighted that lipo-
polysaccharide (LPS)-induced ADAMTS9 expression
contributes to preterm birth [58], underscoring its role as
a structural enzyme and a responsive element in inflam-
matory conditions. The dual roles of ADAMTS9 in ECM
remodeling and inflammatory response highlight its
potential as a therapeutic target for high-risk pregnancies
associated with fetal membrane weakening.

NF-«B activation accelerates the expression of genes
such as matrix metalloproteins (MMPs), chemokines,
and prostaglandin E2, which are critical in labor initiation
[59-62]. The ability of the fetal membrane to maintain
an adjustable biological barrier and a semirigid physical
barrier is mainly attributed to the amniotic ECM [42].
Extensive degradation of fetal membrane ECM induced
by MMPs with IL-1p activation has been proposed as a
mechanism for fetal membrane weakening [10, 63]. How-
ever, the mechanisms remain unclear. The present study
found that IL-1p enhanced p65 phosphorylation and
upregulated ADAMTS9 transcription by directly binding
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to its promoter. The proteolytic activity of ADAMTS pro-
teases in vivo is mainly regulated at the transcriptional
and post-translational levels. Protein O-fucosyltransfer-
ase 2 (POFUT?2) is localized in the endoplasmic reticu-
lum and can promote the secretion of POFUT2/B3GLCT
target proteins by stabilizing and accelerating the rate
of TSR folding in the endoplasmic reticulum [64]. We
demonstrated that POFUT2 expression is essential for
ADAMTSO9 secretion. These findings reveal that IL-1p/
NF-«B signaling regulates ADAMTS9 through transcrip-
tional and posttranslational modification.

To better simulate sterile intra-amniotic inflamma-
tion, we established a murine PTB model induced by
ultrasound-guided intra-amniotic administration of
IL-1P at 15.5 days of gestation. Consistent with previous
findings in vitro, we also reported that maternal serum
ADAMTS9 and IL-1f concentrations correlated well at
17.5 days. In addition, their single and combined models
have good diagnostic performance in predicting preterm
labor characterized by fetal membrane weakening. The
NF-«kB inhibitor significantly reduced fetal complications
and IL-1B-induced expression of p-p65, ADAMTS9, and
POFUT2 in hAECs and versican loss.

The strength of our study is that we combined clini-
cal validation of the biomarkers with their mechanistic
exploration in vitro and in vivo models, which provide a
comprehensive view of IL-1 and ADAMTS9 contribut-
ing to pPPROM without signs of intra-amniotic infection
and the potential as predictive biomarkers. We employed
a case-control design nested within a prospective cohort
of healthy pregnant women, effectively reduced the recall
bias, and quantified the predictive ability of our com-
bined marker model of serum IL-1p and ADAMTS9 at
16 weeks of gestation for pPROM by ROC curve analy-
sis, which may enable some high-risk pregnant women
to benefit from early intervention. Additionally, the use
of primary hAECs and a murine model of intra-amni-
otic inflammation improved the reproducibility and
reliability of our findings on regulatory mechanisms of
ADAMTS9. However, this study also has some limita-
tions. Our study evaluated biomarker levels only at a
single time point. However, the development of pPROM
involves a complex process of dynamic imbalance in the
inflammatory-immunomodulatory network and bio-
marker levels, whose levels may show nonlinear fluc-
tuations with the pregnancy progression. It is difficult
to capture the dynamic pattern of change in a single
test, and its predictive value may be underestimated or
overestimated. Second, inter-individual differences in
baseline inflammatory status are indistinguishable from
pregnancy-specific changes, potentially masking critical
time-dependent risk evolution trajectories. In the future,
longitudinal monitoring of biomarker levels through-
out pregnancy may contribute to our understanding of
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the dynamic changes in IL-1 and ADAMTS9 and their
relationship to pPROM progression. Despite including a
reasonable number of participants, considering the com-
plexity and potentially unique etiologies of pPROM, a
larger sample size and the inclusion of comparisons with
preterm labor and premature rupture of membranes are
required to validate the reliability of our findings further.
Although our study employed clinical assessments and
postnatal histopathological examinations to exclude the
possibility of microbial-induced intra-amniotic infection
and chorioamnionitis rigorously, the absence of direct
microbial evidence in amniotic fluid and fetal mem-
branes somewhat limits the interpretability of our find-
ings. At the same time, whether our predictors also apply
to pregnant women with pPROM with histological cho-
rioamniotic inflammation (regardless of bacteria/sterility
in the amniotic cavity) remains to be further verified. In
addition, a more thorough assessment of clinical applica-
bility and intervention side effects is required.

Conclusion

In conclusion, this study emphasizes serum IL-13 and
ADAMTS9 as potential non-invasive biomarkers for
the clinical prediction of pPPROM with no signs of intra-
amniotic infection, highlighting their potential in early
prediction and intervention for the high-risk groups of
fetal membrane injury and subsequent pPROM. IL-1p
promotes ADAMTS9 expression and secretion via
NF-«B activation in hAECs and contributes to chorioam-
niotic membrane separation through versican depletion;
this elucidates new mechanistic insights into the loss of
structural integrity to fetal membranes. In vivo, studies
based on mice models reaffirmed our above results and
underscored the importance of targeting activated NF-xB
as a potential therapeutic strategy for pPROM. Future
research should focus on the long-term effects of these
interventions on fetal health and development, empha-
sizing optimizing therapeutic approaches to enhance effi-
cacy and safety across diverse populations.
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