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Abstract: Placenta accreta spectrum (PAS) disorders have tradi-
tionally been characterized based on histopathologic grading,
emphasizing the invasion of trophoblasts into the myometrium, and
uterine serosa. Recent research has shifted the etiological under-
standing of PAS, moving away from the concept of aggressive
trophoblast invasion to focusing on the critical role of scarred
decidual-myometrial interface. This shift highlights the importance
of defective scar tissue as a primary factor, reshaping prevention
strategies, diagnostic accuracy, and treatment approaches for this
increasingly —prevalent iatrogenic and morbid pregnancy
complication.
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raditionally, placenta accreta spectrum (PAS) disorders
have been clinically and radiologically described
according to their histopathologic grade. This description of
PAS hinges on the notion that trophoblasts not only implant
into the myometrium, but also invade through or into the
uterine wall.l:2
The incidence of PAS has increased globally, which is
mainly attributed to the rising rate of cesarean births, with
an incidence of 1 in 300 births in the United States.3 It is
important to note that various studies have reported a wide
range of incidences, ranging from 1 in 250 to 1 in 2500, due
to the utilization of different PAS case definitions and study
populations.4-8
In recent years, there has been an etiological paradigm
shift in our understanding of this increasingly prevalent
disorder. We have gone from blaming the placental and
trophoblasts for the rise in PAS, to learning about the
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central role of the scarred decidual-myometrial surface in
the underlying mechanism of PAS. This is a consequence of
defective scarred decidua, rather than a result of aggressive
trophoblast invasion.!:® Embracing this perspective contin-
ues to redirect research efforts and clinical resources towards
more effective prevention, precise diagnosis, and safe
treatment of this increasingly prevalent and devastating
disorder.

MORBIDITY AND MORTALITY

Placenta accreta spectrum is a serious complication of
pregnancy associated with significant maternal morbidity
and mortality.l:10.11 The most common complication is
hemorrhage; however, other potential complications
include disseminated intravascular coagulation (DIC),
acute respiratory distress syndrome, massive transfusion,
visceral injury, infection, and thromboembolism.!12:13
Women with PAS are at a higher risk of requiring a
hysterectomy at birth or during the postpartum period.
Furthermore, neonates of pregnant women with PAS are
at an increased risk for complications such as transient
tachypnea of newborns and admission to the neonatal
intensive care unit (NICU).14 In cases where PAS
goes undiagnosed and an emergent cesarean hysterectomy
is required, the risk of severe morbidity and mortality
is higher, with mortality rates reported to be as high
as 7%.13

RISK FACTORS

The 2 most significant clinical risk factors for PAS are
a history of cesarean birth and a placenta previa.l215 The
risk of PAS increases with the number of previous births,
with a higher risk observed in women who have had 3 or
more previous cesarean births. Results of large cohort
studies, including ours have shown that cesarean during
labor is associated with a higher risk for PAS in
subsequent pregnancies.!® Other risk factors that can
cause uterine scarring, such as a history of PAS, pelvic
irradiation, uterine instrumentation, and manual removal
of the placenta, have been shown to be positively
correlated with PAS.!7 Several other clinical risk factors,
including in vitro fertilization (IVF), embryo transfer,
advanced maternal age, multiple gestation, multiparity,
and smoking have also been identified as risk factors for
PAS.18,19

PATHOPHYSIOLOGY

The exact etiology of PAS remains unknown,
although several hypotheses have been proposed. The
most widely accepted hypothesis is related to the presence
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of uterine scars, which may lead to a defect in the
endometrial-myometrial interface with subsequent failure
of normal decidualization.20 PAS is associated with
abnormal remodeling of the uterine arteries, leading to
deeper vascular myometrial invasion, unusual uteropla-
cental vascularization,?! and neovascularization in the
placental bed (Table 1).20

PAS—MOLECULAR MECHANISM

Despite the considerable efforts to clinically charac-
terize PAS, its molecular pathophysiology remains poorly

understood. It was initially presumed to be a consequence
of uncontrolled trophoblast invasion;2> however, infiltrat-
ing trophoblasts are not remarkably proliferative.26
Recent clinical literature has introduced a paradigm shift,
challenging the prior consensus on PAS. Instead, it
emphasizes the significant role played by the scarred
decidua and uterine scar dehiscence, which together create
an environment conducive to abnormal placentation
(Table 1, Fig. 1).1,920.27.28 This emerging evidence
challenges the traditional perspective and highlights the

TABLE 1. Summary of molecular and cellular changes in Placenta Accreta Spectrum (PAS), categorized by vascular remodeling,
epithelial-to-mesenchymal transition (EMT), extracellular matrix (ECM) modulation, immune response, and diagnostic biomarkers.
Upregulation and downregulation of key factors highlight angiogenic shifts, altered trophoblast invasion, immune cell changes, and

potential biomarkers for PAS detection

Vascular changes

Protein/factor Regulation Role/comments

Vascular endothelial growth factor (VEGF) Upregulated Promotes angiogenesis

Angiopoietin-2 (Ang-2) Upregulated Supports neovascularization

Soluble Fms-like tyrosine kinase 1 (sFlt-1) Downregulated Antiangiogenic factor

VEGFR-2 Downregulated Antiangiogenic factor

Endoglin (Eng) Upregulated Antiangiogenic factor, overexpressed locally

Placental relaxin (RLN) and RXFPI Upregulated Stimulate VEGF expression, contributing to
angiogenesis and vasodilation

Von Willebrand factor (VWF) Downregulated Its absence leads to enhanced vascularization

Epithelial to mesenchymal transition (EMT)

Protein/factor Regulation Role/comments

Epithelial cadherin (E-CAD)
Beta-catenin

Actin-binding proteins (ABPs): Profilin-1, cofilin-1, Upregulated
VASP
Integrin B4 Downregulated
Collagen ECM
Protein/factor Regulation
Transforming growth factor pl (TGFf1) Downregulated
Collagens 1 and 3 Upregulated
MEGS3 (maternally expressed gene 3) Upregulated
Immune response
Protein/factor Regulation
M1 markers Downregulated
M2 markers Upregulated
CD4+ T-cells Downregulated
FoxP3+ T regulatory (Tregs) cells Upregulated
Decidual NK (dNK) cells Downregulated
Key proteins/factors for diagnostics
Protein/factor Regulation
Cell-free DNA (cfDNA) Variable
Cell-free placental mRNA Upregulated
Circulating trophoblasts (cTBs) Upregulated
Serum proteins Upregulated

circulating placental extracellular vesicles (EVs)?425 EVs upregulated, miRNA
profiling of circulating placental
EVs variable

Circulating microparticle proteins26 Upregulated

Differentially expressed
Differentially expressed

Involved in cellular movement and adhesion

Forms intercellular adhesive complex with
E-CAD

Regulate actin polymerization and stabilization

Enhanced migration and invasive phenotype of
trophoblast cells in PAS

Role/comments

Inhibits migration and invasiveness of
cytotrophoblasts

Increased in PAS, contributing to ECM
modulation

Induces migration and invasion of trophoblasts
by inhibiting the TGFf1 pathway

Role/comments

Lower levels in PAS decidua

Higher levels in PAS decidua

Diminished in PAS specimens

Elevated in PAS specimens

Reduced levels in PAS, impacting trophoblast
invasion

Role/comments

Inconsistent results, potential for early PAS
detection

Elevated in PAS, correlated with depth of
invasion

Increased presence in maternal circulation in
PAS

Elevated in PAS

Syncytiotrophoblast-derived EVs are increased,
and 40 differentially expressed miRNAs were
identified

The top-performing panel of markers
distinguished PAS from controls with a mean
AUC of 0.83
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FIGURE 1. Alterations in the extracellular matrix (ECM) associated with PAS. A, Gross image of the adherent accreta area from a PAS
specimen demonstrating the abnormal adherence of the placenta to the myometrium, with the disrupted boundary between placental
and decidual tissues. B, Second Harmonic Generation (SHG) microscopy image of the in vitro ECM model, highlighting the disorganized
collagen fibers that are characteristic of PAS. The image demonstrates the increased density and altered orientation of type collagens 1
and 3 in the scarred decidual tissue, consistent with the ECM remodeling observed in PAS. C, Schematic representation of the molecular
alterations identified in PAS. An upregulation of MEG3 (maternally expressed gene 3), which promotes trophoblast migration by
inhibiting the TGFB1 pathway. Significant upregulation of collagen-related genes, including COL1A1, COL3A1, COL4A1, and COL15A1,
occurs particularly within the decidua. This upregulation is accompanied by increased expression of key ECM components involved in
collagen fibrillogenesis and organization, such as decorin (DCN), secreted protein acidic and cysteine-rich (SPARC), and laminin subunit

alpha 2 (LAMA2). These molecular changes contribute to the pathologic ECM environment in PAS, leading to excessive placental

adherence.

potential importance of these factors in the development
of PAS.

VASCULAR CHANGES

Abnormal placental angiogenesis is considered a key
mechanism underlying the pathogenesis of PAS, supported
by alterations in local angiogenic factors. Possible mecha-
nisms contributing to excessive neovascularization in PAS
include placental implantation on a uterine scar and the
resulting hypoxic environment.2%-30 Compelling evidence
reveals an upregulation of proangiogenic growth factors
such as vascular endothelial growth factor (VEGF) and
angiopoietin-2 (Ang-2), and a downregulation of antiangio-
genic factors such as soluble Fms-like tyrosine kinase 1
(sFlIt-1) and vascular endothelial growth factor receptor 2
(VEGFR2) within extravillous trophoblasts at the site of
myometrial invasion.3! Interestingly, hypoxia-inducible
factor-1a (HIF-1a), involved in VEGF upregulation during
early trophoblast invasion, is present in normal decidual
cells, but not in PAS samples—this suggests that the
overexpression of VEGF in accreta may not solely be
correlated with hypoxia in the uterine scar.32 Another factor
implicated in abnormal angiogenesis in PAS is endoglin
(Eng), an antiangiogenic factor that is overexpressed in the
tissue staining of the accreta site but found at lower levels in
maternal serum of women with PAS. This local over-
expression of Eng may represent an adaptive response to
balance placental vascular remodeling.33 In addition,
placental relaxin (RLN) and its receptor RXFPI that
stimulates the expression of VEGF, are found to be
upregulated in PAS specimens. This may contribute to
excessive antepartum bleeding by promoting angiogenesis
and vasodilation.3*35 These findings collectively highlight
the intricate interplay of environmental factors and molec-
ular pathways involved in the abnormal angiogenesis
observed in PAS.

In addition to excessive vascular formation, evidence
points to irregular vascular remodeling in PAS. Epiplacental
blood vessels lack VWF, Ephrin B2, and EPH receptor B4
—unique markers for arterial and venous endothelial cells.3¢
The absence of Von Willebrand factor (VWF) leads to
enhanced vascularization.35 Further, the suppression of
VWEF expression in PAS may contribute not only to
excessive neoangiogenesis, but also to irregular vascular
remodeling.3’ Endothelial and decidual cells in a scarred
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environment express factors promoting trophoblast prolif-
eration and abnormal angiogenesis.3® PAS specimens also
show a high expression of epidermal growth factor-like
domain 6 (EGFL-6), which is implicated in stimulating
angiogenesis and osteogenesis.?® EGFL-6 also leads to
increased expression of CD36, a protein crucial for
maintaining normal fetal capillary numbers and vascular
tube formation.4? Apolipoprotein L domain containing 1
(APOLD) and endothelin receptor type B (EDNRB) were
also found to be upregulated in endothelial PAS samples.
Both of these are downregulated in preeclampsia, implicated
in spiral artery remodeling, and act as markers of abnormal
decidua.4142

EPITHELIAL TO MESENCHYMAL TRANSITION

Epithelial to mesenchymal transition (EMT) is a
developmental process whereby immotile epithelial cells
transform into migratory mesenchymal cells. This transition
is critical for the normal invasion of extravillous trophoblast
(EVT) cells and attachment of the placenta to the
myometrium layer in the early weeks of gestation. During
early placental development, EVT cells lose their epithelial
phenotype and adopt a migratory and invasive phenotype
that allows them to migrate and infiltrate into the maternal
decidua and vessels.*3

The cellular mechanisms that regulate EMT in
trophoblasts are not well understood, although attempts
have been made to understand EVT cells in PAS. As
mentioned earlier, the understanding of trophoblastic
invasion is shifting towards the idea that the pathophysio-
logy of PAS may be explained by the environment, the
absence of boundaries, and the lack of inhibition.

Epithelial cadherin (E-CAD) is responsible for con-
trolling cellular movement, intercellular adhesion, and
polarization of epithelial cells.#* The interaction between
beta-catenin and E-CAD forms an intercellular adhesive
complex that activates gene expression involved in the
invasion process.#> The loss of E-CAD is a fundamental
event in EMT, triggering the initiation of invasion.40

EMT-mediated invasion does not normally continue
beyond 20 weeks of gestation.4’” However, differential
expression of both E-CAD and its cytoplasmic binding
partner, beta-catenin, was observed along the invasive
boundary of EVT in hysterectomy specimens of PAS
obtained during the third trimester.4’
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The available evidence strongly suggests that the
presence of an ongoing EMT plays a significant role in
facilitating sustained placental invasion within the spectrum
of placenta accreta.

Actin-binding proteins (ABPs) control cellular prolif-
eration, migration, and invasion. Profilin-1, cofilin-1, vaso-
dilator-stimulated phosphoprotein (VASP) phosphorylated
at Serl57 (pVASP-S157), and Ser239 (pVASP-S239) are
ABPs that participate in the regulation of actin polymer-
ization and stabilization, facilitating cell metastases.*3
Higher levels of ABPs were found in biopsies from the
placental-myometrial junction of PAS. These changes in
ABP expression may be an attempt to preserve homeostasis
by neutralizing the hyperproliferative and invasive EVT
phenotype in PAS.

Another factor in trophoblast cell invasion is the
adhesion molecule integrin B4. Chen et al¥ showed
diminished expression of integrin p4 and enhanced migra-
tion and invasive phenotype of trophoblast cells in
MARVELDI1 knockout mice, an animal model for PAS.
MARVELDI is a nuclear protein that is expressed in
various cell types and it has been found to be epigenetically
silenced through DNA methylation,®® and thus down-
regulated in certain cancers.

The EMT is a crucial process in early placental
development, as it allows for the migration and invasion
of trophoblast cells into the maternal decidua and vessels.
Abnormalities in this process, such as the deficiency of anti-
invasive factors and dysregulation of matrix metalloprotei-
nase (MMP) enzymes, have been associated with PAS.
Furthermore, the downregulation of transforming growth
factor B (TGFB1) and the upregulation of essential
components of the extracellular matrix (ECM), such as
collagen, have been implicated in creating a permissive
environment for PAS development.

COLLAGEN ECM

Uterine scars exhibit characteristic features including
disorganized smooth muscle, fibrosis-containing collagen
fibers, and diminished endometrial glands. The inflamma-
tory phase plays a crucial role in the healing process,
facilitating collagen organization and maturation.>! Scar-
ring of the myometrium and absence of the decidua layer
may contribute to the hyperinvasive EVT phenotype due to
a deficiency of anti-invasive factors.>2

Transforming growth factor f (TGFp) is a member of
the TGF-p family, a group of cytokines that regulate
cellular growth, movement, and tumor development.
TGFp1 inhibits the migration and invasiveness of cytotro-
phoblasts by up-regulating endogenous tissue inhibitors of
MMP-2.53 Overexpression and abnormal signaling of
TGFp1 initiate the EMT process in tumor invasion and
cancer metastasis.>* In correlation with these findings,
several groups showed the involvement of those players in
PAS. Duzyj and colleagues showed that TGFp proteins are
expressed by EVT cells at the placental invasion site, and
that there is an absence of inhibitory TGFf1 in the maternal
collagen surrounding accreta EVT cells. This imbalance of
TGFp in the scarred maternal uterus may promote the
continued hyperinvasive phenotype of accreta EVT cells.33

These findings align with a recent study conducted by
Afshar et al,” which demonstrated an upregulation of
maternally expressed gene 3 (MEG3). MEG3 has been
shown to induce migration and invasion of trophoblasts by

Copyright © 2025 Wolters Kluwer Health, Inc. All rights reserved.

inhibiting the TGFBl pathway.>> They also showed a
specific increase in collagens 1 and 3 in cases of PAS.
Notably, genes such as COL1A1, COL3A1, COL4Al, and
COL15A1 showed significant upregulation at both RNA
and protein levels, particularly within the decidua. PAS
specimens exhibited modulation of the extracellular matrix,
marked by increased gene expression of key components
involved in collagen fibrillogenesis and extracellular matrix
organization, including decorin (DCN), secreted protein
acidic and cysteine-rich (SPARC), and laminin subunit
alpha 2 (LAMA?2),% supporting the hypothesis that down-
regulation of TGFB156 may create a permissive environment
for PAS development (Fig. 1).

The assessment of women with disrupted collagen
expression, such as those affected by osteogenesis imperfecta
or Marfan syndrome, presents an intriguing avenue for
investigating tissue healing dynamics. However, these
pathologies are rare, and the number of reported pregnan-
cies is insufficient to comprehensively explore uterine
healing following cesarean birth and the risk for PAS.57

IMMUNE RESPONSE-PAS

Achieving a successful pregnancy relies on the maternal
immune system’s ability to tolerate normal placentation and
the invasion of EVT cells. The maternal-fetal interface is
populated with diverse immune cells and cytokines, includ-
ing T cells, B cells, NK cells, macrophages, dendritic cells,
TNF-a, IL-8, IL-1f, IFN-y, IL-10, and TGF, each playing
pivotal roles.58

During the first trimester of pregnancy, as trophoblasts
adhere to and invade the uterine stroma, there is a notable
increase in the proportion of M2 subtype decidual macro-
phages, facilitating maternal immune tolerance to the fetus
and trophoblast invasion. This shift reverses during
parturition, in which decidual macrophages M1 become
predominant.®

Decidua from patients with PAS show significantly
lower levels of M1 markers, along with higher levels of the
M2 markers, compared with the control. These findings
suggest a greater polarization of macrophages towards the
M2 subtype in the decidua obtained from PAS patients.>®

At the cellular immune system level, immunohisto-
chemical analysis of PAS specimens reveals diminished CD4
+ T-cells, elevated in FoxP3+ T regulatory (Tregs) cells,60.61
and a slight increase in CD25+ T-cells compared with
normal pregnancies.®? Moreover, there is a notable decrease
in decidua natural killer (dNK) cell levels in PAS,
potentially impacting trophoblast “invasion.”

In a mouse model, increased trophoblast invasion and
placental vascularization, along with extensive changes to
the immune-cell profiles at the maternal-fetal interface, were
observed as a result of uterine damage. Significantly
diminished proportions of T and NK cells in the decidua
were noted, with the greatest decline observed in decidual
NK cells and M—2 macrophages. Moreover, the expression
of TNF-a and IL4 was upregulated in the decidua, while the
expression of IFN-y and IL10 was significantly
downregulated.63

ANTENATAL DIAGNOSIS
Antenatal diagnosis of PAS is crucial to improving
maternal and perinatal outcomes. While ultrasound and
MRI have improved antenatal diagnosis, certain factors
such as placental location, elevated body mass index, or
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posterior placentation can hinder the sonographic detection
of PAS markers, reducing the sensitivity and specificity of
these methods.®* Therefore, there is a constant demand for
the development and study of new methods to improve
antenatal diagnosis, particularly in the first trimester. In the
recent years, several maternal serum biomarkers that have
been used to detect aneuploidy syndromes, including AFP,
HCG, and PAPP-A, have been investigated for their
potential role in the prenatal diagnosis of PAS. However,
different studies have reported significantly different cutoff
values for PAS diagnosis, and only a few have explored the
relationship between these biomarkers and the prognosis of
PAS.65

A prospective study by Farisogullari and colleagues
investigated maternal serum levels of VEGF, TNF-alpha,
IL-4, and IL-10 as potential markers for PAS among
patients with placenta previa. Their findings suggest
elevated VEGF, TNF-alpha, and IL-4 levels, alongside
decreased IL-10 levels in previa and PAS patients, under-
scoring their potential utility in clinical practice.%¢

There has been a notable increase in the utilization of
cell-free DNA (cfDNA) for prenatal care in recent years,
attracting considerable attention.’-7! In the context of
pregnancy, cfDNA, also referred to as noninvasive prenatal
testing (NIPT), allows for the identification of fetal
aneuploidies and sex chromosome abnormalities. NIPT
has been suggested as a potential tool for early detection
of PAS.

While a preliminary study showed increased cfDNA in
cases of placenta previa with the highest levels seen in the 2
patients with PAS,72 other results have been inconsistent,
showing no statistically significant difference between PAS
and non-PAS controls.”?

Cell-free placental mRNA has emerged as a promising
diagnostic tool for the antenatal detection of PAS.74.75
Several studies have reported elevated levels of cell-free
placental mRNA in the maternal plasma of women with
PAS compared with those with normal placentation.’6 The
levels of placental mRNA have been found to be directly
correlated with the depth of placenta invasion.”” However,
further research is needed to establish the sensitivity and
specificity of this diagnostic tool, and to validate the cutoff
values for the detection of PAS.

Our group has proposed the use of circulating
trophoblasts (cTBs) as a noninvasive biomarker for detect-
ing PAS. The study demonstrated that abnormal migration
led to an increased presence of ¢cTBs in maternal circulation
in PAS. The enumeration of single and clustered cTBs, as
well as ¢TB-clusters, can be used for noninvasive detection
of PAS throughout gestation, since they can be enriched
from maternal circulation. The use of cTB enumeration as a
noninvasive biomarker for the assessment of excessive EVT
invasion may be a promising diagnostic solution to detect
PAS throughout gestation.”8

PREVENTION

To develop strategies for the prevention of PAS, it is
essential to have a comprehensive understanding of the
underlying biological mechanisms.

When major surgical procedures such as cesareans or
myomectomies are performed, the entire uterine wall is cut,
resulting in a scar that goes through all the smooth muscular
layers of the myometrium. Although the epithelial layers of
the endometrium and uterine peritoneum can heal by
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regeneration and recolonization of the scarred area, the
myometrium cannot regenerate muscle fibers. Instead, it
forms a scar and ECM, including collagen, during the
healing process. Uterine wound healing after surgery is
characterized by myofiber disarray, tissue edema, inflam-
mation, and elastosis. The resulting scar tissue is less elastic
than intact tissue and more susceptible to injury and rupture
during subsequent pregnancies. Different surgical techni-
ques such as single-layer versus double-layer closure of the
myometrium, locked versus unlocked single-layer closure,
and the suture material used for the closure may influence
the healing process and the risks of uterine rupture.
However, the evidence regarding the risk of PAS in
subsequent pregnancies based on these varying techniques is
limited.79-80

Investigating the application of collagen or other
biological supplementation holds promise in promoting
the healing of the uterine tissue and modulating the
extracellular matrix. By enhancing the healing process and
improving the integrity of the uterine wall, we may be able
to decrease the likelihood of abnormal placental attachment
and subsequent development of PAS.

CONCLUSION

Placenta accreta spectrum disorders represent a com-
plex interplay of pathophysiological, molecular, and immu-
nologic factors, centered around the scarred decidual-
myometrial interface. This evolving understanding has
profound implications for the prevention, diagnosis, and
treatment of PAS, emphasizing the role of uterine scar
healing and the modulation of extracellular matrix dynam-
ics. Innovations in early diagnosis and the natural history of
the cesarean scar pregnancy, and antenatal diagnostics,
show promise in improving early detection, while prevention
strategies focusing on optimizing surgical techniques and
enhancing tissue regeneration offer potential avenues to
reduce PAS incidence. Continued multidisciplinary research
is essential to further elucidate the mechanisms underlying
PAS and translate these insights into effective clinical
interventions to attenuate and eradicate this increasingly
prevalent disorder.
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