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Exploring the link between M1 macrophages
and EMT of amniotic epithelial cells:
implications for premature rupture

of membranes
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Abstract

Background Despite increasing evidence supporting the role of an amniotic epithelial-mesenchymal transition
(EMT) in the premature rupture of membranes (PROMs), it remains unclear if extracellular vesicle (EV) derived from M1
macrophages play a critical role in triggering the EMT of amniotic epithelial cells (AECs).

Results This study revealed that under inflammatory conditions, EV-miR-146a/155 from M1 macrophages could
trigger EMTs and MMP-9 transcription in AECs, elevating the risk of PROM in both mice and humans. Introduction

of EV-miR-155 led to inhibition of Ehf expression and reduced E-cadherin transcription in AECs. Meanwhile, EV-miR-
146a activated the B-catenin/Tcf7 complex to promote the transcription of Snail, MMP-9, and miR-146a/155, inducing
EMTs. Subsequently, EMT induction in AECs is associated with a loss of epithelial characteristics, disruption of cellular
junctions, widening of intercellular spaces, and diminished biomechanical properties of the amniotic membrane.

Conclusion Inflammatory stimulation prompts the polarization of macrophages in amniotic fluid into the M1 type,
which subsequently secrete EVs laden with inflammatory miRNAs. These EVs trigger the EMT of AECs, causing the

loss of their epithelial phenotype. Consequently, the biomechanical properties of the amnion deteriorate, ultimately
leading to its rupture, posing risks relevant to pregnancy complications such as premature rupture of membranes. The
results of this study provide insights into the pathogenesis of PROM and will aid in treatment development.
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Introduction

The epithelial-mesenchymal transition (EMT) is a bio-
logical process involving multiple molecular events, dur-
ing which polarized epithelial cells acquire mesenchymal
cell phenotypes. EMT plays a critical role in the prolif-
eration and metastasis of cancer cells [1-3], and is also
required for the organogenesis of various mammalian tis-
sues, such as hair follicles, skin, teeth, mammary glands,
prostate, lungs, and kidneys [4]. Amniotic epithelial cells
(AECs) collected from the inner amnion epithelium, rep-
resenting a type of stem cell that expresses some of the
same markers as embryonic stem cells, and can develop
into cells for all three germ layers [5-8]. The epithelial
phenotype of AECs helps to strengthen the amnion and
maintain pregnancy. EMT has been observed in AECs
from the amnion during vaginal delivery, including nat-
ural labor (NL) and preterm birth. Our previous study
revealed that AECs spontaneously undergo EMT when
cultured in vitro, which enhances the efficiency of neuron
differentiation [9]. These data prompted further investi-
gation to determine whether the epithelial phenotype of
AECs is related to fetal development in vivo.

The generation of a small sterile rupture in the mouse
amniotic membrane using a 26 G needle was previously
found to facilitate EMT in AECs via the action of inflam-
matory cytokines (interleukin-1p and TNF) released by
the recruited macrophages [10] and is associated with
rupture healing. Large ruptures can also be associated
with a poor prognosis because of the absence of matrix
deposition and the expression of matrix metalloprotein-
ase 9 (MMP 9). MMP 9 is secreted by AECs and stromal
cells in response to inflammatory cytokines and plays a
crucial role in the degradation of the extracellular matrix
of fetal membranes under both normal and pathologi-
cal conditions [11, 12]. The recruitment of macrophages
by bacteria-induced inflammatory reactions and their
pathological effects on the rupture of fetal membranes
remain poorly understood. Janzen et al. reported that
amniotic cells show an increase in the number of mes-
enchymal cells relative to epithelial cells in the amnions
of vaginal deliveries, including natural labor and preterm
birth. In contrast, the amnions from cesarean sections
contained a significantly lower percentage of mesen-
chymal cells. Moreover, the mesenchymal phenotype
of AECs increased after TNF-a or EMT inducer treat-
ments, which decreased the time and mechanical pres-
sure required for amnion rupture; however, maintaining
the epithelial phenotype was necessary to strengthen the
amnion. These reports suggest that inflammatory factors
and EMT inducers promote the EMT of amniotic cells,
which increases the risk of amniotic rupture, and empha-
size the critical role of EMT in premature rupture of
membranes (PROMs) pathophysiology [13, 14]. However,
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the specific EMT trigger in AECs located in the lining of
the amniotic epithelium in PROMSs remains unknown.

Extracellular vesicles (EVs) are nanometer-scale vesi-
cles (50-200 nm in diameter), exhibit “dish” shapes [15],
which are secreted by various cell types, contain cellular
proteins, lipids, DNAs, and RNAs, and act as mediators
of intercellular communication [16]. EVs have been iden-
tified in saliva [17], plasma [18], urine [19], amniotic fluid
[20], malignant ascites [21], cerebrospinal fluid [22], and
bronchial alveolar lavage fluid [23], all of which have been
exploited as novel reservoirs for disease biomarker dis-
covery in previous studies [24—26]. Amniotic fluid serves
as a cushion for the growing fetus and facilitates the
exchange of nutrients with the mother. EVs derived from
amniotic fluid have been identified as key players in the
pathogenesis of PROM [27, 28]. Specifically, the upregu-
lation of miR-162 in circulating EVs has been linked to
the activation of apoptosis and the NF-kB pathway, both
of which are known to be associated with PROM [29].
Additionally, exosomes from amniotic fluid have been
found to contain elevated levels of pregnancy zone pro-
tein in cases of PROM [30]. Furthermore, under oxidative
stress conditions, AECs have been observed to release a
significant quantity of EVs into the amniotic fluid during
the inflammatory response [31]. However, there is cur-
rently a lack of research on the regulatory interactions
between EVs derived from M1 macrophages in amniotic
fluid and AECs during PROM. In this study, lipopolysac-
charide (LPS)-induced PROMs in a mouse model were
used to investigate the role and origin of related EVs in
the amniotic fluid by influencing the EMT of AECs.
The results showed that macrophages were recruited to
the uterus and amniotic fluid, resulting in the release of
inflammatory EVs that increased the expression of EV-
miRNAs in the amniotic fluid to trigger EMT and acti-
vate the expression of MMP-9 in AECs. The molecular
mechanisms underlying the packaging and transport of
EV-miRNAs from macrophages to AECs were also elu-
cidated. The results were further validated in clinical
PROM samples caused by bacterial vaginosis.

Results

EMTs in AECs and recruited macrophages from LPS-treated
PROM mice

In this study, pregnant mice were divided into three
groups: LPS-induced PROMs, natural labor (NL), and
cesarean section (CS), to analyze EMTs in AECs. EMT
was first verified in the mouse amnion using immu-
nofluorescence and then in fresh AECs using western
blot analysis. The mesenchymal markers (N-cadherin)
were significantly increased compared with the epithe-
lial markers (E-cadherin) in vaginal deliveries, including
LPS-induced PROMs and natural labor (NL). Conversely,
cesarean sections (CS) (Fig. 1A) showed the opposite
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Fig. 1 Characterization of the amniotic membrane from the LPS-treated, natural labor (NL), and cesarean section (CS) models. (A) EMT key markers of
native AECs were analyzed using immunofluorescence. The mesenchymal marker (N-cadherin) was increased significantly compared with the epithelial
marker (E-cadherin) in vaginal delivery, including the LPS-treated model and the NL model. White asterisk: fetal surface of the amnion (n=3), scale bar
=200 um. (B) Protein levels of EMT markers in fresh AECs from various sources were measured using western blot analysis (n=8). (C) Anti-F4/80 antibody
was used to assess the numbers of macrophages in uteriin CS and LPS-treated models. (D) Macrophages in amniotic fluid were counted by FCM. Macro-
phages were recruited in amniotic fluid and the uterus (n=3). *P<0.05, **P<0.01, ***P < 0.001

trend. To further analyze the distinction in EMT mark-
ers in fresh AECs between ED-17 CS- and LPS-treated
PROM models, E-cadherin and N-cadherin were
assessed using western blot in eight pregnant mice. The
results revealed that N-cadherin expression was dramati-
cally elevated in AECs, whereas E-cadherin expression
demonstrated the opposite trend (Fig. 1B and S1).

Maternal macrophages are gradually enriched in the
decidua as pregnancy progresses [32]. In this study, the
uterus and amniotic fluid from the CS and PROM mod-
els were analyzed for macrophage recruitment using an
anti-F4/80 antibody. IHC of the uterine samples revealed
that F4/80-positive cells had high scores after the LPS
treatment (Fig. 1C and D). The number of F4/80-posi-
tive cells in the amniotic fluid was quantified using flow
cytometry. Consistent with the IHC data, the number of
F4/80-positive cells following LPS treatment was greater
than that with the CS model (Fig. 1D).

EVs from the amniotic fluid of CS and LPS-treated models
have distinct miRNA characteristics

The EVs were isolated from the amniotic fluid of CS-
and LPS-treated PROM models and characterized
using TEM, NanoSight, and western blot analyses. The
EVs displayed a round morphology ranging from 50 to

200 nm, tested positive for markers CD63, CD9, Tsgl01,
and Alix, and negative for Calnexin (Fig. 2A—C and S2).
Subsequently, the miRNA profile of these EVs was ana-
lyzed; sixty-four significantly altered miRNAs were
identified. The top ten miRNAs, including miR-155-5p,
miR-146a-5p, miR-200c, miR-144-3p, miR-142a-3p,
miR-200b, miR-Let-7i-5p, miR-181b-5p, miR-322-5p,
and miR-192-5p, were transfected into AECs. The results
demonstrated a significant decrease in E-cadherin lev-
els (p<0.01) after ectopic expression of miR-146a-5p
and miR-155-5p (Figure S3). MiR-146a-5p (miR-146a)
and miR-155-5p (miR-155) are known to regulate innate
immune responses and inflammation. Alterations in their
expression are linked to the pathogenesis of inflamma-
tory diseases and may trigger EMT in cancer cells [2, 33—
36]. In this study, EV-miR-146a and EV-miR-155 were
upregulated after LPS treatment, as evidenced by real-
time PCR (Fig. 2D). It was further investigated whether
EVs carrying miR-146a and miR-155 could be transferred
into AECs. After treating the EVs with Triton X-100 or
RNase, significant changes in miR-146a and miR-155 lev-
els were observed, indicating effective miRNA transfer
(Fig. 2E).
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Fig. 2 Characterization of EVs from the amniotic fluid of the CS and LPS-treated models. (A) Visualization of EVs from the amniotic fluid by transmission
electron microscopy. (B) Analysis of the size distribution of EVs from amniotic fluid using NanoSight technology. (C) Analysis of EV positive markers CD63,
CD9, Tsg101, and Alix, and the negative marker Calnexine by western blot. Cell lysate, total protein from amniotic fluid-derived cells. (D) The abundance
of miR-146a and miR-155 in EVs from the amniotic fluid of CS and LPS-treated PROM models was measured by gPCR and expressed as the fold change
versus the CS model. (E) Levels of specific miRNAs in EVs from the amniotic fluid of LPS-treated models. MiR-34c mimic was used as a positive control for
RNase digestion and spiked in the EV preparation. Samples treated with (T) or without (NT) Triton X-100 were incubated with RNase (R) and then miRNA
levels were measured by gPCR and expressed as a percentage of NT (n=3). (F) MiR-146a and miR-155 abundances in fresh AECs were measured using
gPCR and expressed as the fold change versus the CS model. G and H. After performing GSEA analysis on AECs overexpressing miR-146a and miR-155
respectively, significant differences in the expression of EMT-related signaling pathways were observed. The results indicated that miR-146a and miR-155
could promote the EMT process in AECs. I. Schematic representation for target identification of miR-146a (left panel) and miR-155 (right panel). Putative
targets were obtained by overlapping differentially expressed miRNAs in AECs versus the control cells and software-predicted targets. EMT-associated
target genes are shown. Western blot analysis of proteins expressed by gene targets of miR-146a and miR-155 following miRNA overexpression or knock-
down in AECs. Protein abundance was analyzed using ImageJ tools. Overexpression of miR-146a/miR-155 mimics (mi) or inhibitors (in) for 72 h inhibited
endogenous expression of Numb and Ehf; GAPDH was used as an endogenous control. *P<0.05, **P <0.01, ***P<0.001

EV-miRNAs from the LPS-treated model are crucial EMT
triggers in AECs

and miR-155, overexpression of each microRNA was
conducted in AECs, followed by RNA-seq analysis to

The levels of miR-146a and miR-155 were initially mea-
sured in native AECs from LPS-treated pregnant mice.
Fresh AECs were isolated from the amniotic tissues of
CS- and LPS-treated PROM models using trypsin diges-
tion. Real-time PCR was then performed to analyze the
expression levels of miR-146a and miR-155. The miR-
146a and miR-155 levels were found to be dramatically
elevated in native AECs after LPS treatment (Fig. 2F). To
assess potential induction of EMT in AECs by miR-146a

detect changes in gene expression profiles. The resulting
differential gene expression data were compiled in Table
S1 and subjected to gene set enrichment analysis (GSEA).
This analysis revealed significant changes in the epithe-
lial-mesenchymal-transition pathway (Fig. 2G and H). To
identify the targets of miR-146a and miR-155 responsible
for triggering EMT, we analyzed genes that were both
predicted targets of these miRNAs using TargetScan (ht
tps://www.targetscan.org/vert_80/) and miRDB (https://
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mirdb.org/cgi-bin/mining.cgi) and were downregulated
in AECs overexpressing the miRNAs. Fourteen puta-
tive target genes for miR-146a and twelve for miR-155
were identified. These genes are known to regulate the
[B-catenin pathway and molecules associated with the
epithelial phenotype, such as Numb [2, 37] and Ehf [38,
39], and were also influenced by the ectopic miRNAs
(Fig. 21 and S4).

Dual-luciferase reporter system analysis confirmed the
interaction between miR-146a and the 3'UTR of Numb
(Figure S5A). The Wnt/B-catenin signaling pathway,
known to be involved in EMT and to activate Snail, was
subsequently examined. Analysis of the putative target
gene Numb showed reduced expression levels following
miR-146a overexpression compared with the control and
after miR-146a knockdown in AECs (Fig. 2I). Further-
more, GSEA revealed significant alterations in the Wnt/
[B-catenin signaling pathway (Figure S5B). Given that
Numb regulates the stability of p-catenin through pro-
teasome- and lysosome-dependent pathways [2], mesen-
chymal transited AECs were treated with the proteasome
inhibitor MG132 or the lysosome inhibitor bafilomycin
A1 (Baf Al). The results showed that only MG132 sup-
pressed Numb-induced p-catenin degradation, and
ectopic Numb expression increased polyubiquitylated
[B-catenin, suggesting that Numb promotes [-catenin
polyubiquitylation (Figures S5 C, D, and S6). These find-
ings suggest that miR-146a promotes EMT through
the activation of B-catenin in AECs. Furthermore, we
demonstrated the interaction between miR-155 and
Ehf (Figure S7A). To further elucidate the relationship
between Ehf and EMT in AECs, the promoter region of
E-cadherin was cloned and used to construct a luciferase
reporter system. The results clearly demonstrate that Ehf
enhanced luciferase activity through interacting with the
promoter region of E-cadherin (Figure S7B), indicating
that miR-155 promotes EMT by inhibiting E-cadherin
expression.

To confirm the regulatory interaction between miRNAs
and their targets, we initially co-transfected the miR-146,
miR-155, and their respective targets (Numb and Ehf)
into AECs. We then assessed their functional antago-
nism using western blot analysis. The results, depicted
in Figures S7C and S8A, showed no notable alteration in
protein expression levels in AECs nor were there signifi-
cant changes observed in EMT-related proteins. Further
examination of the roles of miR-146a, miR-155, and their
EMT targets in AECs involved the use of small interfer-
ing RNAs (siRNAs) against Numb and Ehf (si-Numb and
si-Ehf, respectively), as well as the overexpressed Numb
(0-Numb) and Ehf (o-Ehf). MiR-146a mimics, MiR-155
mimics, si-Numb, si-Ehf, o-Numb, and o-Ehf were all
then applied to AECs either alone or in combination. The
effects on AEC EMT are shown in Fig. 3A, S7D, and S8B.
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Single expression of si-Numb, si-Ehf, and treatments with
o-Numb or o-Ehf demonstrated that si-Numb and si-Ehf
promoted EMT, whereas the combination of o-Numb
and o-Ehf prevented EMT and inhibited the activation of
[-catenin.

MMP-9 plays a major role in the rupture of fetal mem-
branes and is secreted by AECs after treatment with
inflammatory factors [40]. In our study, the positivity
rate of MMP-9 in the LPS-treated and NL models was
markedly greater than that in the CS model (Fig. 3B). We
also investigated the potential correlation between the
Wnt/B-catenin pathway and the expression of MMP-9.
Utilizing ALGGEN-PROMO (version 8.3) [41] and JAS-
PAR (version 7) [42], the analysis showed that the tran-
scription factor TCF7, known for its binding affinity with
B-catenin, had binding sites on the EMT key gene Snail
as well as the promoter region of MMP-9 (Figures S9A,
B, C, and D). Using a dual-luciferase promoter reporter
system, we demonstrated TCF7’s ability to enhance the
transcriptional activity of both MMP-9 and Snail (Fig-
ures S9E and F). The miR-146a mimics, miR-155 mimics,
si-Numb, si-Ehf, o-Numb, and o-Ehf were then utilized
as experimental tools to investigate MMP-9 expression
in AECs. The results indicated a positive correlation
between MMP-9 expression and [-catenin activation
(Fig. 3C and S10).

Although the exogenous miR-146a and miR-155
derived from inflammatory EVs were finite, EMT
occurred serially, indicating an induction of endog-
enous miR-146a and miR-155 expression. We analyzed
TCF7 within the 2 kbp upstream region of pre-miR-146
and pre-miR-155. The results identified binding sites
upstream of pre-miR-146 and pre-miR-155 (Figures S11
A, B, C, and D), and these interactions were further ana-
lyzed using a luciferase reporter assay. Similar to Snail
and MMP-9, a physical association of Tcf7 with the miR-
146a and miR-155 promoters was confirmed (Figure S11
E and F). These findings demonstrated that exogenetic
miRNAs can increase the transcription of endogenous
miRNAs through the Wnt /B-catenin pathway, thereby
promoting EMT in AECs.

EVs from the M1 polarized macrophage promote EMT in
AECs

Macrophages were identified in the decidua and amniotic
fluid after LPS treatment, leading to the hypothesis that
EVs from M1 polarized macrophages (M1 macrophages)
play an important role in inducing EMT in AECs. Ini-
tially, macrophages were isolated from the amniotic fluid
of the CS model in pregnant mice using positive magnetic
isolation with an F4/80 antibody. These cells were then
cultured and expanded in vitro (Figure S12 A) and desig-
nated as MO macrophages. After stimulation by LPS and
INF-y, MO macrophages polarize into M1 macrophages.
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Fig. 3 Effects of EV-miRNAs and their targets on EMT and MMP-9 expression in AECs. (A) Western blot analysis showing that miR-155 promotes epithelial-
to-mesenchymal transition in AECs by inhibiting E-cadherin expression, while miR-146a promotes EMT in AECs by activating the Wnt/B-catenin signaling
pathway. (B) MMP-9 expression was detected by IHC in the amniotic membranes of the CS, LPS-tread, and NL models. MMP-9 increased significantly in
the LPS-treated and NL models compared with the CS model. Scale bar =100 um. (C) MMP-9 expression in AECs after treatment with different elements.
The results indicate that MMP-9 expression is positively correlated with the activation of the Wnt/B-catenin pathway in AECs. Quantifications of these
proteins are shown in Figure S7D; data were normalized to GAPDH and relative to normal AECs (n=3). Representative Western blots from three indepen-
dent experiments show effects of siRNA targeting Numb (Si-Numb), SiRNA targeting Ehf (Si-Ehf), overexpression of Numb (O-Numb), and overexpression
of Ehf (O-Ehf). (D) The abundance of miR-146a and miR-155 in EVs from M0 and M1 macrophages was measured using qPCR and expressed as the fold
change relative to the MO macrophages. (E) Levels of specific miRNAs in EVs from M1 macrophages. A MiR-34c mimic was used as a positive control for
RNase digestion and added to the EV preparation. Samples treated with (T) or without (NT) Triton X-100 were incubated with RNase (R), and then miRNA
levels were quantified using gPCR and expressed as a percentage of NT (n=3). (F) The 1x 108 particles/mL EVs derived from MO macrophages (M0-EVs)
and M1 macrophages (M1-EVs) were incubated with AECs to analyze the expression of E-cadherin. The results indicated that the level of E-cadherin was
significantly reduced in AECs after M1-EV incubation. Scale bar =50 um. (G) The immunofluorescence indicated 3-catenin activation and Ehf reduction in
the nucleus of AECs after M1-EV incubation. Scale bar =50 um. *P < 0.05, **P<0.01, ***P <0.001

The biogenesis of EVs starts in the endosomal system
and is followed by maturation into multivesicular body
(MVB), followed by MVB fusion with the plasma mem-
brane for release outside the cells. This involves a series
of genes, including Hrs, TsglO1, Staml, Vps4B, CD9,
CD63, nsMase2, Pld2, Rablla, Rab35, Rab2b, Rabba,
Rab9a, Rab27a, Rab27b, Rab7, Ykt6, Pkm2, and Atg7 [43,
44]. Therefore, the mRNA levels of these genes in M0 and
M1 macrophages were measured using real-time PCR
analysis, and the results suggested that LPS and INF-y
promoted the biogenesis of EVs by upregulating the
expression of Tsgl01, CD63, and nsMase2, and acceler-
ating the transport and release of EVs by increasing the
expression of Rab35, Rab5a, Rab9a, Rab27a, and Rab7
(Figure S12 B). The EVs were then extracted from the MO
and M1 macrophage cellular supernatant to enable an
analysis of their distinctive attributes. Notably, the mor-
phology, sizes, and specific protein compositions of the

EVs derived from the macrophages before and after LPS
and INF-y treatments exhibited no discernible altera-
tions (Figure S12 C, D, E and Figure S13). And then
the miRNA levels in the EVs derived from the macro-
phages were then detected, revealing that EV-miR-146a
and EV-miR-155 were upregulated after LPS and INF-y
treatments (Fig. 3C). It was then determined if the EVs
carrying miR-146a and miR-155 were derived from M1
macrophages. EVs were treated with Triton X-100 or
RNase, and miR-146a and miR-155 levels were quan-
tified, revealing significant changes with the different
treatments (Fig. 3D).

To examine the impacts of M1-EVs on EMTs in AECs,
an incubation experiment was conducted in which AECs
were exposed to M1-EVs labeled with Dil at varying
concentrations to determine the optimal concentration.
Subsequently, a progressive increase in gray fluorescence
within the AECs as the concentration of EVs increased
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Fig. 4 RNA-binding proteins (RBPs) mediate miR-146a/155 packaging into macrophage-derived EVs. (A) Direct interactions between the miR-146a/155
sequences and RBP motifs were predicted using RBPDB analysis (threshold 0.5). (B) Western blot results showing RBP (PTBP1 and NONO) expression
in macrophage-derived EVs. C and D. Western blot and gPCR results showing PTBP1 and NONO expression levels in macrophages 48 h after transfec-
tion with specific siRNAs. E. The levels of FITC-labeled PTBP1 and cy5-labeled miR-146a exhibit alterations throughout the polarization process of M1
macrophages. PTBP1, an RNA-binding protein for miR-146a, exhibited a shift in its expression pattern from nuclear localization to clustering on the cell
membrane upon macrophage polarization. The fluorescence signal emitted by cy5 exhibits a gradual decline as the macrophage undergoes polarization
within the cellular environment. F. Levels of FITC-labeled NONO and cy5-labeled miR-155 exhibit alterations throughout the polarization process of M1
macrophages. NONO, an RNA-binding proteins for miR-155, and miR-155 exhibit a gradual decline as the macrophage undergoes M1 polarization within
the cellular environment. G. Co-localization analysis of PTBP1 and miR-146a reveals a gradual strengthening of the co-localization signal as macrophages
polarize towards the M1 phenotype. H. Co-localization analysis of NONO and miR-155 reveals a gradual strengthening of the co-localization signal as
macrophages polarize towards the M1 phenotype. I. Western blot analysis of PTBPT and NONO expression in samples derived by biotinylated miR-
146a/155 pulldowns performed with whole cell lysis, or EV lysis of macrophages, and the indicated biotinylated miR-146a/155 or mutated miR-146a/155.
biotinylated poly (G) was used as a negative control. J. AECs were co-cultured with macrophages concurrently transfected with Cy5-miR-146a/155 and
specific siRNAs targeting PTBP1 or NONO for 48 h. Fluorescence microscopy was used to detect red fluorescence signals in AECs (scale bar =100 pm). ns,

not significant, *P < 0.05, **P < 0.01

was observed, and it peaked from 1x10% to 1x10° par-
ticles/mL. For subsequent experiments, 1 x 10® particles/
mL for the EVs was used (Figure S14). To examine the
impact of MO-EVs and M1-EVs on the epithelial pheno-
type of AECs, the AECs were incubated separately with
MO-EVs (1x 108 particles/mL) and M1-EVs (1x 10® par-
ticles/mL). Immunofluorescence analysis was performed
to evaluate E-cadherin expression. The results revealed
a significant reduction in E-cadherin expression induced
by M1-EVs (Fig. 3E). Further analysis was conducted
using immunofluorescence to examine the changes in
[-catenin and Ehf expression in the AECs exposed to the
EV treatment. Upon incubation with M1-EVs, B-catenin
exhibited activation and translocation to the nucleus,
while conversely, the fluorescence intensity of EHF in the
nucleus decreased (Fig. 3F).

MiRNAs packaging in EVs is mediated by RNA-binding
protein

Based on the levels of miR-146a and miR-155 in the EVs,
it was hypothesized that macrophages package the miR-
146a and miR-155 alongside specific RNA-binding pro-
teins (RBP) into MVB and then release them outside the
cells. To investigate whether miR-146a and miR-155 were
specifically packaged into the EVs, the specific interac-
tions between the miR-146a and miR-155 sequences
and the motifs for the RNA-binding proteins were ana-
lyzed using a database for RNA-binding specificity (h
ttp://rbpdb.ccbr.utoronto.ca/; threshold 0.5) [45]. The
results indicate that the polypyrimidine tract-binding
protein 1 (PTBP1) motif exhibited a specific binding site
for miR-146a, whereas the non-POU domain-contain-
ing octamer-binding protein (NONO) motif exhibited a
specific binding site for miR-155 (Fig. 4A). Western blot
was performed to confirm the presence of PTBP1 and
NONO in macrophage-derived EVs (Fig. 4B and Figure
S15). Subsequent experiments revealed that the use of
specific siRNAs to suppress PTBP1 and NONO in M1
macrophages resulted in substantial reductions in the
quantities of EV-miR-146a and EV-miR-155 (Fig. 4C,

Figure S16, and Fig. 4D). This indicates that PTBP1 and
NONO are involved in the regulation of EV-miR-146a
and EV-miR-155 levels. To enhance the visualization of
the analysis pertaining to the extracellular transporta-
tion of miRNAs by RBPs, cy5-labeled miRNAs were
introduced into MO macrophages via transfection. Sub-
sequently, immunofluorescence analysis was conducted
to assess alterations in the expression of miRNAs and
RBPs prior to and following M1 macrophage polariza-
tion. These findings indicate that the binding protein
PTBP1 associated with miR-146a exhibited a shift in its
expression pattern from nuclear localization to cluster-
ing on the cell membrane with M1 macrophage polariza-
tion. Meanwhile, the binding protein NONO linked to
miR-155 showed a transition from nuclear localization to
distribution throughout the cell, and this was accompa-
nied by a reduction in its expression levels (Fig. 4E and
F). Fluorescence co-localization analysis revealed that
with the elongation of polarization for M1 macrophages,
the red fluorescence emitted by Cy5-labeled miRNAs and
the green fluorescence emitted by FITC-labeled RBPs
progressively converged at identical pixel positions. This
indicated that the interaction between these two enti-
ties occurred after M1 macrophage polarization (Fig. 4G
and H). Moreover, miRNA pull-down assays showed an
interaction between RBPs and miRNAs in whole-cell and
EV lysis. However, RBP-binding capacity was impaired
when the combined site sequences of the miRNAs were
mutated (Fig. 41 and Figure S17). Functionally, confo-
cal analysis demonstrated a reduction in the transfer of
miRNAs from M1 macrophages to AECs via EVs when
the macrophages were pre-transfected with PTBP1- or
NONO-specific siRNAs (Fig. 4]).

Changes in the EV-miRNAs in M1 macrophages after
different treatments influenced EMTs in AECs, bothin vivo
and in vitro

To validate the transportation of PTBP1/NONO-bound
miR-146a/155 to EVs in M1 macrophages, as well as
the uptake of miR-146a/155-carrying EVs by AECs, and
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Fig. 5 Role of EVs derived from macrophages after different treatments during EMTs in AECs in vitro. (A) Diagram showing the different treatments in
macrophages, or EVs, and the obtained MO-EVs, MO-EVs™", MO-EVs*®S, M1-EVs, and M15™-EVs. (B) Biological characteristics of these EVs, including mor-
phology, particulate size distribution, and EV marker proteins. (C) Expression of EMT key genes and [3-catenin expression in AECs after incubation with
different EVs. The results indicate that Numb, Ehf, and E-cadherin were dramatically reduced, and the activation of B-catenin in AECs after incubation with
MO-EVs™Rs, MO-EVs*™s and M1-EVs. Conversely, opposite data were observed in MO-EVs and M15%-EVs. Quantification of these proteins is shown in the
right panel, data were normalized to GAPDH and relative to AECs (n=3). Representative blots from three independent experiments are shown. ns, not

significant, *P < 0.05, **P<0.01, ***P < 0.001

the impact of miR-146a/155 on target genes Numb/Ehf
to facilitate EMT, miR-146a/155 or si-Numb/Ehf was
loaded into EVs derived from MO macrophages (named
MO-EVs™R and MO-EVs*®®). The EVs were then collected
after interfering with PTBP1 and NONO expression in
M1 macrophages (named M1®-EVs). A schematic illus-
tration of the process is shown in Fig. 5A, and the effects
of the modified EVs on promoting the EMT of AECs
were compared, respectively. Subsequently, the morphol-
ogy, size, and characteristic EV marker proteins of the
MO-EVs, MO-EVs™®%, MO-EVs"** M1-EVs, and M1°%*-
EVs were analyzed (Fig. 5B and Figure S18). Transmis-
sion electron microscopy (TEM) analysis showed that the
EVs exhibited spherical morphologies and were structur-
ally intact without membrane impairment. Nanoparticle
tracking analysis (NTA) revealed that the average diam-
eters of the MO-EVs, MO-EVs™**, MO-EVs®** M1-EVs,
and M1¥R-EVs were comparable and fell within the
established size range for EVs (50-200 nm). Immunob-
lotting results indicated the presence of characteristic EV
marker proteins, namely, CD63, CD9, Alix, and Tsg101,
whereas calnxin was absent in all EV samples. The AECs
were then exposed to these EVs for 48 h, and immunob-
lotting was used to analyze for EMTs and the activation
of the Wnt/B-catenin pathway. M1-EVs and MO-EVs
loaded with miR-146a/155 or si-Numb/Ehf, effectively
facilitated EMTs in AECs and induced activation of the
Wnt/B-catenin pathway within 48 h. In contrast, the
MO-EVs and M1°®5-EVs were ineffective (Fig. 5C and Fig-
ure S19).

The potential of the M1-EVs to induce EMTs in AECs
and trigger PROM in vivo was then investigated. To
achieve this, M1-EVs at varying concentrations were
labeled with DiR and delivered to pregnant mice via
intrauterine injection. After 12 h, the distribution of
DiR-labeled M1-EVs was analyzed using whole-body and
organ fluorescence. The DiR fluorescence was predomi-
nantly localized in the abdominal region and exhibited
a positive correlation with the M1-EV concentration
(Fig. 6A). Subsequent fluorescence analysis of multi-
ple organs revealed the presence of fluorescence in the
uterus, fetal membranes, liver, and kidneys, indicating
that the M1-EVs have the ability to traverse the maternal-
fetal barrier and undergo metabolic processes within the
maternal organism. Examination of the timing of PROM
revealed a positive correlation between the concentra-
tion of M1-EVs and the duration of their occurrence.

Specifically, an increase in the M1-EV concentration led
to a gradual reduction in the duration of PROM. Nota-
bly, the duration of PROM induced by 1x10° particles
per head of M1-EVs was similar to that caused by the LPS
treatment, whereas the shortest duration was observed in
cases involving 1x 10® particles per head (Fig. 6B). Fur-
ther investigations were performed to examine the dis-
tribution of M1-EVs in the amnion. Dil-labeled M1-EVs
were administered via intrauterine injection, the amnion
was collected for preparing frozen sections, and the fluo-
rescence intensity of the Dil was observed. Additionally,
immunofluorescence analysis was performed to assess
the expression of E-cadherin and N-cadherin (Fig. 6C
and D). Notably, an increase in the fluorescence intensity
of Dil corresponded to a gradual increase in the expres-
sion of N-cadherin and a decrease in the expression level
of E-cadherin. These findings suggest that M1-EVs influ-
ence the EMTs in AECs, thereby modulating the inci-
dence of PROM.

MO-EVs, MO-EVs™*s, M0-EVs*®¢, M1-EVs, and M1¥%-
EVs, each at a concentration of 1 x 10® particles per head,
were used to investigate the impact of these EVs on
PROM. A comprehensive examination of whole-body
fluorescence revealed that the fluorescence signal from
the EVs was predominantly localized in the abdomen,
indicating that EV modification did not alter the distri-
bution patterns (Fig. 7A). Evaluations of the timing of
PROM incidence showed that MO-EVs exerted no sig-
nificant influence on PROM, whereas the loading of miR-
NAs or siRNAs into EVs promoted PROM. Interference
of PTBP-1/NONO expression with siRNA in M1 macro-
phages significantly altered the timing of PROM occur-
rence, facilitated by M1-EVs. These findings suggest the
crucial involvement of miR-146a/155 in M1-EVs during
PROM (Fig. 7B). Immunofluorescence analysis was also
performed to determine E-cadherin and N-cadherin
expression levels in the amnion. The results revealed no
significant difference in the levels of E-cadherin between
the CS-control and MO-EV treatment groups. However,
the level of N-cadherin was substantially increased in
both the M1-EVs and M0-EVsmiRs groups (Fig. 7C and
D).

Subsequently, western blot analysis was employed
to assess the expression levels of miRNA target genes
(Numb and Ehf), key EMT genes (E-cadherin, N-cad-
herin, and Snail), and MMP-9 in amniotic membranes
from pregnant mice subjected to various treatments. A
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Fig. 6 Different concentrations of M1-EVs promote mouse PROM. (A) Representative fluorescence imaging of various M1-EVs in the whole-body and
organ tissues from PROM mice. (B) Analysis of the PROM time after different treatments in the mouse model. C and D. The mesenchymal marker (N-
cadherin) and epithelial marker (E-cadherin) for native AECs were analyzed by immunofluorescence. Mesenchymal marker (N-cadherin) increased sig-
nificantly with increasing concentrations of M1-EVs, but the opposite trend was found for the epithelial marker; N=3; white asterisk: fetal surface of the

amnion; scale bar =200 um. ns, not significant, *P < 0.05, **P < 0.01

significant decrease in the expression of miRNA target
genes and E-cadherin in the LPS-treated group, M1-EVs-
treated group, MO-EVs*®-treated group, and MO-EVs-
miks_treated group, compared to the CS-control group
was observed. Conversely, the expression of N-cadherin,
Snail, and MMP-9 was significantly upregulated in the
aforementioned groups. However, it is noteworthy that
the groups treated with MO-EVs and M15R5-EVs exhib-
ited contrasting outcomes, indicating that MI1-EVs
facilitated EMTs in AECs through the transportation of
miRNAs (Fig. 8A, Figure S20 and S21). Following EMT,
epithelial cells experience a loss in their characteris-
tic epithelial phenotype, resulting in alterations to the
integrity of cell-cell junctions. We used TEM to examine
modifications in cell junctions among various groups of
AECs. The results indicate noteworthy transformations
in the cell junctions subsequent to EMT (Fig. 8B), notably
a reduction in the abundance of desmosomes and an aug-
mentation in intercellular gaps. These alterations in the
AEC cell junctions also induce corresponding modifica-
tions to the biomechanical properties of the amnion, and
these were consequently assessed using force-distance
(FD)-based atomic force microscopy, which measures the
lowest Young’s modulus of the amniotic tissue. The low-
est Young’s modulus values aligned with the TEM results,

indicating that amniotic tissues were characterized by
wider cell gaps and reduced biomechanical properties,
whereas the biomechanical properties of amniotic tissues
with enhanced AEC tightness were increased (Fig. 8C).

M1-EVs containing miR-146a/155 prompt EMTs in AECs

and diminish the biomechanical properties of the human
amnion

To determine the applicability of the theory that M1-EVs
induce PROM in pregnant mice, samples of amniotic fluid
(AF) and amniotic membrane (AM) from gravidas with
bacterial vaginosis-induced PROM were procured from
obstetric clinics. These samples were compared with the
AF and AM obtained from CS gravida, which served as
the normal controls (Normal-AF and Normal-AM). The
initial analysis focused on assessing changes in the mac-
rophage proportion in the AF. The results indicated that a
notable increase in the proportion of macrophages in the
AF induced by bacterial vaginosis in cases with PROM
was observed (Fig. 9A). Subsequently, EVs were isolated
from Normal-AF and PROM-AF for further biological
characterization studies. These AF-EVs were in line with
their known biological characteristics (Fig. 9B, C, D and
Figure S22). Validation experiments were then conducted
to confirm the expression of EV-miR-146a/155 in the
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epithelial marker (E-cadherin) of the native AECs were analyzed by immunofluorescence. Mesenchymal marker (N-cadherin) was increased significantly
after treatment with the MO-EVs™R MO-EVs*™®, and M1-EVs, but the opposite trend was found with the epithelial marker. N=3. White asterisk: fetal surface

of the amnion; scale bar =200 um. ns, not significant, *P < 0.05, **P < 0.01

amniotic fluid. Real-time PCR confirmed the presence of
miR-146a/155 expression in the PROM-AF-EVs (Fig. 9E),
with significantly higher expression levels in PROM-AF-
EVs than in Normal-AF-EVs (Fig. 9F). The expression of
target genes, including miR-146a/155, NUMB/EHE, key
EMT genes (ECAD, NCAD, and SNAIL), and MMP-9,
was assessed in both the Normal-AM and PROM-AM
samples. Western blot analysis revealed a significant
reduction in the levels of NUMB, EHF, and ECAD in the
PROM-AM cells, whereas the expression of EMT-related
genes was upregulated (Fig. 9G, H and Figure S23). The
results were further validated using immunofluorescence
staining (Fig. 91).

Subsequently, CD14-positive macrophages were
extracted from the Normal-AF and cultured to obtain
hMO macrophages. Following stimulation with LPS and
INF-y, the hMO macrophages were polarized to hM1
macrophages. The cell supernatants were then used to
isolate hMO-EVs and hM1-EVs. The biological attributes
of hMO-EVs, hM1-EVs, and hEV-miR-146a/155 were
verified (Figure S24 and S25). The normal-AM were then
incubated with 108 particles/mL of hM1-EVs or hMO-EVs
for 48 h respectively, and western blot and immunofluo-
rescence were used to analyze the expression of NUMB,
EHF, ECAD, NCAD, SNAIL, and MMP-9. hM1-EVs
reduced the expression of NUMB, EHF, and ECAD, while

increasing the expression of NCAD, SNAIL, and MMP-9
(Fig. 10A, B and Figure $26). Additionally, immunofluo-
rescence analysis of the amniotic membrane provided
further evidence of the nuclear activation of B-catenin
and downregulation of EHF in PROM samples, which
was consistent with the observed effects of the hM1-
EVs treatment on the amniotic membrane (Fig. 10C
and D). Analysis of the tightness of hAECs junctions
and the biomechanical properties (Young’s modulus) of
AM revealed results consistent with those of the mouse
model. In PROM-AM, the junctions between the AECs
were altered, resulting in a significant increase in inter-
cellular gaps and a decrease in the Young’s modulus of
AM. When Normal-AM was treated with hMI1-EVs,
the junctions between cells were disrupted, leading to
an increase in intercellular gaps and a decrease in the
Young’s modulus of AM (Fig. 10E, F, and G). In sum-
mary, this investigation employed the PROM model in
mice and PROM clinical samples to elucidate the mecha-
nism by which certain miRNAs, transported by M1-EVs,
infiltrate AECs and trigger the activation of the WNT/
beta-catenin pathway, while the expression of the EHF is
diminished, culminating in the loss of the epithelial phe-
notype in AECs. This, in turn, disrupts the intercellular
connections, enlarges the intercellular gaps, and impairs
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modulus values are shown in the lower-panel. ns, not significant, *P < 0.05, **P <0.01, ***P<0.001

the biomechanical properties of the amnion, ultimately
leading to membrane rupture (Fig. 11).

Discussion

Numerous reports have revealed the functional impor-
tance of EVs in various biological processes, such as
intracellular communications [46], cell signaling [47], tis-
sue regeneration [48], and immune responses [49]. The
source of EVs in the amniotic fluid was uncertain, which
are released by skin cells of the fetus, monocytes, mac-
rophages, erythrocytes, amniotic fluid stem cells, and the
placenta. Macrophages are plastic effector cells within the
immune system that activate inflammation and remove
pathogens and apoptotic cells. Furthermore, maternal
macrophages are gradually enriched in the decidua as
a result of pregnancy [32]. In this study, we observed a
significant recruitment of macrophages to the amniotic
fluid after LPS treatment in pregnant mice and pregnant
women with reproductive tract infections. These macro-
phages can be roughly categorized into two functional
phenotypes: the M1-type (classically activated) and the
M2-type (alternatively activated). M1 macrophages are
pro-inflammatory and exhibit antimicrobial properties

during inflammation. The macrophages in the amniotic
fluid and decidua are thus activated and transition to M1
macrophages upon LPS treatment or bacterial infection.
Activated macrophages release a significant quantity
of inflammatory factors, such as extracellular vesicles,
which can elicit apoptosis in recipient cells by carrying
special miRNAs [50, 51]. Macrophages obtained from
amniotic fluids are polarized towards the M1 phenotype
and subsequently release EVs containing miR-146a and
miR-155. MiR-146a and miR-155 help to control innate
immune responses and inflammation, and changes in
their expression levels are associated with the pathogen-
esis of inflammatory diseases. In this study, miR-146a
was found to play an important role in the activation of
the Wnt/B-catenin pathway by preventing the expres-
sion of Numb. Canonical Wnt signaling is mediated by
the transcriptional effector -catenin. It has been estab-
lished that in the absence of Wnt signaling, -catenin is
phosphorylated by a destruction complex that consists of
GSK-3B, APC, and axin. However, little is known about
Numb interactions with p-catenin degradation via the
proteasome-dependent pathway. Active B-catenin enters
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the nucleus to accumulate and function as a co-activator
for the transcription factor TCF/LEF.
Epithelial-mesenchymal transition is accompanied by
specific changes in gene expression, such as the down-
regulation of E-cadherin. The E-cadherin promoter is
repressed by several transcriptional repressors, includ-
ing the zinc finger transcription factor, Snail. Ehf is
also known as an ETS homologous factor, and it plays a
vital role in the differentiation and development of vari-
ous epithelial tissues. It directly binds to the promoter
sequence of E-cadherin, thereby enhancing its upregu-
lation [39]. In this study, Ehf was shown to promote the
transcription of E-cadherin, and the activation of M1
macrophages increased the expression of miR-155 in the
EVs. MiR-155, in turn, directly inhibits the expression

of Ehf, leading to the further suppression of E-cadherin
expression and the promotion of EMTs in AECs.
Epithelial cells exhibit robust cell-cell adhesion facili-
tated by specific junctions, which serve as specialized
adhesive sites where various transmembrane glycopro-
teins interact with the cytoskeleton. Cell—cell adhesion is
primarily involved in three types of junctional complexes:
tight junctions, adheren junctions, and desmosomes [52].
Despite the distinct mechanisms of formation, regulation,
and function exhibited by each junction, there is signifi-
cant interplay among them, which affects their dynam-
ics and signaling properties. Early experiments involving
E-cadherin inhibition suggested that its adhesion-depen-
dent mechanism is crucial for the establishment of other
specialized cell-cell junctions [53, 54]. In this study,
the effects of M1-EVs on AECs were investigated. The
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resulting data revealed alterations in intercellular con-
nections, a reduction in bridge granule quantity, and
an augmentation of the intercellular gap. The observed
increase in the intercellular gap in the AECs was antici-
pated to affect the load-bearing capacity of the amni-
otic membrane. Subsequently, atomic force microscopy
(AFM) was used to assess the Young’s modulus of both
mouse and human amniotic membranes before and
after treatment with M1-EVs. The utilization of AFM
for indentation has emerged as a potent technique in the
examination of the localized micromechanical character-
istics of diverse biological tissues, cells, and biomaterials
[55, 56]. Young’s modulus, which gauges the rigidity or
elasticity resistance of a solid when subjected to a load,

can be effectively assessed using AFM. This methodology
enables the spatial depiction and quantitative evaluation
of the Young’s modulus in relation to the amniotic tis-
sue. The relationship between the Young’s modulus of the
human amniotic membrane was found to be directly pro-
portional to that of the epithelial cells in the membrane,
whereas it was inversely proportional to the stromal cells.
Benson-Martin et al. conducted an experiment using a
stress-strain apparatus to determine the Young’s modu-
lus of both normal amniotic membranes and membranes
with premature rupture [57]. However, one limitation of
this study is the inability to accurately replicate the forces
exerted by the fetus on the amniotic membrane in vivo.
In another study, the mechanical properties of the fetal
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Fig. 11 Schematic diagram depicting the mechanism through which M1-EVs induce EMTs in AECs, subsequently triggering preterm premature rupture

of membranes in both mice and humans

membranes in both preterm and term samples, were
assessed using ball indentation and optical coherence
elastography techniques [58]. Overall, the non-ruptured
site exhibited higher stiffness than the ruptured site. In
this study, AFM was used to quantify the lowest Young’s
moduli of human and murine amniotic membranes.
These results were consistent with those from the cell
adhesion detection. Notably, the transition of amniotic
epithelial cells from an epithelial to a mesenchymal state
reduced the lowest Young’s moduli in the amniotic mem-
brane tissue.

Conclusions

In this study, EV-miR-146a/155 from M1 macrophages
were found to trigger EMTs and MMP-9 transcription in
AECs under inflammatory conditions. This consequently
increased the risk of PROM in both mice and humans.
Inhibition of Ehf expression was observed with the
introduction of EV-miR-155, resulting in a reduction in
E-cadherin transcription in AECs. The activation of the
[B-catenin/Tcf7 complex by EV-miR-146a was observed
to facilitate the transcription of Snail, MMP-9, and miR-
146a/155, thereby inducing EMTs in AECs. The EMT
was followed by AEC disruption of the intercellular junc-
tions, leading to the formation of intercellular gaps. This
phenomenon ultimately culminates in the deterioration
of the biomechanical properties of the amnion, resulting
in rupture of the amniotic membrane.

Materials and methods

Ethics statement

This study was performed in strict accordance with the
recommendations of the Institutional Animal Care and
Use Committee of the Jining Medical University. All pro-
tocols were approved by the Committee on the Ethics
of Animal Experiments at the Jining Medical University

(License ID: 2018-jc-019). Human amniotic membranes
and amniotic fluid were obtained from the Obstetrics
Department of the Jining Medical University Affiliated
Hospital. Prior to participation, all participants provided
written informed consent. This study was approved by
the Clinical Ethics Committee of Jining Medical Univer-
sity (JNMC-2022-YX-153).

PROM model

One hundred mature inbred pregnant Kunming mice
of specific pathogen-free grade, weighing 17-23 g, were
used in this study. LPS was used to induce PROM as
described previously [59]. LPS (100 pg/kg body weight)
was injected intraperitoneally into mice at 15 d of preg-
nancy. PROM were observed after approximately 48 h of
treatment. When bleeding was observed in the vagina,
the uterus and embryos were isolated under aseptic con-
ditions without breaking water. The CS model employed
pregnant mice (ED-17), and the NL model experienced
full-term birth (approximately 20 days). The amnion
and amniotic fluid were analyzed for the expression of
specific genes and compared with those from cesarean
sections.

Isolation and culture of AECs in vitro

The methodology for isolating amniotic epithelial cells
was based on established protocols from existing litera-
ture and further refined [60-62]. Initially, the amnion
layer was manually separated from the chorion and
washed with PBS lacking calcium and magnesium to
remove any blood. To extract AECs, the amniotic mem-
brane was incubated at 37 °C with a solution containing
0.25% trypsin and 0.02% EDTA. Cells released during
the initial 5-minute digestion period were disregarded to
remove debris. Cells from the subsequent two 20-min-
ute digestion periods were combined and washed thrice
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with PBS. The digestion was terminated by adding fetal
bovine serum (FBS: PAN Biotech, Aidenbach, Germany).
Subsequently, the cell suspensions were combined and
filtered through a 70-um cell strainer. Centrifugation of
the cells was carried out at 1000 x g for 10 min to harvest
the amniotic epithelial cells (AECs). Notably, approxi-
mately 95% of the isolated AECs exhibited positive stain-
ing for cytokeratins, validating their identity and purity
to a significant extent. The isolated single AECs from the
amnion were used as fresh AECS in this study. For cell
culture, the cells were seeded in culture dishes at a den-
sity of 1x10* cells per cm? in a complete medium. The
complete medium consisted of Dulbecco’s Modified Eagle
Medium/Nutrient Mixture F-12 (DMEM/F12; Gibco,
Carlsbad, CA, USA) supplemented with 10% FBS, 10 ng/
mL epidermal growth factor (Peprotech, Rocky Hill, TX,
USA), 10 ng/mL basic fibroblast growth factor (Peprot-
ech), and 55 pM B-mercaptoethanol (Sigma-Aldrich, St.
Louis, MO, USA). To identify the mesenchymal pheno-
types of the AECs, 15 ng/mL TGEF-p (Peprotech) was
added for 48 h [63].

Isolation and culture of F4/80-positive cells

The amniotic fluid from the CS model in pregnant mice
underwent centrifugation at 5000 rpm for 30 min to iso-
late and harvest various cells, including macrophages,
amniotic fluid stem cells, fibroblasts, and other cells. The
collected cells were then resuspended in 500 pL. DMEM,
blocked with 4% BSA at room temperature for 15 min,
and incubated with FITC-labeled F4/80 antibody for 1 h
at room temperature to detect the proportion of mac-
rophages. Subsequently, the magnetic bead separation
for F4/80 positive cell enrichment Macrophages were
isolated from the amniotic fluid via positive magnetic
isolation and cultured in primary macrophage culture
medium (SAIOS, PM-011, China) until they reached 80%
confluence and were then harvested using 10 mM EDTA.
The resulting cells were identified as MO macrophages.
For M1 polarization of macrophages, lipopolysaccha-
ride (LPS; 1 pg/mL, Sigma, L4391, USA) and inerferon-y
(INF-y, 20 ng/mL, Peprotech, 315-05, USA) were added
in cell cultures for 48 h. To isolate EVs, FBS was replaced
with the knockout serum replacement.

EMT analysis of the amnion and AECs

Amnions from LPS-induced PROM, natural labor (NL),
cesarean section (CS), and EV-treated models were sec-
tioned, dewaxed, rehydrated, blocked for endogenous
peroxidase activity, and processed for antigen retrieval.
The sections were blocked with 10% normal goat serum
and incubated with mouse anti-E-cadherin and rabbit
anti-N-cadherin primary antibodies (Abcam, USA) at
4 °C overnight, followed by a 2-hour incubation at room
temperature with FITC/Cy5-conjugated goat anti-mouse/
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rabbit secondary antibody. After counterstaining with
DAPI, images were captured using a TE-2000-E confo-
cal microscope (Nikon, Yokohama, Japan). Fresh AECs
were lysed using lysing matrix D (MP, USA) and a mam-
malian protein extraction kit (CWBio, China) to extract
total proteins. Protein concentrations were determined
using the BCA method (CW Bio, China). Western blot
analysis was performed to detect the expression levels of
E-cadherin, N-cadherin, and GAPDH in the fresh AECs.
To examine the impact of various factors on the epithe-
lial-to-mesenchymal transition of AECs, a variety of miR-
NAs and their targets were introduced into the AECs via
transfection. The transfected AECs were then lysed, and
the levels of EMT-related proteins, including E-cadherin,
N-cadherin, Snail, p-catenin, Numb, Ehf, and MMP-
9, were assessed using Western blot analysis. To ensure
comparability across groups, a consistent total protein
amount of 15 ug was loaded onto each sample, and iden-
tical exposure times were applied for the same markers
across different samples.

Analysis of recruited macrophages in the uterus

The uteri were obtained from aborted mice treated with
LPS and normal pregnant mice using the “swiss roll”
method [64]. The sections were stained with hematoxylin
and eosin for histological analysis. F4/80, a macrophage
marker, was used to mark and count macrophages in the
uterus using immunohistochemistry. Positive cells were
counted and analyzed using Image J/IHC Profiler Tools
[65].

Extracellular vesicles isolation and characterization

Each mouse yielded an average of ten embryos, and
the amniotic fluid from each sac was pooled, yielding
approximately 1 ml per mouse. Extracellular vesicles
within the amniotic fluid were isolated through ultracen-
trifugation, adhering to the protocols established by the
International Society for Extracellular Vesicles (ISEV)
[66]. First, the freshly obtained amniotic fluid was diluted
with PBS at a ratio of 1:7, and subjected to centrifugation
at 800 x g for 5 min at 4 °C to eliminate cells, followed
by centrifugation at 2,000 x g for 10 min and 10,000 x g
for 30 min at 4 °C to remove cellular debris. Dilution of
the cell culture supernatant with PBS is unnecessary, as
it can be subjected to direct centrifugation to eliminate
cells and cell debris. Subsequently, the supernatant was
subjected to ultracentrifugation at 100,000 x g for 2 h at
4 °C using a Beckman Coulter Optima XPN-100 Ultra-
centrifuge equipped with a SW 41 Ti rotor. The super-
natant was discarded, and the pellet was washed with 12
mL PBS. This was followed by a second ultracentrifuga-
tion at 100,000 x g for 2 h at 4 °C. The resulting superna-
tant was discarded, and the EVs were resuspended in 100
uL of PBS. Purified EVs were characterized using electron
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microscopy, NTA (NanoSight LM10), and immunoblot
analysis as described previously [67]. Protein concentra-
tions in the EV preparations were determined using the
BCA method (CWBio, China).

Microarray analysis

Analyses using the Agilent Mouse miRNA (8x60 K)
array and the SBC Mouse (4 x 180 K) ceRNA array were
performed by the National Engineering Center for Bio-
chips (Shanghai, China). All data were analyzed using the
SBC Analysis System (online tool for microarray analy-
sis, http://sas.ebioservice.com/portal/root/molnet_shbh
/index.jsp) to identify the differentially expressed genes
[68]. The significance of the differential expression was
assessed using the Student’s t-test. Fold changes of =2
and a p-value of <0.05 were used as the thresholds. Heat
maps were generated using the Java TreeView software.

Luciferase reporter assay

Firefly luciferase reporter genes were constructed using
the pCL3.0-Luc vector (Promega, Madison, W1, USA)
and target sequences. A mutation was generated at posi-
tions 3-5 of the seed sequence using a QuikChange
Mutagenesis Kit (Stratagene, USA). The 293T cells were
transfected using Lipofectamine 3000 (Invitrogen) with
a mixture of 1 mg/mL firefly luciferase reporter plas-
mid, 20 nM miRNA precursor or control, and 20 ng/mL
Renilla reniformis luciferase-encoding plasmid (pRL-TK;
Promega). Cells without the transfected precursor served
as controls for normalization, and luciferase activity was
measured 48 h post-transfection using a dual luciferase
assay system. All assays were independently repeated at
least three times.

Real-time PCR

The miRNAs were isolated using the miRcute miRNA
Isolation Kit (Tiangen, Beijing, China). The cDNA was
synthesized using a high-capacity RNA-to-cDNA Kit
(Tiangen, Beijing, China). Real-time PCR was performed
using SYBR PCR Mix (SYBR Green; Tiangen, Beijing,
China) and primers for miR-146a, miR-1931, and miR-
760-5p (Tiangen Biotech Co., Ltd.) in a Light Cycler 480
PCR system (Roche, USA). An external control (exo-
somes) (Tiangen) or U6 small nuclear RNA (cells) was
used for normalization. For mRNA analysis, total RNA
was extracted using the TRIzol reagent and reverse-
transcribed using sequence-specific reverse transcrip-
tion-PCR primers (Takara, China). PCR was performed
using an RNA PCR Kit ver 3.0 (Takara). Specific primers
for mRNAs and an endogenous control (GAPDH) were
synthesized by Sangon Biotech (Shanghai, China). Gene
expression was detected using a LightCycler 480 PCR
system. Each experiment was performed in duplicate in
96-well plates and repeated thrice.
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Coimmunoprecipitation and western blot analyses
Following transfection of AECs with a Myc-tagged Numb
overexpression vector using Lipofectamine 3000, the
cells were subsequently exposed to either 20 pum MG132
or 100nM Baf Al, after which the AECs were har-
vested. Coimmunoprecipitation assays were described
previously [69]. AECs were lysed in 1 mL of lysis buf-
fer containing 1x Complete Protease Inhibitor Cocktail
(CWBIio, Beijing, China). The lysates were centrifuged,
and primary antibodies were added to 500 pL of the
supernatant according to the manufacturer’s instruc-
tions. For immunoprecipitation, an equal mixture of pro-
tein A and G Sepharose (Thermo Scientific, USA) was
incubated with the lysate/antibody mixture for 2 h. For
western blot, the immunoprecipitated mixture were ana-
lyzed using primary antibodies against p-catenin, His-
tone H3, and GAPDH. Horseradish peroxidase-coupled
immunoglobulin IgGs was used as secondary antibody.

Biotin miRNA pull-down assay

The Biotin miRNA pull-down procedure was conducted
utilizing the PureBinding® RNA-Protein Pull-Down Kit
(GENESEED, China). A total of 1x 107 cells or 1x 10"
EVs were introduced into 1 x capture buffer, which
included 10 pL of RNase inhibitor and 10 pL of prote-
ase inhibitor. The mixtures were thoroughly blended
and subjected to ice-cold cracking for 10 min. Magnetic
bead pretreatment and probe incubation with magnetic
beads were performed according to the manufacturer’s
guidelines. The treated magnetic bead probe was added
to the lysis mixture and rotated at 10 rpm for 1 h. Upon
completion of the reaction, the mixture was placed on a
magnetic rack to remove the supernatant. Subsequently,
1 mL of the Wash Buffer working solution was added
to the collected magnetic beads and vortexed for 1 min.
The supernatant was discarded on a magnetic rack. This
washing step was repeated three times and the resulting
magnetic beads were collected. The obtained product
should be combined with loading buffer, denatured at
100°C for 15 min, and subsequently subjected to west-
ern blot analysis to detect the expression of PTBP1 and
NONO. Biotinylated poly(G) (5-GGGGGGGGGGGGG
GGGGGGGG-3') was used as a negative control.

Loading of siRNAs or miRNAs into EVs

The EVs were subjected to two washes in Cytoporation®
Media T (BT Xpress, USA), followed by the combination
of 1x10' particles EVs with 50 ug siRNAs or miRNAs
containing a 2'-O-methyl modification on each nucleo-
tide and 3’ phosphorothioate internucleotide linkages
at the first three 5 and 3’ nucleotides (Genepharma,
China) in 100 pL Cytoporation® Media T. Electroporation
was performed at 400 V using a 2-mm electroporation
cuvette (BT Xpress). EVs were subsequently purified from
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the mixture, and any unloaded siRNAs were eliminated
using a SuperEV 0.5 purification column (Rengen Biosci-
ences, China).

Tracking of EVs in vitro and in vivo

To visualize the influence of EVs on the AECs or human
amniotic membrane in vitro, EVs were labeled with 2 uyM
Dil (Coolaber, China), for 1 h at 37 °C and then purified
with a SuperEV 0.5 purification column. The EVs were
then incubated with AECs or human amniotic mem-
branes at different concentrations. The fluorescence
intensity of Dil in the AECs or human amniotic mem-
branes was assessed using a Leica TCS-SP8 confocal
microscope and Image] software. To track EVs in vivo,
they were labeled with 2 pM DiR (Absin, China) for 1 h
at 37 °C and then purified with SuperEV 0.5 purification
column. EVs were then injected intrauterine into mice
at different concentrations. Then, 24 h after injection,
the mice were anesthetized and imaged using an NIR-n
Imaging System H (Series III 900/1700, NIROPTICS,
Suzhou, China).

Human amniotic membrane and amniotic fluid

In this study, samples of amniotic membrane and amni-
otic fluid were procured from a cohort of gravida diag-
nosed with PROM due to vaginal infections (n=10), and
the amniotic membrane and amniotic fluid were col-
lected immediately after elective cesarean section. The
participants were selected based on specific criteria,
including age range (25-30 years), the absence of any
underlying diseases or genetic predispositions, and a ges-
tational age of <36 weeks. Furthermore, amniotic mem-
brane and amniotic fluid samples were obtained from
gravidas who underwent cesarean section at 36 weeks
of gestation due to breech presentation and umbilical
cord knot, and this served as a control group represent-
ing normal amniotic tissue and fluid (#=10). The con-
trol participants were also within the specified age range
(25-30 years) and had no underlying diseases or genetic
histories. Amniotic and choroidal tissues were separated
by blunt dissection. To ensure consistency at the col-
lection site, the membrane was cut approximately 1 cm
from the placental disc, excluding the area above the
lower uterine pole and cervix. Subsequently, the mem-
branes were washed with PBS to remove cellular debris
and blood. To measure Young’s modulus, the sample size
was approximately 2 cm x 2 cm. Total proteins from the
human amniotic membrane tissue samples from both
PROM and normal cases were extracted and subjected to
western blot analysis to determine EMT marker expres-
sion. Human CD14-positive cells were isolated from nor-
mal amniotic fluid using CD14-positive magnetic beads.
These cells were then cultured in primary macrophage
culture medium (SAIOS, PM-011, China). Positively
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sorting cells were confirmed to be hM0O macrophages.
The polarization method for hM1 macrophages is consis-
tent between humans and mice. hM0-EVs and hM1-EVs
were isolated from the supernatants of hMO or hM1 mac-
rophages by ultracentrifugation. To investigate the role of
hMO- or hM1-EVs in EMT normal human alveolar mac-
rophages (AM) were cultured in suspension in DMEM
supplemented with 5% FBS. Subsequently, 1x10® par-
ticles/mL of hM0-EVs or hM1-EVs was added separately
and incubated for 48 h, with no EV treatment serving as
a control. Western blot and immunofluorescence were
used to detect EMT markers.

Young’s modulus detection in the amniotic membrane

The Young’s modulus of the amniotic membrane was
determined using a Bruker Dimension FastScan AFM
(BRUKER FastScan Bio, Germany). First, tweezers were
used to carefully retrieve the amniotic membrane (1
cm? for mice, 2 cm? for humans) and position it on the
coverslip. Subsequently, a suitable quantity of PBS was
introduced and overlaid on a glass slide, exerting pres-
sure to ensure a level surface. The upper coverslip and
surplus water were eliminated. The tissue border was
affixed to the amniotic membrane surface using Henkel
instant adhesive (25637), ensuring its stability and flat-
ness. We delineated a circular boundary around the tis-
sue edge using a waterproof pen. PBS was applied to the
tissues and transferred to a surgical instrument table. The
12 um polystyrene microsphere probe position was then
elevated to a superior level relative to the tissue to make
appropriate modifications to the instrument parameters,
and execute the instrument operation until the detection
process was completed. The original data were analyzed
using the NanoScope Analysis software (version 1.8) to
obtain the torque curve and Young’s modulus. Nine fetal
amniotic membranes were obtained from each pregnant
mouse to measure the properties of the murine amnion.
Nine pieces of amniotic tissue were collected from each
parturient woman to determine the lowest Young’s mod-
uli in the human amnion.

Transmission electron microscopy

To conduct morphologic observation of EVs, a 10 pL
volume of EVs with a concentration of 1x 10% particles/
mL was deposited onto a copper grid for a precipita-
tion period of 1 min, after which the supernatant was
removed. Subsequently, a 10 pL solution of uranyl acetate
was deposited onto the copper grid for a precipitation
period of 1 min, followed by the removal of the superna-
tant. The samples were air-dried at room temperature for
10 min and examined with TEM (JEM1400, JEOL, Japan)
at an acceleration voltage of 100 kV. To analyze cell con-
nectivity, the amniotic membrane tissue was initially
fixed with a 2.5% glutaraldehyde solution. Subsequently,
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the tissue was subjected to a series of procedures, includ-
ing dehydration, drying, coating, and imaging. The
intercellular distance among the amniotic membrane epi-
thelial cells was measured using the tools provided by the
Image] software.

Statistical analysis

All experiments were independently performed at least
three times and repeated in triplicate. Results are pre-
sented as the mean * standard error of the mean (SEM).
Differences were assessed using the Student’s t-test (two
groups) or one-way ANOVA (more than two groups),
unless noted otherwise. p <0.05. significant. A schematic
illustration was drawn using the FigDraw tools (www.fig-
draw.com).
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