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ABSTRACT

Pregnancy is established during the periconceptional period as a continuum beginning with blastocyst
attachment to the endometrial epithelial surface followed by embryo invasion and placenta formation.
This period sets the foundation for the child and mother's health during pregnancy. Emerging evidence
indicates that prevention of downstream pathologies in both the embryo/newborn and pregnant mother
may be possible at this stage. In this review, we discuss current advances in the periconceptional space,
including the preimplantation human embryo and maternal endometrium. We also discuss the role of
the maternal decidua, the periconceptional maternal-embryonic interface, the dialogue between these
elements, and the importance of the endometrial microbiome in the implantation process and pregnancy.
Finally, we discuss the myometrium in the periconceptional space and review its role in determining

pregnancy health.
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CLINICAL HIGHLIGHTS BOX

The periconceptional period represents a critical stage from a medical and scientific
perspective;furthermore is now clinically actionable (to some extent) to prevent downstream
pathologies for both the prospective mother and child. The foundations for the general and reproductive
health of the prospective child and mother become set during this periconceptional period when the
embryo implants into the maternal endometrium. Here, we summarize current knowledge regarding the
peri-implantation interface, human embryo, and maternal endometrium and how we may prevent

genetic/chromosomal pathologies and implantation failure of endometrial origin.

e Fertile and infertile prospective parents may have the ability to choose diagnosis to avoid
genetic/chromosomal alterations for their children

e Embryos can undergo routine chromosomal and genetically analysis prior to implantation to prevent
genetic conditions in the child

e The maternal endometrium can be investigated before pregnancy, identifying the personalized
window of implantation and the existence of microbial dysbiosis that may lead to initial conception
failures and intrauterine infections during pregnancy

e The existence of defective decidualization impairing cytotrophoblast invasion represents a possible
cause of late pregnancy complications such as severe preeclampsia, leveraging the development of
targeted therapies

e Investment in the optimization of periconceptional health has the potential to decrease significant

health burdens and improve lifelong health

L. INTRODUCTION

Humans are the result of genetics (nature) and environment (nurture) in equal measure. The
periconceptional space represents the crossroads between reproductive medicine and obstetrics, where
nature and nurture come together at the beginning of life. Infertility specialists seek to optimize

pregnancy success and first-trimester outcomes, while obstetricians prioritize diagnosing, treating, and
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preventing second- and third-trimester obstetrical complications, including preterm labor, preeclampsia
(PE), fetal growth disorders, and fetal death. Traditionally, infertility specialists and obstetricians
operate in parallel; however, increasing evidence supports the need to understand maternal and fetal
health beginning at embryo implantation. The potential to target, prevent, and/or avoid risks before
pregnancy occurs by leveraging knowledge of the periconceptional space could shift the focus of
reproductive and obstetrical care to a much earlier timeframe, thereby avoiding significant neonatal and

maternal morbidity, mortality, and healthcare cost burden.

Common clinical obstetrical practice consists of monitoring fetal growth for congenital or
developmental problems that may result in pregnancy termination or, in some cases, additional post-
birth interventions may follow. Congenital defects occur in 3%—5% of naturally conceived newborns,
contributing to 70% of pediatric hospitalization and 20% of infant mortality. Many of these cases are
preventable through embryo selection (1, 2). Most genetic disorders arise due to recessive or X-linked
mutations; 84% of asymptomatic patients aiming to conceive are carriers of 549 recessive and X-linked
gene mutations involved in severe childhood phenotypes (3). Most important, 5% of couples have
coincident pathogenic variants conferring high risk for six different severe diseases to their offspring
(3). In the US, 1 in 300 newborns has chromosomal trisomy, predominantly for chromosome 21, which
results in Down’s syndrome. The risk of Down’s syndrome increases with increasing maternal age, and
the incidence of this primary genetic cause of intellectual disabilities ranges between 1:40 and 1:2,000
deliveries (4). Embryo selection in the preconceptional period offers the possibility of preventing

trisomy in newborns.

Infertility-associated conditions such as endometriosis, recurrent pregnancy loss (RPL), chronic
endometritis (CE), or obstetrical conditions such as PE have, at least in part, pathological roots in the
endometrium. PE can be life-threatening for the mother and child if not diagnosed and treated promptly.
Currently, the only cure for PE is delivery of the placenta and infant, regardless of gestational age,
leading to preterm birth (PTB). Conservative estimates attribute more than 76,000 maternal and 500,000

infant deaths to PE worldwide each year (5).
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There exists compelling evidence that a deeper scientific understanding of the maternal-embryonic
interface is fundamental to understanding human reproduction and preventing some causes of infertility
and unwanted pathological consequences for the child and mother during pregnancy. In this review, we
discuss 1) preimplantation embryo genetics and how it can be leveraged to prevent genetic/chromosomal
pathologies; ii) preimplantation endometrial transcriptomics from whole tissue to single-cell resolution
and how it can help prevent implantation failure of endometrial origin; iii) the maternal decidua as a
distinct autocrine-paracrine tissue modulating pregnancy in health and disease; iv) the endometrial fluid
(EF) as the environment where endometrial-embryonic dialogue begins and is maintained through the
first trimester of pregnancy; v) the periconceptional maternal-embryonic interface; vi) crosstalk across
the maternal-embryonic interface; vii) the endometrial microbiome and its diagnostic possibilities; and

viii) the myometrium in health and disease.

Improving our knowledge about the periconceptional space translates to advances in periconceptional
care aims to target, prevent, and/or avoid risks before pregnancy occurs. Interventions during this period
provide an opportunity not only for the child's medical future but also for their parents. The focus of
periconception health is the wellbeing of the developing child, the prevention of late-onset obstetrical

pathologies, and the adoption of healthy habits by the parents.

II. THE EMBRYO AND THE CONTINUITY OF THE GENETIC SPACE: CHROMOSOMES,

SINGLE GENES, AND POLYGENIC TRAITS

The human zygote is the earliest form of a new, unique diploid individual, comprising haploid genome
contributions from male and female gametes. Genomic programming in the mature oocyte guides
embryonic development during early cellular divisions in a period when the newly combined embryonic
genome is quiescent (6). In humans, embryonic genome activation (also known as the maternal-zygotic
transition) occurs around the 4-8-cell stage of preimplantation development (7). In this phase, the
embryo becomes transcriptionally active and develops with input from external stimuli in the

surrounding tubal/uterine environment.
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During the complex processes of gametogenesis and embryogenesis, several crucial biological activities
require tight regulation and execution, including meiotic division, acquisition of oocyte cytoplasmic
competence to drive early embryo development, correct fertilization, and pronuclei syngamy. Alteration
of these molecular processes by genetic or epigenetic defects can result in a broad spectrum of
phenotypic consequences, ranging from gross impairment of reproductive competence (leading to
developmental arrest, failure to implant, or miscarriage) to minor flaws at the single gene or
chromosome level, which may result in genetic disorders. Some genetic defects can be harbored by the
parental genome and, following random assortment at meiosis and syngamy, inherited by the
embryo/child. Monogenic (i.e., Mendelian) disorders can be dominant (i.e., one defective allele is
sufficient to produce a pathological effect) or recessive (i.e., both gene copies must carry the
pathological variant to manifest). The pathological effects of dominant defects with variable clinical
manifestation may be visible in the parent; however, they may not manifest due to imperfect penetrance.
Recessive genetic diseases are usually silent and asymptomatic in heterozygote carriers; however, when
the ensuing embryo inherits two hypomorphic alleles from both parental genomes (whether in
homozygosity or compound heterozygosity), gene translation results in a heavily compromised protein
product that cannot be balanced by a normal allele (as it would for heterozygous carriers). A broad
spectrum of genetic conditions falls into this category, such as infertility characterized by
preimplantation embryo developmental arrest, fetal structural defects that manifest during pregnancy
(fetal anomalies caused by pathogenic sequence variants in developmental genes, such as COLIAI,
PTPNI1, FGFR3, CHD7, and PTPNI1I) (8), and severe highly-penetrant childhood-onset recessive
genetic diseases (e.g., spinal muscular atrophy and fragile X syndrome) (9). An estimated 3% of
newborns are affected by recessive genetic disorders, which are responsible for 70% of pediatric

hospitalizations and intensive care admissions in developed countries (1, 2).

De novo genomic alterations also have profound implications for pregnancy and fetal health and include
genetic or chromosomal abnormalities not harbored by the parental somatic genome but arising
primarily during germ cell division and maturation. This category includes aneuploidy, an incorrect set

of chromosomes (partial or entire), which is the leading cause of early embryonic developmental failure,
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pregnancy loss, and intellectual disability in humans. De novo events can also involve single genes or
imbalances for small genomic regions, with the formation of novel point mutations or small
duplications/deletions caused by errors in DNA repair machinery in germ cells. De novo pathogenic
variants in critical genes involved in fetal development and clinically significant sub-microscopic
chromosome copy number variations (CNVs) are the most frequent causes of fetal structural defects
detectable by ultrasound (8, 10), with an incidence of around 1:600 and 1:300 pregnancies, respectively.
De novo conditions can also arise during embryonic development and differentiation and can involve
both chromosomal and single gene defects, leading to cytogenetic (i.e., chromosomal) and genetic

mosaicism, respectively (11) (Figure 1).

Gamete
maturational arrest

Chronic diseases
Infertility

&°
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Figure 1. An individual’s genome is composed of genetic features inherited from parents (as components of
their genome or as de novo variants acquired by germinal cells) or acquired (as de novo variants during
the first stages of embryo development). Genetic features that govern and modulate phenotypes primarily
include aneuploidy, single nucleotide polymorphisms (SNPs), single nucleotide variants (SNVs), and
microdeletions/duplications. Most inheritable genetic conditions are determined by defects in single genes (e.g.,
CFTR for cystic fibrosis) passed on by parents to their offspring. The phenotypic manifestation of genetic defects
depends on the inheritance mechanism of their alleles: dominant or recessive. In addition, most genetic traits are
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under multifactorial (polygenic) control, where a specific phenotype (e.g., height) is determined by the combined
effect of several genes and their interaction with environmental and lifestyle factors. Embryo chromosomal defects
causing embryo implantation failure, miscarriage, and aneuploidy syndromes in the newborn (among other
conditions) are mostly de novo events due to chromosomal mis-segregation in oocytes prior to conception.
Although several genes have been implicated in determining an individual's reproductive fitness, isolated defects
in several genes determine early reproductive failure (e.g., gamete maturational arrest, fertilization failure, or
preimplantation embryo lethality).

Another type of genetic mechanism causing increased predisposition to multiple chronic diseases (such
as cancer, metabolic and cardiovascular conditions) is provided by polygenic interactions of multiple
common genomic variants with individually low impact. Indeed, most human traits have a genetic
background with numerous differences in common genetic variants, which include height, eye color,
cognitive and behavioral characteristics, and individual predisposition to chronic diseases. In contrast
with monogenic inheritance, where the phenotype results from the expression of a single gene, the
transmission of these traits follows polygenic inheritance, where the trait or disease risk is provided by
the cumulative effect of hundreds to millions of genetic variations throughout the genome. According
to the World Health Organization, the percentage of individuals severely affected by polygenic diseases
(e.g., cardiovascular disease, respiratory disease, cancer, and diabetes) is more than ten times higher

than that of monogenic diseases (12).

Remarkable efforts are being made to establish comprehensive biobanks that can expedite research in
population health by aggregating large-scale genomics and clinical data representing different
ethnicities [e.g., UK BioBank]. These platforms enable the construction of increasingly powerful
polygenic risk scores (PRS) from genome-wide association studies (GWAS) that provide an individual
estimated genetic predisposition to specific traits or diseases. Summing the relatively small contribution
of each genetic variant detected with genome-wide statistical association with a disease provides an
additive genetic score. When applied to the general population, PRS identify individuals at increased
risk (i.e., top 1" or 5™ percentile) or with a low-risk profile (bottom 1% or 5™ percentile) to inform more
tailored and efficient provision of medical interventions or recommendations for behavioral changes to
reduce risks. A recent study demonstrated the ability of PRS to predict polygenic disorders with a risk
equivalent to monogenic disorders for several conditions (13). Additional landmark studies found that

PRS can be effectively used in combination with other clinical risk factors and standard monogenic

11
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screening workflow, providing an additive and equally powerful adjunct parameter for improving risk
prediction and stratification for several chronic diseases in the general population (14). Moreover, using
large-scale biobank data from the FinnGen Consortium, Mars and colleagues demonstrated that PRS
improved clinical risk prediction determined using routine clinical thresholds for coronary heart disease,
type 2 diabetes (T2D), atrial fibrillation, breast cancer, and prostate cancer; importantly, PRS was the
best stand-alone predictor for early-onset events (15). In reproductive medicine, recent GWAS studies
have highlighted genome-wide significant loci associated with age at natural menopause and its clinical
extremes (e.g., premature ovarian insufficiency) (16). The application of PRS has thus emerged as a
powerful clinical tool to improve precision medicine in the general and infertile population and

empower the discovery of the molecular mechanisms causing common diseases.

Both inherited and acquired genetic and chromosomal defects in the newly formed zygote frame the
development and health of the ensuing embryo and child (Figure 1). Investigations in preconception,
preimplantation, and prenatal genetics offer opportunities for early diagnosis of reproductive risks and

the potential to prevent reproductive failures, obstetrical complications, and genetic disorders.
A. Aneuploidies in gametes and embryo development

Oocyte and embryo aneuploidy represent the principal causes of infertility, miscarriage, and cognitive
disability in humans. The predominant etiology for aneuploidy is chromosomal segregation errors
during female meiosis, for which advanced female reproductive age is the leading risk factor. Indeed,
aneuploidy affects 30%—80% of human oocytes (17, 18), and its incidence follows a U-shaped trajectory
that characterizes the female reproductive lifespan from menarche to menopause. The presence of
meiotically-derived aneuploidies in oocytes is thus the most critical determinant of human embryo
reproductive competence. This apparent deficiency derives from the oocyte’s unique developmental
processes, which entail a maturational suspension in the prophase of meiosis I (dictyate), where
chromosomes align on the metaphasic plate for decades before chromosomal segregation completes.
This specific configuration facilitates chromosomal recombination through the formation of chiasmata
across sister chromatids and homologous chromosomes and helps preserve the gamete until

reproduction is possible. Once a month, from puberty to menopause, a cohort of follicles is recruited

12
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for further growth, during which time granulosa cells increase estrogen production, reaching a threshold
and triggering a peak in luteinizing hormone (LH) levels (19), which provokes a complex molecular
cascade that stimulates ovulation and initiates the final oocyte maturation steps (20). Throughout the
years of maturational suspension, defects accumulate in the molecular apparatus connecting
chromosomes with the spindle responsible for anaphase resolution, predisposing to suboptimal
chromatid detachment and migration to opposite cellular poles (21). Over time, oocyte centromeric
chromatin undergoes decompaction due to partial loss of cohesin, a protein complex that consolidates
kinetochores of sister chromatids in meiosis I and connects them during meiosis II (21). Progressive
deconstruction of this complex destabilizes the integrity of the associated kinetochores, leading to
defective connections with spindle microtubules. During anaphase of meiosis I, when homologous
chromosomes diverge from the metaphasic plate and migrate to opposite spindles, unstable cohesion
between the impaired kinetochores and microtubules, combined with the intense traction exercised by
the spindle apparatus, further fragments kinetochores, critically affecting their ability to stabilize and
coordinate chromosome migration. During meiosis II, suboptimal cohesion between sister chromatids
leads to premature separation, disrupting the anaphase process, and ultimately resulting in aneuploidy.
This sequence of events appears to be the main driver for the increased incidence of aneuploidy in the
oocytes of women of advanced maternal age (18, 21-23). Commonly, aneuploidies deriving from
defective meiotic processes affect every cell of the ensuing embryo, as aberrations are uniformly

propagated through all daughter cells at each subsequent cellular division.

The aneuploidy rate in human embryos is highly consistent with that of oocytes, ranging from around
21% at age 30 to >85% for women over 43 (24). Distinct mis-segregation errors cause aneuploidy at
different life stages, with whole chromosome non-disjunctions preferentially affecting younger females
and sister chromatid cohesion defects characterizing most errors in older individuals (18). Only 2% of
sperm are estimated to carry chromosomal aberrations (25); nonetheless, most aneuploidies do not
prevent the initial stages of embryo development, demonstrated by the detection of diverse
chromosomal defects in preimplantation embryos at both cleavage and blastocyst stages, including both

monosomies and trisomies of most chromosomes as well as polyploidy and haploid configurations (26).

13
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Because 50%—60% of first-trimester miscarriages present with chromosomal abnormalities, abnormal
karyotypes are responsible for most failed pregnancies, with only some chromosomal defects
compatible with later stages of embryonic development (4). For example, other than the 45,X karyotype
observed in around 10% of pregnancy losses, monosomies are rarely detected in prenatal testing (<1%
of miscarriages with chromosomal abnormalities) (27). This situation may be due to unbalanced
epigenetic imprinting or the inability to support the intense transcriptional activities required to
compensate for the absent second allele (haploinsufficiency for a whole chromosome) during
endometrial invasion. Meanwhile, trisomies are detected in >60% of fetuses with an abnormal
karyotype, followed by polyploidies (triploidy and tetraploidy) and structural chromosome anomalies
at approximately 21% and 5%, respectively (28). Trisomy 16 represents the most common aneuploidy
in late pregnancy losses (i.e., second trimester), followed by trisomy 22 and 21 (28), suggesting that
abnormalities involving other chromosomes are severely deleterious for early embryo/fetal
development. Most autosomal abnormalities detected in live births involve chromosomes 13 (Patau’s
syndrome), 18 (Edward’s syndrome), and 21 (Down’s syndrome), with an incidence in the general

population around 1:7,000, 1:3,000, and 1:700 live births, respectively (29).

Both Patau’s and Edward’s syndromes show a high mortality rate due to complications exacerbated by
congenital disabilities. Five-year survival rates for children affected by Patau’s and Edward’s syndrome
are estimated at 9.7% and 12.3%, respectively (30). Most individuals diagnosed with Down’s syndrome
(~95%) show full trisomy 21, while partial translocation and mosaicism are detected in approximately
3% and 2% of cases, respectively (31). The survival rate of infants with complete trisomy 21 is

estimated at 92.9% at one year and 88.6% at ten years (32).

Aneuploidies involving sexual chromosomes show more variable phenotypes, with a longer lifespan
and much-improved quality of life compared to aneuploidies involving autosomes. The most common
sexual chromosome aneuploidies include 47,XXY (Klinefelter’s syndrome), 47, XXX, 47,XYY, and
45,X (Turner’s syndrome), with incidences of approximately 1:500—1,000 males, 1:900-1,000, 1:1,000
live births, and 1:2,000-2,500 live female births, respectively (33). Individuals affected by sexual

chromosome aneuploidies do not show a highly characteristic phenotype; indeed, although clinical

14
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presentation often includes intellectual, motor, and neurological deficits, most Klinefelter’s and XYY
cases are undiagnosed (34). Commonly, individuals carrying sexual chromosome aneuploidies show a
significant degree of variation in neurological and intellectual performance, suggesting that other
genetic determinants related to the parental origin of the extra (or missing) chromosome X, its
transcriptional activity, and the pattern of inactivation may affect the overall clinical presentation of the

syndrome (34, 35).

In addition to meiotic aneuploidies, chromosome segregation errors can occur during embryo mitotic
divisions at pre- and post-implantation stages (28). Depending on the embryo’s developmental stage at
the time of the mitotic error and the survival capability and biological fitness of the resulting secondary
cell lines, a variable portion of the embryo can comprise additional cell lines with karyotypes distinct
from the constitution of the zygote of origin. This phenomenon, known as chromosomal mosaicism,
affects up to 3%—5% of human embryos generated via in vitro fertilization (IVF) (36-39). In-depth
analyses of the genetic composition of mosaic preimplantation embryos demonstrate that abnormal cells
in a mosaic embryo are equally distributed in the trophectoderm and inner cell mass (ICM) (36, 40).
Most mosaic segmental aneuploidies detected in the trophectoderm are unconfirmed in ICM specimens
(41). Chromosomal mosaicism is rarely detected at prenatal stages (true mosaicism ~0.4%) and in
newborns (<0.2%) (39), even when derived from embryos diagnosed with mosaicism during
preimplantation genetic testing (PGT) (42). Based on these findings, the discrepancy between
preimplantation and prenatal/postnatal mosaicism detection frequencies may be due to mechanisms that
mitigate the dissemination of secondary clones with abnormal karyotypes (42). These putative
reparative processes include containment of the expansion of defective clones through increased
apoptotic activity in aberrant cells and/or the targeted isolation of defective cells in extra-embryonic
tissues, which prevents the involvement of the ICM and subsequent fetus. Detection of low/moderate
chromosomal mosaicism in human preimplantation embryos (e.g., <50%) is not associated with the
reduced reproductive capability to implant and progress to term; however, when detected in fetuses,
mosaicism for specific chromosomes can result in fetal growth restriction and congenital abnormalities

(43).

15
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PGT for aneuploidies (PGT-A) using next-generation sequencing (NGS) represents an effective
strategy for identifying embryos with chromosomal abnormalities. Based on non-selection trials data
available to date, PGT-A-mediated diagnoses of uniform aneuploidy (i.e., non-mosaic episodes)
provide a 99% (300/302; 95%CI1:97.6%-99.9%) predictive value for early embryo/fetal lethality and a
100% (95%CI1:98.8%-100%) predictive value for abnormal conception (44, 45). When considering only
uniform aneuploidy findings, embryo selection minimizes the occurrence of pregnancy loss or
chromosomally abnormal birth and improves pregnancy and live birth rate at the first embryo transfer

(46, 47).

Mosaic chromosomal findings suggest a much lower impact on the reproductive capabilities of an
embryo. A recent non-selection trial reported no differences in positive pregnancy, biochemical loss,
miscarriage, and live birth rates between low-grade (<50%) chromosomally mosaic and uniformly

euploid embryos (48).

Overall, PGT-A allows the identification of those embryos that carry a chromosomal abnormality and
their active deselection from transfer to minimize the chance of failed implantation, miscarriage, and
aneuploid pregnancy. Despite several reports describing its advantages, PGT-A technology remains
widely debated. Critics are concerned that PGT-A cannot improve the live birth rate per cycle and that
embryos can be either damaged by the biopsy procedure or erroneously discarded because of false
positive aneuploidy results. In other terms, there exists a risk that viable and healthy embryos might be
misclassified as abnormal and discarded from clinical use. This situation becomes even more apparent
when PGT-A is employed to diagnose genetic features of uncertain significance (i.e., mosaicism or
segmental imbalances) or when test accuracy is compromised in favor of easier application (i.e., non-
invasive PGT-A). One recent randomized clinical trial reported a comparable cumulative live-birth rate
in conventional IVF and PGT-A when three or more good-quality blastocysts were available (49);
however, another similar randomized clinical trial observed no improvements in pregnancy rates,
whether embryo transfers or intention to treat were considered (50). Nonetheless, breakdown data from
Munne et al. and other studies showed that when PGT-A is employed in selective patient populations

of advanced reproductive age, PGT-A may reduce time to pregnancy and miscarriage rates in patients
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with RPL (51) and improve clinical outcomes in advanced maternal age (AMA) patients (51),
supporting the crucial role of chromosomal abnormalities in the peri- and early post-implantation stages.
A recent review of US national surveillance data (SART database) between 2014 and 2018 of day-to-
day clinical practice, including over 420,000 cycles (30% of which were PGT-A), described an increase
in the live birth rate per cycle in women aged 35 and older but decreased outcomes in those younger
than 35, highlighting the critical role of patient selection for the application of PGT-A (47). More trials
are required to fully determine the negative and positive contributions of PGT-A to IVF treatments for
each subpopulation; furthermore, guidelines for minimum competence required by the embryology and
genetics lab to carry out such diagnoses are also needed(52). Nonetheless, due to the complex
confounding factors and variations characterizing the IVF and PGT population, it has been impossible,
so far, to determine whether PGT-A offers clear benefits or drawbacks (53). Currently, both advantages
(e.g., the deselection of aneuploid embryos and the reduction of cryostored embryos) and disadvantages
(e.g., increased costs and labor) coexist in this application, with overall cost-effectiveness still
undetermined; however, this type of investigation would be highly challenging due to the significant
differences in cycle costs and insurance/institutional coverage across the world and the indefinable costs
of adverse outcomes, including failed cycles, miscarriages, and chromosomally abnormal

pregnancy/birth (54).
B. Inherited and de novo highly penetrant genetic variants
1. Pathogenic DNA variants causing preimplantation embryonic lethality

Pathogenic DNA variants in single genes can cause a broad spectrum of defective phenotypes, including
specific infertility endotypes essential for oocyte and early embryo development. Such phenotypes
include cases of complete oocyte immaturity, total failure of fertilization, or the inability of embryos to
progress through normal preimplantation. GWAS and whole genome/exome sequencing can identify
genes involved in defective gametogenesis and embryo developmental arrest and reveal the genetic
foundation in unexplained infertility cases that account for up to 30% of the IVF population. Whole
genome/exome sequencing and GWAS studies are instrumental in identifying both monogenic and

polygenic variants involved in impaired spermatogenesis (e.g., TEX gene family), oocyte maturation
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(e.g., TUBBS, PATL2, and WEE?2), preimplantation embryo developmental arrest (e.g., NLRP2, NLRPS5,
and TLE6), and recurrent formation of hydatidiform moles (e.g., NLRP7 andKHDC3L) (reviewed by
(55)). If the causative role of these genes was confirmed in broader populations and by independent
studies, preconception screening by NGS for candidate genes involved in reproductive failure in women
suffering from isolated and unexplained infertility, whether occurring naturally or following assisted

reproductive technology (ART), would be clinically valuable in determining the etiology of infertility.

Preliminary evidence supporting tailored molecular strategies to rescue lethal embryonic phenotypes
has recently emerged. In 2018, during an intracytoplasmic sperm injection cycle, Sang and colleagues
injected WEE2 cRNA into the oocytes of a proband that had previously experienced recurrent
fertilization failure in multiple IVF attempts and possessed defective variants in both copies of WEE?2.
All seven cRNA-treated oocytes displayed proper fertilization and developed into chromosomally
normal blastocysts (56). More recently, a similar strategy was used as part of the infertility treatment of
a woman with complete oocyte maturation arrest and homozygosity for TRPI3. In this trial, all TRP13
cRNA-injected meiosis I (MI) oocytes extruded the first polar body, and the resulting zygotes exhibited
normal progression to the blastocyst stage (57). Although these findings require corroboration in more
extensive trials and procedural safety needs to be demonstrated for clinical application, this preliminary
result highlights the potential of novel genomic precision medicine to overcome and treat genetically

imposed reproductive barriers.

2. Pathogenic DNA variantsin fetal structural defects

Ultrasound detects fetal structural anomalies in around 3% of pregnancies, ranging from an isolated
inconsequential anomaly to multiple defects fatally aggravating several organs (58). Genetic diagnostics
are increasingly important to assess fetal structural anomalies and are associated with either aneuploidy,
uniparental disomy, CNVs, and/or intragenic mutations (8). Conventional karyotyping has been used
for more than thirty years to investigate prenatal anomalies; however, over the last decade,
chromosomal microarray analysis has been increasingly adopted in prenatal genetic diagnostics due to
an ability to detect sub-microscopic pathogenic CNVs, which increased anomaly detection frequency

by 3%—-5% (10, 59, 60). In 2012, Wapner and colleagues evaluated 4,406 abnormal pregnancies using
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chromosomal microarray analysis; they identified 6% as having CNVs with clinical significance in fetal

structural anomalies, marking a turning point for prenatal testing (10).

Two independent studies provided additional evidence to expand the diagnostic yield toward structural
fetal defects and beyond chromosomal microarray analysis. These studies identified 8.5% and 10.3%
of fetuses with clinically significant genetic variants through whole exome sequencing (8, 61).
Additionally, fetuses with increased nuchal translucency had phenotype-specific variants at an
incidence of 3.2% and 6.3%, respectively, and those with multisystem fetal structural anomalies had
variants at an incidence of 15.4% and 18.9%, respectively (8, 61). In both studies, dominant de novo
mutations were the most significant source of pathogenic variation, representing around 60% of
diagnostic variants. For their specific etiology and inheritance pattern, these events are usually not
associated with a higher risk of recurrence. Moreover, they cannot be anticipated in the context of
preconception carrier screening based on parental DNA analysis from leukocytes. Another considerable
fraction of cases (25%) were caused by recessive genes and were thus clinically actionable before a

defective pregnancy was established (8, 61).

Once causative genetic variants are identified in the parental genome, and a risk profile is determined
for the couple, it is possible to manage risk through PGT for monogenic disorders (PGT-M) by
identifying affected embryos and deselecting them from the pool of blastocysts considered for transfer.
Although significant improvements have been made in the genetic diagnosis of fetal structural defects,
the etiology of a considerable proportion of cases remains unknown, and more extensive genomic
translation research studies are required to fill this gap. In light of this evidence, prenatal chromosomal
microarray analysis should be complemented by whole exome sequencing to provide the most
comprehensive outlook on diagnosing fetal anomalies and improve the clinical management of

pregnancies (62).
3. Pathogenic DNA variants and severe recessive genetic disease
Pathogenic variants in the coding portion of the genome can impair embryo development and cause

implantation failure/miscarriage or support full-term fetal development but cause genetic disease in

fetuses. This last type of genetic abnormality becomes fixed throughout development and cannot be
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influenced by external factors, such as those mediated by the endometrium/placenta (63). A healthy
genome harbors an estimated three pathogenic variants of the approximately 2,000 genes responsible
for severe recessive highly penetrant childhood-onset conditions (autosomal recessive), leading to an
incidence of about 3-5 of every 1,000 newborns affected by pathogenic variants (2, 64). Unlike
autosomal dominant genes, which run in families and have clear clinical manifestations among
relatives, autosomal recessive variants often remain concealed until an affected birth occurs. Despite
the relatively low frequency of recessive conditions in the general population, there is a risk of an
affected child for 2%—4% of couples, even without positive family history or consanguinity (65, 66).
Furthermore, certain genetic conditions display more prevalence in geographically isolated populations
and societies with frequent consanguineous relationships, increasing the likelihood of homozygosity
for a determined pathological variant. Heterozygous carriers of a pathological variant may have a fitness
advantage compared to normal homozygous individuals, favoring transmission and propagation of the
pathological mutation in the local population (e.g., sickle cell disease in regions affected by malaria).
For these reasons, preconception carrier screening has been used for decades to limit the incidence of
severe genetic conditions in populations with specific ethnic backgrounds. Systematic carrier screening
strategies have demonstrated beneficial results in several regions. For example, the incidence of -
thalassemia in newborns was as high as 1:250 in Cyprus and Sardinia (67); however, the introduction
of mandatory premarital disease screening drastically reduced the frequency of affected newborns,

bringing the incidence down to 1:4,000 (67).

NGS technology has drastically increased the diagnostic sensitivity of expanded carrier screening. As
the panel composition of commercially available expanded carrier screening tests differs in terms of
disease severity, carrier rate, gene-disease strength of association of the conditions included, and the
gene level of coverage (68, 69), the overall efficacy, residual risk, and clinical utility varies significantly
across expanded carrier screening panels. Nonetheless, expanded carrier screening can potentially
reduce affected pregnancies even when a minimal number of conditions are evaluated. For example, in
a study on preconception and early pregnancy care programs in Australia, the combined affected

pregnancy rate detected in routine testing of the three most common genetic conditions (cystic fibrosis,
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spinal muscular atrophy, and fragile X syndrome) was comparable to the risk for Down’s syndrome in
the general population (70). These findings suggest that applying systematic expanded carrier screening

testing at the preconception stage can effectively minimize the risk of pathological conditions.

Early detection of recessive genetic conditions at preconception offers the opportunity to avoid
transmission of the pathologic genetic variant (e.g., IVF/PGT-M). Multiple studies have reported that
expanded carrier screening testing displays clinical utility, and most at-risk couples opt for tailored
reproductive approaches that minimize genetic risk, such as PGT-M (9, 71, 72). Although expanded
carrier screening is an established technology for predicting and preventing genetic reproductive risk,
more support is needed before expanded carrier screening can be implemented more universally (73—
75). A thorough overview of the advantages, limitations, and ethical aspects of preconception expanded
carrier screening was recently published by the European Society of Human Reproduction and

Embryology (ESHRE) Ethics Committee (76).

Regardless of the function of the gene targeted for analysis during a PGT-M test, the technology
employed is highly accurate and has been employed clinically since the early 1990s (77). PGT-M can
be employed in virtually any circumstance where the causative relationship between the gene and the
condition is well characterized. The American Society for Reproductive Medicine (ASRM) considers
PGT-M ethically justifiable when employed for severe conditions and where no or ineffective
interventions are available for the disease (78). Moreover, for less critical conditions, the ASRM deems
PGT-M ethically acceptable as a manifestation of reproductive liberty, although clarifying that every
patient should be informed of the potential long-term impact of the biopsy procedure. Especially in the
case of PGT-M, patients are recommended to undergo counseling sessions with a clinical geneticist to
receive detailed information on their conditions and allow for informed decision-making. Notably,
adverse outcomes (i.e., affected pregnancy) are exceptional and often related to human errors (e.g.,
mislabeling of samples or the transfer of incorrect embryos), while misdiagnoses are rare (<0.1%) (79).
Overall, when the reproductive genetic risk of a couple is known prior to conception (whether through

family anamnesis or expanded carrier screening testing), IVF/PGT-M provides a robust strategy for
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avoiding the transmission of the pathogenic trait to the ensuing pregnancy through the identification of

the affected embryos and de-selection from the transfer.

C. Polygenic inheritance in the embryo

Until recently, technical limitations associated with the lack of evidence between genetic contribution
and polygenic disease (and logistic/informative issues surrounding embryo selection based on
polygenic inheritance) had hindered the application of PGT in polygenic diseases (PGT-P). The
combination of highly informative population-level biobanks and new technical capabilities in
obtaining reliable embryonic genotypes from small numbers of biopsied cells has made PGT-P
theoretically applicable in clinical practice. From a technological perspective, it is possible to
comprehensively profile human preimplantation embryos for multiple polygenic conditions, together
with aneuploidies and monogenic diseases, from a single trophectoderm biopsy (80). The first clinical
application of PGT-P was reported in 2019 by Treff and colleagues (81), resulting in the first baby born
using this technology; however, certain sensitive aspects beyond technical capabilities currently prevent
the broader application of this technology and must be taken into consideration (82, 83). Among the
most important considerations is the absolute clinical gain achievable by PRS application in IVF, where
only a few euploid/viable embryos are available for selection. Indeed, low intra-familial genetic
variability combined with a small number of embryos to choose from does less to reduce disease risk
when applied to IVF patients compared to the broader general population. Whatever the predictive
power of various polygenic scores may be for clinical decision-making, it will be lower in the within-
family embryonic PRS context. Another limitation is that most powerful PRS developed today were
defined and verified in European individuals, and an extension to other ethnicities has yet to be
performed for current PRS. With particularly relevance to the context of PRS application in human
embryos, there exists a risk of pleiotropy - where a genetic variant influences distinct phenotypes.
Pleiotropic effects may have juxtaposed results, where low-risk scores for certain conditions coexist
with high-risk scores for other undesirable conditions (84). For instance, when discussing the limitations
of PRS applications in IVF, Turley and colleagues presented the example of an embryo selected for

intellectual abilities, which, in turn, would have a 16% increased risk of bipolar disorder (82). In reverse,
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however, pleiotropy may also produce converging positive effects, where selection against a
pathological trait may include a reduction in risks of pathologies associated with the primary phenotype
(e.g., hypercholesterolemia and myocardial infarction) (85). In most cases involving polygenic effects,
relationships between genetic variants and phenotypes remain unknown, warranting caution in future
preclinical research applying PRS to embryo selection. Other unintended consequences of PRS
application for embryo selection are currently debated, including the possible alteration of population
demographics, which could aggravate societal inequalities through discrimination and devaluation of

particular traits (82).

Although numerous technologies have potential utility in IVF, evidence regarding their clinical validity
and utility remains unestablished. With an increasing understanding of the genetic basis of disease, a
unified (monogenic and polygenic) space of genomic information will likely be leveraged for

embryonic reproductive competence and future newborn health.

ITII. THE SOIL. THE PREIMPLANTATION ENDOMETRIUM: FROM WHOLE TISSUE TO

SINGLE-CELL RESOLUTION

Menstruation is a resetting process that occurs across the reproductive lifespan - from menarche to
menopause - to prepare the uterine cavity for synchrony of the blastocyst’s arrival during the
endometrial receptivity window of implantation (WOI). The WOI allows blastocyst adherence and
triggers the completion of decidualization of the stromal compartments that control trophoblast invasion
and subsequent placentation. Endometrial receptivity and decidualization are postovulatory processes
of endometrial remodeling to prepare for pregnancy. Endometrial receptivity includes all the
morphological and molecular modifications known as plasma membrane transformation (see below).
During decidualization, uterine glands undergo secretory transformation, and endometrial tissue

exhibits vascular remodeling and infiltration by specialized immune cells (see Section I'V).

Human embryo implantation rates are 50%—65% for euploid embryos (86), which is low compared to

other mammals (e.g., 95% for rodents and 96% for rabbit). This difference largely derives from the
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endometrial control of human implantation and pregnancy compared to the embryonic control of
implantation in other species. The rodent embryo can direct implantation by delaying its metabolism
via embryonic diapause (87). Performing ovariectomy or hypophysectomy prevents estrogen secretion
during preimplantation in rodents, delaying implantation and triggering blastocyst dormancy (88).

Nevertheless, exogenous stimulation with injected estrogen rescues this process (89).

The human endometrium is formed by luminal and glandular epithelium, stromal fibroblasts, vascular
smooth muscle and endothelium, stem/progenitor cells, and immune cells. These cell types organize
themselves into two distinct functional layers, the basal layer with regenerative potential and the
functional layer, which undergoes proliferation, secretory changes, and tissue degeneration every month
(in the absence of pregnancy) from menarche to menopause mediated by ovarian steroids (90). The
human menstrual cycle has been historically classified into two major phases: proliferative and
secretory, with two subphases (early and late) in the proliferative and three subphases (early, mid, and
late) in the secretory phase. Briefly, in the endometrial proliferative phase, increasing estrogen (E2)
causes the proliferation of stromal cells and elongation of spiral arteries, while in epithelial cells is
associated with proliferation, differentiation, and cellular apoptosis (91). The endometrial proliferative
phase is characterized by an increased abundance of genes consistent with mitotic activity and tissue
remodeling (92, 93). The early-secretory phase begins with a rise in progesterone (P4) levels, induced
by ovulation and the formation of a corpus luteum. During this phase, cell metabolism and transport
increase, and there is negative cell proliferation regulation (93). The mid-secretory phase involves more
significant metabolic secretory and non-proliferative activity, with immense importance placed on the
innate immune response and the response to stress and wounding (93). E2 and P4 levels decrease during
the late-secretory phase, triggering extracellular matrix (ECM) degradation, inflammatory response,

and apoptosis leading to menstruation (95, 96).
A. Endometrial receptivity

Endometrial receptivity involves the coordinated actions of ovarian steroids (E2 and P4) produced by
the ovarian follicle acting through the estrogen (ER) and progesterone receptors (PR) (94) located in

the nuclei of endometrial cells. E2 is produced in growing ovarian follicles and drives the extensive
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proliferation of epithelial, stromal, and vascular endothelium. At mid-cycle, a luteinizing hormone (LH)
surge induced after E2 peak triggers ovulation, and P4 is produced by granulosa-luteinized cells in the
corpus luteum. Glands become secretory when stromal cells start to differentiate (pre-decidualization),

a process accompanied by endometrial edema (95).

The transition of the endometrium to its unique receptivity status that allows adhesion of the blastocyst
involves remodeling of the uterine epithelium structure and function (Figure 2). Epithelial cells lose
cell polarity due to the downregulation of the adhesion molecule E-cadherin on the cell surface, the
inhibition of mucin 1 (MUC1), and the formation of apical pinopodes (96-98). The absence of
implantation leads to luteolysis, withdrawal of P4 and, ultimately, menstruation. In contrast, the
presence of an implanted blastocyst that secretes human chorionic gonadotropin (hCG) maintains the
corpus luteum and P4 production, impacting the formation of the decidua and preventing additional

implantation events after pregnancy has started.
1. Estradiol and progesterone receptors

The effects of E2 and P4 are mediated by their interaction with specific receptors. E2 (ERa and ERp)
and P4 receptors (PR-A and PR-B) are present in the cell cytoplasm. When present, hormones bind and
activate their receptors, resulting in receptor dimerization and nuclear translocation. Activated hormone
receptors can bind to DNA to regulate the expression of target genes (99, 100). The regulation of PR-
A and PR-B changes across the menstrual cycle; both receptors are expressed at similar levels in
glandular epithelium before subnuclear vacuolization, with decreasing PR-A during the mid-secretory

phase. In the stroma, there is a predominant expression of PR-A throughout the cycle (101).

E2 directs early and late proliferative phases in the endometrium while modifying cell cycle gene
transcription, DNA synthesis, epithelial mitosis, stromal edema, hyperemia, and immune cell
infiltration. E2 drives proliferation via paracrine signaling with fibroblast growth factor (FGF) ligands.
ER-induced stromal cell expression of FGF activates epithelial FGF receptors (FGFRs) that drive
proliferation through downstream ERK1/2 or phosphoinositide 3-kinase (PI3K) pathways (102, 103).
ERa is critical to female fertility and sensitivity to E2’s mitogenic effects (104); however, loss of
epithelial ERa does not affect the influence of E2 on epithelial cell proliferation, indicating that ERa’s
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645  stromal function is critical for cell proliferation. In contrast, loss of ER negatively impacts fertility but

646 does not affect uterine functionality (105).
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649 Figure 2. The endometrial plasma membrane transformations and the accompanying molecular processes
650  required for the receptive state. Schematic representation of the processes and molecules implicated in acquiring
651  the window of implantation (WOI).
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653  During the menstrual cycle, steroid hormone signaling changes endometrial morphology. During the
654 postovulatory phase, the most dramatic effects of P4 affecting uterine tissue specific-cells occur when

655  PR-A and PR-B are detected in epithelial and stromal endometrial cells. The importance of PR is
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demonstrated by antagonists like mifepristone (RU486), which cause a delay in endometrial maturation
even at low doses and induce abortion when administrated during pregnancy (106, 107). P4 also
maintains the decidual phenotype of stromal cells during the late luteal phase (108). If pregnancy is not
established, decreased in P4 levels induce the expression of inflammatory cytokines, matrix
metalloproteinases (MMPs), and chemokines that generate endometrial inflammation to signal the start
of menstruation (109). In pregnancy, P4 remains high, playing an important role in maintaining
complete decidualization for the first week (110). PR signaling may be involved in the development of
certain endometrial diseases such as endometriosis, endometrial cancer, RPL, and the growth of uterine

leiomyomas (reviewed by (111)).

Epithelial PR expression in mouse models increases during the days before implantation. Specifically,
PR expression decreases in the uterine epithelium at the time of embryo attachment but increases in the
endometrial stroma surrounding the implantation site. One of the leading functions driven by
endometrial PR is the induction of Indian hedgehog (IHH) in the epithelium during the pre-receptive
phase (112). As aresult, IHH exerts its effects on its receptors (Patched and Smoothened [PTCH/SMOY)
located on the surface of stromal cells. This paracrine signaling pathway drives the proliferation and
differentiation of stromal cells in a PR-dependent manner. Thus, the induction of IHH in the epithelium
is critical to embryo implantation and stromal cell decidualization (113). Interestingly, murine models
lacking PR are infertile, exhibiting an ovulation defect, and hyperplastic uteri non-receptive to embryos
(114). Artificially stimulating the hormone-primed uteri of these mice does not trigger a decidual
response; furthermore, mice with the epithelial-specific loss of PR exhibit signs of infertility associated

with persistent luminal epithelium proliferation (115).
2. Adhesion and anti-adhesion molecules

Specific changes occur in the luminal epithelium during plasma membrane transformation to achieve
receptivity. Integrins are transmembrane glycoproteins formed by o and B subunits, each possessing an
extracellular domain, a transmembrane section, and an intracellular domain acting as a receptor that
interacts by non-covalent bonds. These subunits are activated by intracellular and extracellular signals

and participate in various cellular processes such as migration, adhesion, and invasion (116—118). Some
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integrins exhibit constitutive expression on the luminal epithelium, while others are regulated in the
stroma during the menstrual cycle (116, 119). Integrins act as receptors for ECM ligands such as
laminin, fibronectin, and collagen; additionally, they can transduce signals from soluble ligands (e.g.,
osteopontin) (120). Human a2f1, a3B1, a6B1, a9p1, avpl, avp3, avps, and avp6 are localized on the
luminal epithelium. Except for avB5 and avf6, these proteins also localize to the glandular epithelium,
a layer that additionally expresses alf1 and a4B1 (121, 122). The levels of specific integrins are most
increased during the mid-luteal phase of the cycle and are used as receptivity markers for that reason.
For example, o4p1 expression correlates with implantation success, as reduced expression in
endometrial stromal cells (ESCs) associates with recurrent miscarriage while blocking intrauterine a4f1

with an antibody leads to delayed implantation or implantation failure (123).

The selectin adhesion molecules also participate in endometrial receptivity; these calcium-dependent
molecules contain a highly glycosylated extracellular domain with a transmembrane domain and a
cytoplasmic tail binding heterotypically to sialylated and fucosylated glycoproteins (116). E-, L-, and
P-selectins are responsible for the endothelial surface tether and roll mechanism (124). Carbohydrate
ligands (e.g., MECA-79) bind to the L-selectin present on the luminal epithelium, and this event occurs
simultaneously with L-selectin expression on the embryo trophectoderm after hatching. Mid-luteal

biopsies lacking MECA-79 mRNA expression predict low pregnancy probability (125).

Interestingly, the expression of anti-adhesion molecules in the endometrium is regulated by signals
secreted by the blastocyst during the first stages of conception. A key player in the maternal-conceptus
dialogue is the membrane glycoprotein MUC1, which is expressed by the apical surface of secretory
epithelial cells. The MUCI1 protein comprises an amino-terminal region containing a hydrophobic
signal sequence and a transmembrane domain with a cytoplasmatic tail in the carboxyl-terminal section
and likely acts to sterically block E-cadherin-based cell-to-cell interactions (126). In humans, MUCI1
concentration increases during the WOI and decreases in the late secretory phase; however, despite the
existence of a general steroid-mediated rise in MUC]1 during the WOI, in vitro experiments show that
paracrine effects from the blastocyst may cause local clearance of MUCI at the attachment site (127).

Recent studies demonstrate that MUC]1 expression in the glandular and luminal epithelium in women
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who experience recurrent implantation failure (RIF) is lower than in women with recurrent miscarriage,
suggesting that MUC1 could serve for blastocyst selection by the endometrium contributing to
reproductive failure in RIF patients; however, the exact mechanism explaining how MUCI participates

in embryo implantation remains unclear (128).
3. Cytokines and chemokines

Cytokines are a family of diffusible proteins that function as signaling agents in an intercellular soluble
manner and play a vital role in regulating immune-related events (129). Cytokines are released by the
maternal tract and produce paracrine signals that influence embryo development and physiology (130-
132) and bind to high-affinity receptors located on specific target cells to activate a broad range of
JAK/STAT family tyrosine kinases (133—135). Ovarian steroid hormones regulate the production of
endometrial cytokines, and paracrine factors can also be secreted by adjacent endometrial cells or
emanate from microorganisms or the trophectoderm. Dysregulation of cytokine production is related to
implantation failure and miscarriage, with the most crucial cytokines in the preimplantation
endometrium belonging to IL-6 family - specifically IL-6, IL-11, and leukemia inhibitory factor (LIF)
(136). Signal transduction in the IL6 cytokine family is dominated by STAT3 activation, with IL-27,

whose signals are activated via STATI, being the only exception (137).

IL-6 employs the common signaling receptor glycoprotein 130 kDa (gp130); the cytokines that use
gp130 for signal transduction might also possess specific receptors on target cells. IL-6 regulates several
aspects of the acute-phase reaction, immune response, and hematopoiesis, as demonstrated in mouse
models (137, 138). IL-6 levels remain low under physiological conditions and increase during processes
such as inflammation. IL-6 signaling is mediated by a receptor, soluble (s)IL-6R, during pro-
inflammatory processes and the IL-6R receptor during anti-inflammatory processes (137). In the
endometrium, IL-6 mRNA and protein are residually expressed during the proliferative phase and
increase in the luminal and glandular epithelium during the mid-secretory phase of the menstrual cycle
(139). In vitro, IL-6 production is stimulated in endometrial epithelial primary cells by IL-1b in a
dose/time-dependent manner acting through a classic ligand-receptor interaction (139). This finding,

coupled with the increased concentrations of E2 and P4 in the secretory endometrium, suggests that
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these hormones ultimately regulate the IL-6 production required for implantation (139, 140). In human
stromal explanted cells, IL-1 (together with IL-1a, tumor necrosis factor [TNF], and interferon-y [[FN-
v]) promotes IL-6 production while E2 inhibits production (139). Anomalous expression of IL-6 is
associated with recurrent miscarriage; specifically, endometrial IL-6 mRNA levels (stimulated by IL-
1B) remain significantly lower during the mid-secretory phase in recurrent miscarriage patients
compared with controls (141), suggesting that IL-6 plays a critical paracrine or autocrine role in embryo
implantation (140). Furthermore, elevated levels of IL-6 are linked to reduced implantation rates in
patients with endometriosis via oocyte and embryo quality impairment (142). Analysis of the secretome
of implanted blastocysts grown in a sequential culture system versus those co-cultured with endometrial
epithelial cells has shown that embryo viability is related to IL-6 consumption (143). The same study
found that IL-6 is the most abundantly secreted protein in endometrial epithelial cells in the co-culture
to be metabolized by blastocysts. Compared to the sequential culture system from blastocysts that did
not implant, media from the culture of blastocysts that later successfully implanted is nearly devoid of
IL-6 (143), reinforcing the hypothesis that IL-6 consumption and metabolism play an essential role in
blastocyst development and perhaps during the implantation process. For this reason, remaining 1L-6
levels present in single blastocyst-conditioned media after co-culture with endometrial epithelial cells
were proposed as an indirect biomarker of embryo implantation to complement morphology; however,

this approach is not currently in clinical use due to the high level of inconsistency observed (144).

IL-11 plays a crucial role in tissue remodeling, hematopoiesis, and inflammation. IL-11 gene expression
is induced by IL-1a; meanwhile, phorbol myristate acetate (PMA) induces IL-11 mRNA stabilization
through tyrosine kinase pathways, as demonstrated in the PU-34 stromal cell line derived from primate
bone marrow (145). In the endometrium, IL-11 and its receptor IL-11Ra localize to decidualized
stromal cells during the mid-secretory phase. The IL-11Ra receptor is constitutively expressed during
normal pregnancy in mice, with the protein maximally expressed during decidualization in response to
the presence of the blastocyst (146, 147). In humans, IL-11 is present in stromal cells during the
preimplantation stage before becoming reduced in the luteal phase; protein expression remains high

during the first trimester of pregnancy but decreases during the second trimester (146, 147). IL-11 is
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also present in epithelial cells in basal conditions, as proposed using an in vitro model of cultured human
cells in which basal protein production was higher in epithelial cells than stromal cells; however, IL-11
production in stromal cells is higher when stromal cells are decidualized in vitro (148). The functional
relevance of IL-11 in infertility has been demonstrated by mice lacking IL-11, which display diminished
fertility and small litter sizes. Furthermore, female mice carrying the null mutation in the IL-11R alpha
chain are infertile due to a defective decidual response of the stroma to an implanting blastocyst (147,
149). IL-11 is crucial for the decidualization process in response to the presence of the blastocyst in
mice; however, decidualization occurs spontaneously during the acquisition of receptivity and does not
depend on embryo presence in humans. Of note, IL-11 and IL-11R expression during the secretory
phase of the menstrual cycle suggest that they also play important roles in human decidualization. In
addition, women with recurrent miscarriages display IL-11 deficiency in the endometrial epithelial
compartment during the peri-implantation period, suggesting that a higher IL-11 abundance may

prevent miscarriage (147, 150, 151).

LIF represents a crucial regulator of cell processes, including proliferation, differentiation, and survival
(152). Under maternal control, this pro-inflammatory factor displays increased expression during the
WOIL. Like other cytokines, LIF binds to its receptor, LIFR, and co-receptor, gp130, to trigger signaling
through several pathways (e.g., JAK/STAT, MAPK, and PI3K) (153). LIF is critical to murine
reproduction; blastocyst implantation does not occur in LIF knockout female mice (154); however, the
possible role of LIF in implantation failure and unexplained infertility in humans remains unclear.
During the WOI, LIFR and gp130 secretion is reduced in infertile patients (155). Although the
administration of recombinant human (rh)LIF has been hypothesized to help improve pregnancy rates,
a clinical trial in women with implantation failure investigating the efficacy of administration of (rh)LIF
during the luteal phase failed to show improvements in clinical pregnancy rates after treatment (156).
While this result underlines discrepancies in the effect of LIF between mice and humans, the
implantation failure in patients in this study could be caused by factors unrelated to LIF, thereby

explaining why adding rhLIF does not improve pregnancy rates in these patients.
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Cytokines such as IL-4, IL-5, and IL-10 participate in the maintenance of pregnancy, while high levels
of IL-2, IFN-y, and TNFa have been detected in women with unexplained recurrent miscarriages (157).
IL-15 is mainly expressed at the maternal-embryonic interface during the peri-implantation period and
during pregnancy, with its homeostasis essential for establishing and maintaining healthy pregnancy in
both mouse and human (158). IL-15 is involved in hormonal control of the human endometrium, as
demonstrated in cultured endometrial epithelial cells showing that P4 induces IL-15 mRNA expression.
IL-15 effects are mediated by an IL-2/15Rf3 membrane receptor and a specific receptor (IL-15RA)

(159).

The matrix metalloproteinases (MMPs) are a group of zinc-dependent proteins that play essential roles
in the decomposition of ECM, vascularization processes, and tissue resorption and remodeling. MMPs
can cleave different ECM components and non-matrix proteins using a system of proteolytic enzymes
(160, 161). These effects confer MMPs an important role in endometrial tissue remodeling across the
menstrual cycle and the degradation of ECM proteins during trophoblast invasion into the decidualized
stroma (160, 161). MMP-2 and MMP-9 are implicated in placentation and uterine expansion in normal
pregnancies but can be altered in obstetrical complications like preeclampsia due to decreased
vasodilation that, as a consequence, prompts increased vasoconstriction, which can generate premature
labor (162). Studies have also highlighted the significant role of MMP-3 in endometriosis; meanwhile,
MMP-2 levels increase in stage I1I/IV endometriosis (163). A specific maternal polymorphism within
the MMP3 gene has been found in patients with RPL, highlighting an association between this

polymorphism and recurrent miscarriage (164).

Chemokines are fundamental molecules that regulate leukocyte recruitment from the blood and display
directional movement within tissues. Chemokines can be dispersed via the lymphatic system, producing
their effects through G protein-coupled receptors (GPCRs) (165). Chemokines are classified through
their structural motifs: CXC, CC, CX3C, and C groups, or the a, B, v, and 8 subfamilies (166). A study
that co-cultured endometrial epithelial cells with human embryos to explore paracrine effects detected

the expression of the chemokine receptors CXCR1, CXCR4, and CCRS in the endometrial epithelial
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monolayer and the presence of a human blastocyst, expression of these receptors substantially increased

and became polarized to one pole of these cells (167).

Despite the large number of published studies showing associations of the abundance of certain
molecules (cytokines, chemokines and growth factors) with the different phases of the menstrual cycle
or certain pathologies, the molecular and cellular mechanisms that produce these changes remain largely
unknown. Most of the molecular studies published to date have been carried out in animal models or
using in vitro cultures of human cells, suggesting but not convincingly demonstrating the in vivo

functional role of these molecules in humans.

4. Growth factors

Growth factors are a group of polypeptides and peptides that interact with cell membrane receptors to
activate intracellular signaling pathways (168, 169). The transforming growth factor beta (TGF-B)
superfamily encompasses 42 known dimeric proteins (170, 171) divided into two subfamilies: the
TGFp/activating/nodal subfamily and the bone morphogenetic protein (BMP)/Mullerian inhibiting
substance/growth and differentiation factor subfamily (172). TGFp family signaling is associated with
reproductive processes and tissue remodeling. TGFf proteins specifically participate in preparing the
endometrium for implantation by promoting the activation of stromal decidualization (173, 174);
however, decreased TGFf expression occurs in patients with RIF (175) suggesting a potential role in

endometrial receptivity or embryo implantation.

Wnt proteins function in epithelial-mesenchymal interactions and cell specification, act as growth
factors in the uterus, and are required for the growth of ESCs and organoids (176—179). Wnt signaling
acts through an unrelated receptor tyrosine kinase or by a family of receptors that induces B-catenin
stabilization (180). Wnt signaling also regulates the vascular endothelial growth factor (VEGF) family
of angiogenesis effectors. VEGF-A interacts with the two VEGF receptors (VEGF-R1 and VEGF-R2,
also known as FLT-1 and KDR), with these interactions playing important roles in angiogenesis and
impacting several human pathologies (181). A specific VEGF isoform (VEGF165) binds to neuropilin
proteins (NPN1 and NPN2), which are transmembrane proteins unrelated to VEGF-Rs. An interaction
between VEGF165 and NPN2 promotes VEGF165 binding to VEGF-R (182). Significantly, pathway

33



843
844
845
846
847
848

849

850
851
852
853
854
855
856
857
858
859
860
861
862

863

864

865
866
867
868

869

Periconceptional maternal-embryonic space

redundancy and crosstalk increase the complexity of biological responses, making it difficult to identify
mechanisms underlying paracrine mediation of hormone action (183). In women with unexplained
infertility, levels of VEGF165 in the EF are significantly decreased during the WOI. In mice, thVEGF
administration substantially improves preimplantation embryo development, in vitro embryo
outgrowth, implantation rates, and fetal growth in vivo. These findings further support the existence of
a precise paracrine and autocrine dialogue between the blastocyst and endometrial epithelium during

the WOI and highlight the importance of the changing microenvironment as the embryo develops (184).

The EGF family includes EGF itself, heparin-binding EGF (HB-EGF), TGFa, epiregulin, neuregulins,
B-cellulin, and amphiregulin (185). These interact with the ErbB receptor family, which consists of four
tyrosine kinase receptors: ERBB1 (EGF-R), ERBB2, ERBB3, and ERBB4 (186). EGF and ErbB
proteins exhibit spatiotemporal expression patterns in the uterus during the peri-implantation period,
suggesting that these growth factors have compartmentalized functions during implantation (187-191).
During the late secretory phase, the expression of HB-EGF peaks, suggesting that it plays a critical role
in embryo development (192). HB-EGF has a dual role as a growth factor contributing to blastocyst
development and as an attachment factor preparing the endometrial luminal epithelium for blastocyst
adhesion during implantation. Human blastocysts that express cell surface ERBB4 can adhere to cells
that express the transmembrane form of HB-EGF (192), specifically day-4 blastocysts expressing
ERBB4 on the cell surface (193). ERB4 is primarily located in connective tissues and sub-myometrial
stroma and is expressed at basal levels throughout the stroma (194). Interestingly, the luminal
epithelium at the implantation site expresses epiregulin ligands and B-cellulin that could interact with

ERBBI and ERBB4.
5. Homeobox genes

Homeobox (HOX) genes are transcriptional regulators related to differentiation and control of
embryonic morphogenesis (195). Specifically, these genes encode a 60-amino acid homeodomain
responsible for sequence-specific DNA binding of larger homeodomain proteins. HOX proteins are
transcriptional transregulators that can activate or repress the expression of specific target genes (196).

Early studies in animal models describe the upregulation of Hoxal0O and Hoxal1 during endometrial
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receptivity in a steroid hormone-responsive manner by inducing decidualization in stromal cells (197).
Hoxal0”" and HoxalI"" knockout mice have low receptivity due to defective decidualization (DD), with
a stronger phenotype in Hoxall” knockout. Hoxal(0"" mice exhibit downregulation of the cyclin-
dependent kinase (CKD)4/6, cyclin D3, and p21 cell cycle regulatory axis (197, 198). Likewise,
Hoxall-/- mouse uteri lack cytokine LIF expression, reinforcing its crucial role in uterine receptivity
(199). During a regular human menstrual cycle, the expression of HOXA10 and HOXA11 is maximal
during the mid-secretory phase and remains elevated afterward; however, these genes are
downregulated during the secretory phase of the menstrual cycle in infertility-related disorders like

polycystic ovary syndrome, leiomyoma, hydrosalpinx, and endometriosis (200-204).

Other Hox genes may also play a significant role during the implantation process. For example,
mutation of H6 homeobox 3 (Hmx3) generates implantation failure in mice (205). Hox genes Msx/ and
Msx2 are tissue morphogenesis regulators important for uterine stromal-epithelial interactions (206).
Msx1 and Msx2 expression on the luminal and glandular occurs during day 3 and 4 of pregnancy, with
downregulation occurring at the end of day 4 as the blastocyst attaches. Knockout of Msx! or Msx2
results in subfertility, while double knockout abolishes fertility, suggesting a compensatory mechanism
between these genes (207, 208). Double knockouts exhibit a luminal epithelium that remains polarized
and columnar with tightly adhered cells rather than a less polar, cuboidal state that permits blastocyst
attachment. Moreover, this enhanced polarity in the uteri of double knockouts correlates with increased
formation of complexes of E-cadherin/B-catenin (mediated by Wnt5) at adherens junctions in receptive

endometrium (207).
6. Prostaglandins

Prostaglandins (PGs) are secreted into the EF and play specific roles in leukocyte recruitment, vascular
permeability, embryo transport, stromal decidualization, trophoblast invasion, and ECM remodeling
and prepare a pro-inflammatory environment during embryo implantation (209, 210). PGs are bioactive
eicosanoid lipid compounds derived from arachidonic fatty acid (AA) (211) through the activities of
PG synthases, which enables the formation of a set of PGs: PGD2, PGE2, PGF2a, and PGI2 (212).

PGE2 and PGF2a are crucial for endometrial receptivity (213). The specific action of PG is mediated
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by binding to GPCRs, which include four PGE2 subtypes (EP1, EP2, EP3, and EP4) and one PGF2a
subtype (FP) (214). Indeed, PGE2 and PGF2a concentrations measured 24 hours before embryo transfer
helped predict pregnancy outcomes (213). Moreover, using mouse embryos as a model, blocking PG
receptors on the trophectoderm membrane reduces embryo adhesion rates, suggesting that PGs are

essential for acquiring a proper adhesion phenotype (213).

The specific role of PGs in embryo implantation is supported by experiments in animal models
demonstrating that the inhibition of PG production using female mice lacking phospholipase A2 (PLA2)
and cyclooxygenase (COX) enzymes prompts a significant defect in the implantation process (215).
Among COX-derived prostaglandins, COX1 and COX2 exhibit spatiotemporal expression during
pregnancy (216). In mice, COX1 (PTGS1) expression in the epithelium occurs early on day 4,
suggesting a role in luminal closure for blastocyst apposition. COX2 (PTGS2) induction occurs in the
luminal epithelium and stroma underlying embryonic attachment sites, indicating roles in attachment
and local endometrial vascular permeability. Moreover, Ptgs2” mice show implantation failure, but
PTGS1 compensation partially rescues implantation (216). COX2 activates the uterine peroxisome
proliferator-activated receptor-6 (PPAR-9) and retinoid X receptor (RXR), suggesting a specific role in
implantation (217). While maternal PPAR-3 is critical in implantation and decidualization, placentation
requires embryonic PPAR-3 (218). PTGS2 localizes to the antimesometrial decidua upon attachment
but is displaced to the opposite (mesometrial) side by day 6 of pregnancy (216). In Ptgs2”" females,
ovulation, fertilization, decidualization, and placentation are defective; these phenotypes implicate
COX2-derived prostaglandin signaling across female reproduction. In addition, epithelial sodium

channels must be activated to induce COX2 at the implantation stage (219).
7. MicroRNAs

MicroRNAs (miRNAs) are small sequences (19 to 22 nucleotides in length) of non-coding RNA that
function as endogenous epigenetic regulators of gene expression (220, 221). miRNAs are transcribed
by RNA polymerase II as large primary miRNAs or pre-miRNAs and subsequently processed by the
ribonucleases Drosha and Dicer to give rise to their mature form. Mature miRNAs are then incorporated

into the RISC (RNA-induced silencing) complex, where they bind to the mRNA 3’ untranslated regions
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complementary region, inducing their degradation or inhibiting their translation, resulting in gene
silencing (222, 223). The association between mRNA and miRNA is established through short
recognition sequences of 6-7 nucleotides, meaning that one single miRNA can target hundreds of
different target genes, and at the same time, one gene can be regulated by several miRNAs. Mature
miRNAs regulate hundreds of mRNA targets through complete or incomplete complementation with
mRNA 3’ untranslated regions (224-227). While the general function of miRNAs is to promote
translation-inhibition events or RNA degradation, there is evidence that miRNAs play a role in inducing
protein expression or mRNA (228). miRNA function can be altered by endogenous sponges or
interactions with RNA-binding proteins, such as competing RNAs (228). Extracellular miRNAs can be
transported by high- and low-density lipoprotein (229, 230) and can be bound to other proteins such as
argonaute2 (AGO2) (231, 232) and nucleophosminl (NPM1) (233). Extracellular vesicles (EVs), such
as apoptotic bodies (234), microvesicles (235), or exosomes (236) mediate miRNA transport by

protecting the molecules from degradation and stabilizing them (237).

Multiple miRNAs have been linked to endometrial receptivity, implantation, placental function, and
parturition (238). Some differentially expressed miRNAs (e.g., miR-23b, miR-145, miR-27b, and miR-
195) were identified by endometrial biopsies in women with RIF compared to women with proven
fertility, suggesting that these miRNAs participate in biological functions related to implantation, such
as Wnt signaling (reviewed above), cell adhesion molecules (reviewed above), adherens junctions, p53
signaling, and cancer pathways (239). Additionally, the upregulation of miR-145 has been linked to the
downregulation of ERa, suggesting that targeting miR-145 could represent a treatable target for RIF

patients.

miRNAs have been evaluated as biomarkers for human endometrial receptivity, and deep sequencing
approaches have provided the first miRNA profiles comparing pre-receptive (LH+2) and receptive
(LH+7) states in natural and stimulated cycles. In regular cycles, LH+7 exhibits eight upregulated
miRNAs and twelve downregulated miRNAs compared to LH+2, and bioinformatics analysis indicates
that the target mRNAs are expressed during the WOI (240). At the time of implantation, miR-30b and

miR-30d become upregulated, while miR-494 and miR-923 become downregulated in the receptive
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endometrium (241). The secreted miRNA profile of the human secretory endometrium was determined
using NGS in samples of EF, with 81 predicted interactions of differentially expressed miRNAs in
hormone replacement therapy (HRT) cycles. Nevertheless, no differences between natural and HRT
cycles were found, emphasizing the functional clinical similarities of the approaches (242). miRNAs
also participate in decidualization; in vitro decidualization studies on primary ESCs have described the
upregulation of 26 and the downregulation of 17 miRNAs associated with this process (243).
Specifically, secreted miR-30d may represent a biomarker of endometrial receptivity and is
downregulated in decidualized stromal cells compared to non-decidualized cells (244). A recent study
noted that endometrial miRNAs transit from the maternal endometrium to preimplantation embryo
trophectoderm cells via a novel cell-to-cell communication mechanism (245). Furthermore, B6C3-
derived mouse embryos contain both EV-associated and free miR-30d, which results in the

overexpression of adhesion-related genes, including /zga7 and Cdh5 (245).

B. The human endometrium at single-cell resolution

Single-cell sequencing genomics, highlighted as “Method of the Year” in 2013 (246), has become a
routine component when investigating cellular heterogeneity in human tissues, and the number and
scope of studies and technologies continue to expand. A prominent example is the Human Cell Atlas

(247) an initiative to map the numerous cell types and states in all organs and tissues of the human body.

The origin of these studies is rooted in the heterogeneity of mammalian tissues. Based on a bulk tissue
sample, the information gathered from expression profiling averages the expression profiles of all
constituent cells. Technological advances that enable the study of single cells through automated super
high-throughput isolation and analysis have circumvented this problem (248, 249). Furthermore, these
methods have advanced from analyzing only small numbers of individual cells, particularly for cell
types that are not easily obtained in large numbers (e.g., oocytes or cells from the early embryo) (249),
to routine sequencing of hundreds of thousands of cells in one experiment using microfluidics and

droplet-based techniques together with combinatorial indexing strategies (250-254).

Circulating steroid hormones within the endometrium’s multiple cell types are finely coordinated with
their cognate receptors; therefore, biological functions are tightly regulated in time and space, with
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clinical abnormalities occurring when the equilibrium is disturbed. The endometrium comprises
different cellular components: epithelial cells, stromal cells, vascular wall cells, and immune cells, with
each cell type exhibiting a unique gene expression profile that evolves with the progression of the
menstrual cycle. The classical histological characteristics of the endometrium at specific sample
collection times impact tissue gene expression profiles (255, 256). The molecular signature of
endometrial receptivity continues to be refined as RNA-sequencing technologies advance from the
tissue (257) to the single-cell level (151). These approaches identify significant changes in epithelial

and stromal components as the endometrium transitions from pre-receptive to receptive phases.

Proportions of cell types vary along with the menstrual cycle; however, the precise impact of these
variations is not measurable in whole-tissue gene expression profiling (258). Modern single-cell
transcriptomics informs endometrial function, adding to gene expression analysis the new dimension of
cell populations implicated in each time point or condition of study (151). Many studies have used
single-cell RNA-sequencing (scRNA-seq) to define cellular compositions in human reproductive
tissues (151, 259, 260). Figure 3 depicts a schematic representation of the cell types described in these

studies.
1. Endometrial cell populations across the menstrual cycle

A hallmark study recently provided molecular and cellular cartographies denoting the endometrial
changes occurring across the menstrual cycle using microfluidics (C1 Fluidigm) and nanodroplets (10x
Genomics) (154). This study analyzed a total of 73,180 single cells from endometrial tissue samples of
27 healthy donors, identifying six major endometrial cell types: epithelial cells, an epithelial ciliated
cell type, stromal fibroblasts, endothelial cells, macrophages, and lymphocytes. Highly differentially-
expressed genes can act as markers that clearly distinguish cell types. An interesting cell type with
motile cilia functions emerged from an analysis of genes expressed in the endometrial epithelium. Using
RNA and protein co-staining for ciliated endometrial epithelial cells, the authors visualized the spatial
distribution of cells in situ. Their analysis confirmed four genes as markers (C110rf88, C200rf85,

FAM183A4, and CDHR3) and confirmed the consistent co-expression with the canonical regulator of
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cilia functions FOXJI. Ciliated cells were localized in an embedded position within both luminal and

glandular epithelium (151); however, the function of these ciliated cells remains undetermined.
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Figure 3. Endometrial cell types and alterations mapped by single-cell RNA-seq during the menstrual cycle
and embryo implantation. Left panel; C1 Fluidigim single-cell atlas modified from (151) Right panel; 10X
single-cell atlas modified from (261). Cell types present in the upper panel - Lum.Epi: luminal epithelium; Cil.Epi:
ciliated epithelium; GlLEpi: glandular epithelium; dS: decidualized stroma; dM: decidual macrophage; SCT:
syncytiotrophoblast; VCT: villous cytotrophoblast; EVT: extravillous trophoblast; PV: perivascular cells; Endo:
endothelium; DC: dendritic cells; dNK: decidual natural killer cells. Cell types present in the lower panel - Epi:
epithelium; F: fibroblasts; HB: Hofbauer cells; PC: plasma cells; Mo: monocytes; M: macrophages; NK: natural
killer cells.

Beyond the descriptive view of cell types constituting the endometrium, there exists emerging evidence
of gene expression changes across temporal phases of the menstrual cycle in the stroma and epithelium

(151). A major transcriptomic shift occurs in the epithelium when the tissue enters the WOI. These
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changes are not exclusive to the epithelium and also occur in the stromal compartment (with the
expression of DKK 1 or CRYAB (151)). Single-cell data have corroborated findings in bulk tissue during
receptivity and revealed different menstrual cycle timing among cell subsets. Decidualization initiates
in the stromal compartment before the WOI opens and is marked by FOXO! and IL-15 (151). In the
decidualizing endometrium, lymphocytes overexpress markers of uterine natural killer (uNK) cells
during pregnancy (CD69, ITGA1, CD56), genes encoding IL-2 receptors, and diverse activating and
inhibitory NK receptors. Immunofluorescence assays of ligand-receptor pairs provide support for
communication between CD3+/CD56+ lymphocytes and stromal fibroblasts in decidualizing
endometrium (262). These findings dissected tissue events along the menstrual timeline from the
perspective of each main cellular component, measuring the gap between the decidualizing stroma and

the receptive epithelium for the first time.

An integrative approach to combining data from the first menstrual cycle atlas (151) with newly
generated single-cell and spatial transcriptomics data (260) revealed additional cell states; this included
a population of fibroblasts (C7) restricted to the basal layer and yielded new insights on distinctive
signatures in luminal and glandular parts during epithelial gland reconstitution in the proliferative phase.
In this work (260) the authors deployed a strategy of spatial mapping with 10x Genomics Visium and
quantitative multiplexed Single-molecule fluorescence in situ hybridization (smFISH) that allowed
them to determine three-dimensional (3D) cellular arrangements in the endometrium. They allocated
epithelial cells into the three main endometrial layers: lumenal, functional, and basal. Focusing on
epithelial differentiation lineages, the authors resolved three cellular compartments within the SOX9
population, which have been previously explored as stem/progenitor cell types (263, 264): (1)
SOX9+LGRS5+ non-cycling cells, enriched in the luminal surface and expressing KRT17 and WNT7A;
(2) SOX9+LGRS5— cells located in the basal glands, expressing IHH; and (3) proliferative SOX9+ cells,

including both LGR5+ and LGR5— cycling cells in the regenerating superficial layer of the glands.

Paying attention to central transcription factor signatures (WNT and NOTCH), the authors (260)
described distinct expression distribution across the endometrial regions. NOTCH activation was

associated with glandular subsets, and WNT was activated in the ciliated epithelium. An in vitro
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assessment with endometrial organoids under hormonal stimuli and inhibitors of WNT or NOTCH
signaling demonstrated the opposing roles of these two regulators, suggesting that in vivo, this is
regulated by the boundaries set by the localization of distinct cellular populations in the lumenal versus

glandular microenvironments.

Altogether, these spatiotemporal single-cell transcriptomic atlases (151, 260) represent the most
detailed picture to date of the healthy endometrium in humans, which is highly exploitable as a reference

source for other studies in disease conditions or altered female fertility.

IV. THE MATERNAL DECIDUA AS A DISTINCT AUTOCRINE-PARACRINE

TISSUE MODULATING PREGNANCY IN HEALTH AND DISEASE

Decidualization is the secretory transformation of the endometrium, which supports the ability to
control embryonic invasion, growth, and development of the placenta. Human decidualization is an
ovarian steroid-regulated differentiation process that begins around the terminal portions of the spiral
arteries underlying the luminal epithelium; if blastocyst implantation occurs, the decidual lining is
formed and maintained throughout pregnancy. These modifications are accompanied by the secretory
transformation of the uterine glands (265) and immune cell infiltration made up mainly of uNK cells

(266).

In contrast to most mammals, human decidualization does not depend on the presence of a conceptus
(267). The biological advantage of this phenomenon remains unclear; however, species with an invasive
type of hemochorial placentation and long-term gestation share cyclic decidualization (268). The
functional relevance of decidualization in humans is incompletely understood but appears as the optimal

maternal solution to ensure appropriate accommodation of the invasive trophoblast.

A. Master regulators of decidualization

Successful pregnancy depends on a healthy maternal periconceptional period with a proper

decidualization process, which plays a critical role in controlling the active embedding of the conceptus
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(269). Hormonal, biochemical, and immunological factors regulate endometrial adaptation for the

optimal conceptus in the secretory phase of the menstrual cycle.
1. Hormonal regulation

Progesterone is the major driver of decidualization primarily mediated by nuclear PRs encoded by PGR
(270). The expression of PR-A and PR-B isoforms is transcriptionally regulated by coregulators and
post-translational modifications that target the gene promoter. PR expression increases in ESCs and
remains high during the decidualization process, with PR-A predominating (101). The involvement of
specific ligand-bound PRs is a paramount mediator of decidualization changes at the transcriptomic and

proteomic levels (271, 272).

Adding to the role of progesterone, metabolic and biochemical factors represent critical regulators of
decidualization. In this context, hCG induces local secretion of hormones such as relaxin and
corticotropin-releasing hormone, which enhance the production of cAMP levels in an
autocrine/paracrine manner, promoting decidualization and supporting implantation (273-275). To add
additional complexity, PR- and cAMP-dependent pathways are instrumental in maintaining the decidual

phenotype, sharing downstream targets (114, 276).
2. Autocrine/paracrine inductors

The main autocrine/paracrine factors secreted by endometrium, namely interleukins IL-1B, IL-11, and
LIF (277-280), bone morphogenetic protein 2 (BMP2) (281), left-right determination factor 2 (LEFTY)
(282), and TGFp (283), play important roles in supporting decidualization by promoting cAMP and
regulating ECM remodeling (173), angiogenesis, and regulating embryo invasion (185). Additionally,
metabolic pathways are critical regulators of implantation and posterior invasion events. Large amounts
of cytokines are synthesized in the placental-decidual interface post-implantation, with colony-
stimulating factor (CSF) 1, TGFB, TNFa, granulocyte-macrophage (GM)-CSF, LIF, IFNy, IL-6, and
IL-10 having functionally relevance in trophoblast differentiation and invasion (284). Soluble factors
involved in implantation have been identified by in vitro studies using single human hatched blastocysts

co-cultured with decidualizing ESCs. Over three days of co-culture, 75% of embryos were arrested,
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while the remaining continued normal development. Multiple immunoassays determined the level of
fourteen factors secreted by ESCs, showing that normal blastocysts had no significant effect on decidual
secretions, but arrested embryos inhibited IL-18, IL-6, IL-10, IL-17, IL-18, eotaxin, and HB-EGF (285).
Furthermore, control of ESC decidualization is spatially facilitated by lipid mediators such as
lysophosphatidic acid (286) by modulating the production of HB-EGF, EGF receptor (287), COX2

(216), and PGE2 (288).
B. Cellular and molecular transformation of decidualization

Decidualization is mediated by an orchestrated cellular and molecular transformation (Figure 4).
Endometrial differentiation is mediated by the phenotypic transformation of human ESCs and secretory
activity of the uterine glands, which ultimately results in ECM remodeling, immune cell recruitment,

angiogenesis, and resistance to oxidative stress (289-291).

IGFBP1
PRL @ (o)

HLA-C

KIR
CXCL9, CXCL10,

° © CXCL12, CXCL14
IL11, IL15, IL33

E uNK recruitment
and function

hESCs transformation
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Fibronectin c-Jun inhibition
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+ MMP1, MMP3 PDGFRa
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‘E Extracellular matrix
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Vascular remodeling
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oxidative stress

Figure 4. Cellular and molecular transformation during decidualization. Phenotypic transformation of human
endometrial stromal cells (hESCs) into enlarged secretory decidual cells (1); extracellular matrix (ECM) changes
in composition and function (2); leukocyte infiltration by uterine natural killer (uNK) cells (3); and promotion of
angiogenesis and oxidative stress resistance (4).
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1. Human endometrial stromal cells transformation into decidual cells

ESC differentiation into a decidualized phenotype includes intensive morphological and secretory
changes. Morphological changes include elongated fibroblast-like cells transforming into an enlarged
polygonal or round cell population with ultrastructural modifications mediated by complex cytoskeletal
rearrangements (297). Decidualized ESCs (DESCs) secrete molecules such as PRL and insulin-like
growth factor binding protein 1 (IGFBP1), which signals extravillous trophoblast (EVT) invasion and
represent canonical decidualization markers (298). In addition to these markers, global proteomic
analysis of in vitro decidualized versus non-decidualized hESCs revealed 60 differentially expressed
proteins modulated during this process, including cathepsin B, transglutaminase 2, peroxiredoxin 4, and
ACTB (Actin Beta). Secretomic analysis of conditioned media using a human protein cytokine array
identified thirteen secreted proteins, which included well-known (e.g., IGFBP-1) and novel (e.g.,
MPIF-1 and PECAM-1) markers (299).

Endometrial glands undergo an intensive transformation, secreting growth factors and other molecules
such as LIF, a vital molecule for promoting embryo implantation (277). Epithelial-stromal crosstalk is
essential to orchestrate decidualization and, consequently, to maintain an optimal uterine
microenvironment during pregnancy (292-294). The epithelium releases paracrine effectors such as
BMP2 acting downstream of the Indian Hedgehog (IHH) pathway, which creates a gradient of the
decidualization signal to the stromal compartment (295). Hormonal signaling activates receptors in the
epithelium, and the signal is transduced to the stromal compartment. The stromal PR signaling network
acts through paracrine mechanisms targeting genes involved in decidualization, such as MSX2, CNR1,
and MMP9. Knockout mouse models support the crucial roles of these molecules as primary
decidualization regulators. In this sense, Sox 17 ablation in the uterine epithelium impairs IHH signaling,
leading to embryo implantation failure (302). Interestingly, mice displaying uterine MSX2 deletion
prompted defective implantation with loss of Bmp2 expression (207). In this line, the conditional
ablation of Bmp2 in mice demonstrated that uterine stroma could not undergo decidual reactions in the
mouse (296).

2. Extracellular matrix remodeling
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Decidualization is characterized by significant changes in ECM composition and function, which
provide anchorage for cells and a favorable environment for trophoblast expansion (297). The
distribution of laminin close to DESCs and its absent in the myometrium controls embryo invasion
(298, 299). Fibronectin also remains localized around decidual cells containing an arginine-glycine-
aspartic acid motif connected with IGFBP1, a decidualization hallmark, and may play an anchoring role
(300). Progesterone-mediated signaling mediates the decreased levels of enzymes such as MMP1 and
MMP3 and the diminished activity of urokinase-type and tissue-type plasminogen activators (PAs),
which amplify ECM synthesis by decidualizing cells (301). EMILIN1, a connective tissue glycoprotein
produced by DESCs, is associated with elastic fibers and induces migration of EVT cells in a process
called haptotactic directional migration (302). Imaging studies show that decidualizing cells are
programmed to migrate toward implantation-competent blastocysts (303). Trophoblast signals,
specifically PDGF-AA, produce chemotactic and invasive migration of decidualized cells coincident
with increased expression of its receptor PDGF-Ra (304). Together, these studies indicate that
decidualization coordinates trophoblast invasion by encapsulating the implanting blastocyst through

active engagement.

3. Immune cell recruitment

In the late secretory phase of the menstrual cycle, the functional endometrial layer becomes increasingly
compact with leukocyte infiltration by uNK cells. The number of uNK cells increases around the spiral
arterioles, near endometrial glands, and adjacent to EVTs in early pregnancy. Immune cell recruitment
and distribution of uNK cells determine reproductive success, and their imbalance is associated with
reproductive failure, specifically RPL (discussed below) (305). uNKs express killer-cell
immunoglobulin-like receptors (KIRs); on placental cells, KIRs bind to human leukocyte antigen
(HLA)-C molecules, indicating a role in maternal tolerance of fetal trophoblasts toward the allogeneic
conceptus (306). Complex and dynamic gradients of chemokines, such as chemokine (8C-X-C) motif
ligand 9, CXCL10, CXCL14, and trophoblast-derived CXCL12, and cytokines produced by DESCs,
such as interleukin-11 (IL-11), IL-15, and IL-33, control the spatiotemporal distribution of uNK cells

in the peri-implantation endometrium (307). In human first-trimester implantation, the CX3CR1 and
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CCRI chemokine receptors locate in the endovascular EVT. CCR1 is expressed by the placenta and
trophoblast cell lines, while CX3CR1, CCR1, CCR2, and CCRS5 are also expressed by endometrial cells
(308). Macrophage levels also increase in the decidua near invading human EVTs, likely conferring
tolerance to invading semiallogenic trophoblast cells (309). Taken together, decidualization is a major

contributor to the immunological regulation of pregnancy.
4. Vascular remodeling and resistance to oxidative stress

A key feature of decidualization is the vascular remodeling that fundamentally increases permeability
at the site of blastocyst attachment and is associated with oxygen tension fluctuations and reactive
oxygen species generation (185). DESCs are programmed to resist the oxidative stress environment,
protecting the integrity of the maternal-embryonic interface. A wide range of defense systems are
implicated in this adaptation, including inhibition of stress pathways such as JNK, limitation of inositol
trisphosphate signaling, and stimulation of free radical scavenger secretion (310-312). Additionally,
diminished miRNA silencing in DESCs may be a defense mechanism to protect from trophoblast-
derived miRNAs (313) (see Section VIL.B). Another essential posttranslational modification linking
glucose sensing to cellular stress resistance includes those pathways involved in O-GlcNAcylation.
Notably, an EGF domain-specific O-linked GlcNAc transferase is markedly upregulated in DESCs and
modifies and secretes membrane proteins (314). Finally, uterine-specific deletion of Trp53 in a mouse
model compromises antioxidant responses by decreasing mitochondrial oxidation and ATP production,
altering lipid signaling, and causing premature senescence (315, 316). This phenotype could contribute
to PTB and/or stillbirth based on evidence that inhibiting mTORCI1 activity using rapamycin attenuates

decidual senescence and rescues the PTB phenotype (317).
C. The decidua as a maternal tissue essential to the maternal-embryonic unit

Endometrial remodeling reaches maximal specialization with the formation of the decidua, the maternal
tissue most closely connected to the fetoplacental unit. “Decidua’ derives from the Latin verb decider,
meaning to die, fall off, or detach, reflecting the temporal function of this tissue during pregnancy. The
relationship with the fetoplacental unit establishes three regions of decidua with distinct anatomical and

functional roles: the decidual basalis, capsularis, and parietalis. Here, we discuss the area beneath the
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site of implantation known as the decidua basalis, which supports the formation of the discoid placenta,

representing the maternal-fetal interface.

The decidua is a complex and heterogeneous tissue composed of DESCs, representing 10%—-30% of
cells in the first trimester and up to 60%—70% of cells in the full-term decidua. DESCs control
trophoblast invasion and placenta formation (318). The uterine glands and small blood vessels,
including spiral arterioles, provide nutrition to the fetoplacental unit, first by providing histotrophic
nutrition through the first trimester of pregnancy (see Section VI.B) and then through the connection of
the maternal arterial circulation to the placenta. The fraction of immune cells, particularly uNK cells
and macrophages, plays a critical role in regulating trophoblast invasion and spiral artery transformation
via the secretion of specific cytokines and chemokines that promote EVT action (319, 320). Recently,
a cell atlas of the early maternal-fetal interface defined three major subsets of uNKs cells; interaction
analysis also predicted that their function mediated the extent of trophoblast invasion and coordinated
immunomodulatory pathways involving myeloid cells, T cells, and stromal cells (261, 320). Overall,

the complexity and dynamism of decidual tissue reflect its pivotal role in pregnancy.

The decidua is crucial in orchestrating trophoblast invasion, which occurs in two steps. The first step
occurs between days seven and ten post-conception, starting with the trophectoderm that actively
invades the uterine tissue; then, the conceptus is wholly embedded in the stromal compartment. Before
8 weeks of gestation, the second step begins with the transformation of EVTs into an invasive
phenotype. These cells change their adhesion molecule phenotype and invade from the placental villi
to the full thickness of decidua, as far as the inner third of the myometrium (321). EVTs invade and
remodel maternal spiral arteries by destroying the muscle layer that replaces the endothelial lining,
forming a chimeric feto-maternal endothelium (322). This process is usually completed by eighteen
weeks of gestation and is critical for establishing uteroplacental circulation. Invasion is partly promoted
by oxygen tension (323) and active recruitment of uNKs and macrophages (324, 325). The demands of
the fetoplacental unit increase during pregnancy and maternal spiral arteries must dilate enormously to

allow 10% of maternal cardiac output (~800 mL) to pass through the placenta per minute (326).

D. Defective decidualization in the origin of infertility and pregnancy complications
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The maternal endometrium is traditionally considered an inert reservoir without an active role in the
implantation process and subsequent pregnancy success. Much attention has focused on the embryo
because most early pregnancy losses result from chromosomally abnormal embryos (see Section II).
Evidence suggests that, in addition to the seed (the embryo), improper endometrial preparation may

contribute to reproductive and obstetrical disorders (327).

The inability of maternal tissue to undergo a molecular program of hormone-driven differentiation
signals, known as DD, leads to implantation/placentation aberrations and adverse pregnancy outcomes.
DD has been described at the cellular and molecular level as (i) a defect in cellular shape changes and
the expected cytoskeletal reorganization, (ii) a failure to display an increase in stage-specific antigens
of classical markers (PRL and IGFBP1), and (iii) an alteration in the global transcriptional profile of
decidualized cells, including downregulation of genes such as /IGFBPI, CNRI, and IL-1B that are
functionally annotated with pathways associated with differentiation failures such as cytokine-cytokine

interactions, E2 and TFG-J signaling, and inflammation.

Although infertility and pregnancy disorders are typically classified into distinct categories, these
conditions occur along a continuum. The decidua represents the common factor, driving placental
establishment and supporting the concept that pregnancy health is determined even before the arrival
of the embryo into the uterine cavity. Therefore, pregnancy complications are not two-stage disorders
with the placental defect leading to an abnormal maternal response to clinical manifestations; instead,
they could be three-stage disorders triggered by deficient endometrial decidualization that predates
embryo arrival and leads to aberrant implantation/placentation and finally, clinical disease.
Accumulated evidence demonstrates that DD is present in pathological conditions such as
endometriosis and RPL and late-onset pregnancy complications such as PE, intrauterine growth

restriction (IUGR), and placenta accrete (328, 329) that will be discussed below (also see Figure 5).
1. Endometriosis

Endometriosis is a chronic inflammatory disease of unknown origin characterized by endometrium-like
glands and stroma outside the uterus, mainly involving the pelvic organs. Endometriosis affects 6%—
10% of reproductive-aged women and is a leading cause of severe pelvic pain and subfertility.
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Retrograde menstruation was classically thought to be the source of ectopic endometrial tissue within
the peritoneal cavity (330); however, other factors must be involved, as nearly 90% of menstruating
women have retrograde reflux of menstrual blood, yet only a fraction develop endometriosis. Other
hypotheses include disturbances in embryological development (metaplasia of the coelom) (331)
possibly combined with pluripotent stem cell reprogramming (332-334), vascular or lymphatic spread
(335), neonatal bleeding (336), and genetic factors (337). Accumulated evidence also suggests DD of
ESCs in the eutopic endometrium of patients with endometriosis (338-340). Endometrial transcriptomic
differences between women with and without endometriosis are evident and even accentuated in
primary ESC cultures under in vitro progesterone treatment, with 172 genes affected (341). These
findings gave rise to the term progesterone resistance, which is DD resistance to P4. Reduced expression
of the PR-B isoform and P4 target genes (e.g., 17p-hydroxysteroid dehydrogenase-2 and glycodelin) in
endometriotic tissue has been reported (342—344). Endometriotic tissue exhibits downregulation of
other genes important for endometrial stromal decidualization, such as HOXA-10 and HOXA-11 (345).
Based on these findings, endometriosis could be partially associated with P4 resistance or DD that
precedes deregulation in stopping epithelial proliferation and impaired stromal decidualization in

endometriotic implants (346).
2. Recurrent pregnancy loss

RPL, defined as three or more consecutive pregnancy failures, affects 1%—-2% of all couples attempting
to conceive. RPL is widely attributed to either embryo chromosomal abnormalities or uterine defects;
however, no underlying causes are found compared to uncomplicated pregnancies in most patients.
Aberrant decidualization governed by disruption of hormonal signaling leading to dysregulation of PRL
and prokineticin has been suggested in RPL (347). Like endometriosis, ESCs obtained from RPL
patients also display an aberrant decidual response when decidualized in vitro; however, in contrast to
the highly debilitated response detected in endometriosis, this effect results from an imbalanced pro-

inflammatory response (348).
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Figure 5. Defective decidualization in infertility and pregnancy complications. Defective decidualization
(DD) mediated by progesterone resistance, premature human endometrial stromal cell (hESC) senescence,
transcriptomic alterations, and disbalance of immune response is present with infertility such as endometriosis,
recurrent pregnancy loss (RPL), and late-onset pregnancy complications such as preeclampsia (PE), intrauterine
growth restriction (IUGR), and placenta accreta.

Aberrant decidualization is related to a pro-senescence decidual response during the peri-implantation
window (349). Single-cell reconstruction of in vitro decidualization suggests that DESCs require the
recruitment of immune uNK cells to eliminate senescent ESCs. In this context, the endometrium from
RPL patients is characterized by uNK cell deficiency correlated with excessive decidual senescence.
Indeed, recent single-cell profiling efforts of human decidual in patients with RPL revealed a
remarkable decrease in the number of a particular subset of uterine-specific decidual NK cells (dNK1)
and a significant increase in the number of a cytokine-producing pro-inflammatory subset of dNK cells
(dNK3) (350). Furthermore, lower levels of SCARAS (Scavenger Receptor Class A Member 5) but

higher DIO2 (Iodothyronine Deiodinase 2) percentiles in RPL samples indicate the predominant
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senescence of DESCs. DD may play a role in the lack of adaptation to significant oxidative stress due

to active maternal perfusion of the placenta, leading to miscarriage (351, 352).
3. Preeclampsia

PE is a major obstetric complication that affects 5%—7% of all pregnancies, with short- and long-term,
life-threatening consequences to the mother and child (5, 353). Individuals with PE exhibit hypertension
and other maternal vascular damage, such as proteinuria and edema. Pathogenesis may involve shallow
cytotrophoblast (CTB) invasion through the uterine decidua into spiral arteries, although the cause of

deficient arterial invasion remains unknown.

The current model posits that suboptimal endovascular invasion is triggered by the failure of the
maternal decidua to regulate trophoblast invasion. In support of this hypothesis, DD occurs in vitro in
ESCs isolated from women with previous severe PE (sPE) pregnancy linked to impaired CTB invasion.
DD is detected at the time of delivery and persists five years after the affected pregnancy (354). This
maternal deficiency is influenced, at least in part, by an annexin A2 (ANXA2) defect associated with
aberrant decidualization that could underlie shallow trophoblast invasion and contribute to the aberrant
establishment of the maternal-fetal interface (355). In support of this theory, a microarray analysis of
decidual tissue obtained from a chorionic villous biopsy from an 11.5-week pregnant patient who later
developed PE corroborated a molecular signature of suboptimal endometrial decidualization and altered

ulNK cell function before PE development (356, 357).

Recent data corroborate the existence of a transcriptomic signature of the preconceptional endometrium
compatible with dysregulated decidualization in patients who develop sPE (358). The molecular DD
fingerprint includes 120 genes associated with the development of sPE dist, reinforcing the concept of
the periconceptional continuum of decidual defect that may be leveraged to predict sPE risk.
Interestingly, 43 genes (45.7%) overlap with the transcriptome and cistrome associated with PR
signaling (359), and 45 genes (47.9%) in this signature are involved in ERa (ER1) function (360).
Endometrial dysregulated genes are highly connected with PR-B and ERa signaling in a dynamic

network of DD in sPE. Additional findings revealed that ERa and PR-B gene expression and protein
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abundance were remarkably disrupted in sPE, supporting that sPE that may result from an aberrant

endometrial response to E2 and P4 via ERa and PR-B signaling (358).

4. Placenta accreta spectrum

Placenta accreta spectrum (PAS) is a complex obstetric complication that includes a range of pathologic
placental adherence, including placenta accreta, increta, and percreta (361). PAS is characterized by
abnormal trophoblast invasion into the myometrium of the uterine wall. The hallmark of PAS is overly
deep invasion, increasing the risk of preterm delivery, hemorrhage, and death (362). The primary defect
of CTB biology involves impaired penetration into the uterus, leading to excessive invasion (363);
however, the reduction of decidual tissue overall in the first trimester of PAS cases counters previous
suggestions that the decidual layer is normal at the initiation of gestation and atrophies as pregnancy
progresses (364). The current hypothesis regarding its etiology is that defects in the endometrial-
myometrial interface lead to DD in uterine scar tissue areas, which can result in abnormally deep
penetration of placental anchoring villi and trophoblast invasion into the uterus (365). In support of this
hypothesis, a recent study detected over-invasion of CTB and faulty decidualization at the maternal-
fetal interface in PAS tissue sections (366). Specifically, samples with PAS lack the decidual signals
that may normally constrain invasion, and there is a lack of DESCs corroborated by vimentin-positive
staining adjacent to the CTBs that form the smooth chorion layer of the fetal membranes, allowing
EVTs to invade deeper, resulting in PAS. Thus, the most acceptable explanation is the lack of proper

decidualization at the placental attachment site.

5. Intrauterine growth restriction

IUGR, defined by fetal growth below its in-utero growth potential, represents a major cause of fetal and
neonate morbidity and mortality. In IUGR, ESCs fail to decidualize into large secretory decidualized
cells and instead remain small and cuboidal and express low levels of PR-B, IGFBP1, and CD10.
Skewed decidual immunology is found in [IUGR second-trimester tissues, illustrated by increased CD8
T cells, mature CD83 dendritic cells, and lymphatic vessels packed with decidual leukocytes (367).
This suggests that DD is associated with a deficiency in P4 responses and a dysregulated immune
response, impacting invading endovascular EVTs to remodel spiral arteries and leading to placenta
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insufficiency in IUGR pregnancies. In addition, increased levels of phosphorylated IGFBP1 are
observed in decidual tissue at the time of delivery and in the maternal plasma in the first trimester in
women delivering IUGR infants at term compared to normal pregnancies (368). These observations
suggest that IGFBP1 phosphorylation is linked to decreased decidual oxygen and nutrient availability

and reduced fetal growth, resulting in decreased trophoblast invasion and poor placental function.

V. THE ENDOMETRIAL FLUID: THE UTERINE MILK

The endometrial glands generate fluid in the uterine cavity at approximately fifteen openings per mm? of
the uterine luminal surface. EF (endometrial fluid) is a primary source of nutrients for the pre-and post-
implantation conceptus during the first trimester (377-379) and the fluid environment where

endometrial-embryo molecular dialogue occurs (245, 369, 370).

During preimplantation, histotrophic nutrition constitutes the conceptus’s initial nutrition in all species
before the placenta is established (371). In sheep, endometrial gland morphogenesis occurs postnatally
and can be inhibited by continuous exposure to progestin, creating a uterine gland knockout model
(UGKO) with the full development of extra-uterine reproductive tract and a normal hypothalamic—
pituitary—ovarian axis but no gland formation and glandular secretion. In the UGKO model, no
pregnancies are achieved after transferring blastocysts from normal superovulated ewes, supporting that
defects in conceptus elongation and survival in UGKO ewes are due to the absence of endometrial
glands and their secretions (372, 373). In mice, progesterone treatment during the neonatal phase
inhibits the differentiation of uterine glands producing adults with aglandular uteri. Direct evidence that
endometrial glands and their secretions are essential for implantation comes from the absence of

endometrial glands in the sheep and mouse (372-376).

In humans, the syncytiotrophoblast mantle enlarges to encircle and erode into the necks of the glands
during post-implantation. This step connects the glandular lumen with the placenta’s developing
intervillous space as early as day seventeen post-fertilization (377), a connection that persists through

the first trimester (378). The importance of EF during the first trimester is evident in that full
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establishment of maternal arterial circulation to the placenta does not occur until ten to twelve weeks
of pregnancy (379, 380). At this point, ultrasound can detect significant flow within the intervillous
space (381). Until then, EF from uterine gland secretions fills the intervillous space (Carnegie

collection. http://virtualhumanembryo.lsuhsc.edu). Walter Needham (1631-1691) named this substance

“uterine milk,” arguing that it was distinct from lymph and important for fetal nutrition (382). In the
late 19™ century, von Hoffman observed that “fetal villi in the placenta do not float naked in the maternal
blood but are surrounded by cells whose function is to secrete a special fluid serving for the nutrition

of the fetus and called “uterine milk™ ” (383).

Under physiological conditions, human endometrial glands secrete a wide range of varied factors (e.g.,
ions, carbohydrates, glucose, polyols, lipids, miRNAs, and various proteins, including cytokines,
enzymes, hormones, growth factors, proteases, and their inhibitors, and transporters); however,
menstrual cycle stage affects EF composition, especially during the transition from the proliferative to

the secretory phase (384, 385).

Electrolytes secreted into the EF include sodium (~120 mmol/L; the most abundant cation), potassium
(~25 mmol/L), and calcium (~1.5 mmol/L) (386). Carbohydrates like glucose (~5 mmol/L) and fructose
(~0.2 mmol/L) may also be present (386). Proteins have been identified in EF using uterine lavages and
include the protease inhibitor A2M, alpha-1-antitrypsin (A1AT), ANT3, alpha-1-antichymotrypsin
(AACT), angiotensinogen (ANGT), inter-alpha inhibitor H4 (ITIH4), apolipoproteins Al and A4
(APOA1, APOAA4), serine protease 3 (PRSS3), vitamin D-binding protein (DBP), transthyretin
(TTHY), and activin receptor type-2B (AVT2B) (387). ANT3 plays a role in blood coagulation during
angiogenesis, and its mutation contributes to thrombophilia (388). A2M binds to metalloproteinases,
limiting trophoblast invasion (389, 390) and specifically the dialog between A2M and IL-11, which
plays a role in embryo implantation (391). AACT and A1AT impact blastocyst implantation by possibly
regulating the immunological endometrial response (392). APOA1 and APOA4 are reduced in EF from
women with endometriosis (393) while reductions in ANGT and DBP levels have been observed in
patients with unexplained infertility (394, 395). Additionally, cytokines (see Section III.A.3) such as

LIF, glycodelin (PP14), macrophage colony-stimulating factor (M-CSF), EGF, VEGF, IGFBP1, and
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ILs, and steroid and non-steroid hormones (E2, P4, prolactin (PRL), hCG, and precursors) have been

identified in EF (396-398).

Lipids secreted to the EF include triglycerides, eicosanoids, endocannabinoids, and sphingolipids (399—
402). The most abundant are the PGs, which play roles in leukocyte recruitment, vascular permeability,
embryo transport, stromal decidualization, trophoblast invasion, and ECM remodeling and prepare a
pro-inflammatory environment during embryo implantation (210, 403). Recent work has demonstrated
that PGE2 and PGF2a secretion increases significantly during the WOI in natural menstrual cycles and
ART patients. In an in vitro model of embryo adhesion, inhibiting PGE2 and PGF2a or PG receptors
(EP2 and FP) blocks embryo adhesion, with this effect reversed by restoring these molecules or adding
agonists. Additionally, detecting EF levels of PGE2 and PGF2a 24 hours before embryo transfer

predicted pregnancy outcomes in a pilot study (213).

miRNAs are secreted to the EF by vesicles or proteins and transported from endometrial cells to the EF
(213,242,369, 404). A recent report detailed a miRNA “roadmap” of the secretory phase of the human
endometrium using NGS in samples of EF and described 81 predicted interactions of differentially
expressed miRNAs in HRT cycles. There were no observed differences between natural and HRT cycles
(242). miRNAs are also crucial for decidualization; indeed, an in vitro model demonstrated 26
upregulated and 17 downregulated miRNAs (405, 406). Specifically, secreted miR-30d was tightly
correlated with reproduction; the secretion of miRNA from the maternal endometrium and internalized
on the preimplantation embryo trophectoderm was associated with the adhesion processes (404) (see

Section I11.A).

Secretomic analysis of EF provides reliable real-time read-outs of individual molecules throughout the
menstrual cycle. Furthermore, the collection of EF is a minimally invasive method that does not affect
pregnancy rates even when performed at the time of embryo transfer (407), thereby offering a timely

assessment of endometrial biology for diagnostic and/or therapeutic purposes (213, 242, 402).
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VI. PERICONCEPTIONAL MATERNAL-EMBRYONIC INTERFACE: FROM

WHOLE TISSUE TO SINGLE-CELL RESOLUTION

Following fertilization in the distal section of the Fallopian tube, the embryo is propelled toward the
proximal section and the uterine cavity through the combined transporting action of cilia and tubal
peristalsis (408). The time required for the oocyte to transfer from the tubal fimbriae to the uterine
cavity is approximately three to four days. During this journey, the embryo undergoes cellular
compaction, followed by cavitation and formation of the blastocoele (i.e., blastulation). Concurrently,
the demethylation of the embryo genome occurs under the control of maternally inherited proteins and
mRNA, resulting in transcriptional waves of embryo-encoded molecules and transcription factors (409).
The surrounding environment also changes as the embryo develops and progresses through the
Fallopian tube. A gradual reduction in oxygen tension in the reproductive tract characterizes species
such as primates, humans, mice, and cows (410). The female reproductive tract maintains physiological
O, levels below atmospheric gas composition (20.9% O,) - ranging from 8.7% in the distal tube of
Rhesus monkeys to a progressively lower concentrationat the site of ideal embryo implantation within
the uterine cavity (i.e., 1.5% in Rhesus monkeys, ~2% in humans) (411, 412). Environmental oxygen
tension affects features of embryo developmental, ultimately affecting the metabolism and reproductive
capabilities (413). For example, when investigating in vitro generated mouse embryos, a 5% O;
concentration comparable to a physiological normoxic state in vivo associated with the reduced
production of reactive oxygen species (414), a higher number of normal mitochondria (415), and lower
blastocyst senescence (416) when compared to the O, concentration found under normal atmospheric
composition (20.9%). Reactive oxygen species are known to cause DNA damage, induce peroxidation
of lipids, and trigger cellular apoptosis, eventually resulting in detrimental effects on embryo
development, as seen in mice, cows, and humans (417—419). Moreover, from a metabolic standpoint,
pre-compaction mouse embryos display lower amino acid and pyruvate consumption when cultured in
a low oxygen tension environment (5% O,), while glucose consumption increased in the post-
compaction stages (420). In the murine model, ammonium, a known toxic agent for embryo

development that accumulates during in vitro culture, was promptly metabolically removed under 5%
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O; conditions while persisting in culture at 20% O., suggesting the involvement of oxygen levels in
modulating metabolic response by the embryo (421). From a genomic standpoint, when compared to in
vivo generated embryos, gene and protein expression of the mouse blastocyst appeared more similar to
in vitro generated embryos cultured at 5% O, than those cultured at 20% O (422, 423). Similarly, global
DNA methylation levels of bovine blastocysts were lower in blastocysts cultured at 5% O, compared
to environments with higher oxygen concentration (424), suggesting the additional impact of oxygen
on the embryo’s epigenetic landscape. Although no differences in fertilization rates were detected when
human oocytes were cultured in environments with low (5%) and atmospheric (20.9%) O,, blastocyst
formation and quality, implantation, pregnancy, and live birth rate per transferred embryo increased in
the 5% O, group (425-429). These data suggest that higher oxygen tension does not significantly affect
fertilization and early developmental stages (i.e., those naturally occurring in the Fallopian tubes where
the oxygen tension is relatively higher); however, higher oxygen concentration (i.e., 20%) may have a
more considerable impact on the following stages when promoting cell lineage differentiation (i.e.,
trophectoderm) and actively pursuing specific metabolic requirements and associated subcellular
modification (e.g., mitochondrial maturation). More specifically, the effects of environmental oxygen
levels on molecular processes active in embryos and human embryonic stem cells have been recently
reviewed in detail by Houghton (413). To mimic the environmental characteristics of natural
conception, IVF-generated embryos are also incubated at low O concentration (5%) throughout
development until transfer to the uterine cavity (usually five days after fertilization). For these reasons,
5% O, concentration during embryo culture can be considered normoxic, while previous culture

systems involving atmospheric O, levels (20.9%) can be referred to as hyperoxic.

Pregnancy is established during the periconception period as a continuum beginning with blastocysts
attachment to the endometrial epithelial surface, followed by embryo invasion and formation of the
placenta. The placenta forms the interface between the mother and fetus, and its development is
established by the end of the first trimester. Each stage in the process is tightly regulated to ensure
pregnancy success and optimal maternal and fetal health; this is of considerable importance—failure of

these processes can lead to infertility, placental insufficiency, and many associated pregnancy disorders.
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A. Blastocyst adhesion to the endometrium

Initial adhesion or apposition of activated hatched blastocysts to the endometrial luminal epithelium is
unstable and followed by firm adhesion, which initiates blastocyst implantation and invasion into an
adequately prepared or receptive endometrium (290) (Figure 6A). A lack of firm adhesion leads to
implantation failure. The human embryo at the blastocyst stage enters the uterine cavity for up to 72
hours before implanting; during this time, blastocyst-endometrial interactions are mediated via soluble
and cell surface factors (328). Blastocyst attachment to the endometrial luminal epithelium requires
extensive remodeling of the luminal epithelium plasma membrane. The glycocalyx that covers the
apical surface of the endometrial epithelial plasma membrane consists of more than forty glycoproteins
that require redistribution to facilitate blastocyst adhesion. Many additional locally-produced factors
from blastocysts and endometrial cells in humans have been investigated for their roles in blastocyst
adhesion and have been extensively reviewed elsewhere (430). Recent studies have identified
endometrial epithelial cell proteins that are dysregulated in women with unexplained infertility block
epithelial cell adhesive capacity (431, 432). Environmental toxicants such as bisphenol A analogs have
also recently been shown to block endometrial epithelial cell capacity (433). Epithelial cells display
apical/basal polarity; endometrial luminal epithelial cell polarity is an important regulator of the cell’s

adhesive capacity (434, 435).

The uterine fluid is a rich source of soluble factors and microvesicles released by blastocysts and
endometrial cells that carry cargos that include proteins and non-coding (nc)RNA, which are transported
extracellularly bound to RNA-binding proteins (436). The cell source of locally produced factors at the
time of blastocyst adhesion includes the blastocyst trophectoderm, endometrial luminal and glandular
epithelium, and likely other cell types in the endometrium such as sub-epithelial stromal cells, as recent
studies suggest that endometrial epithelial cells may transfer cytokines between cells via transcytosis
(437). Blastocysts release miRNAs, and their patterns correlate with their implantation and pregnancy
outcomes after IVF (436). MicroRNA-661, released by embryos that did not implant, was uptaken by
primary human endometrial epithelial cells and blocked trophoblast spheroid adhesion to the cells in

vitro (436, 438). The uterine fluid contains bacterial factors, and recent microbiomal characterization
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efforts suggest a role in regulating blastocyst attachment and implantation into the endometrium (439,
440) (see Section VIII for a review); however, functional studies have yet to investigate the role of the

microbiome in blastocyst attachment and implantation.

Most mechanistic findings in humans come from in vitro studies using primary endometrial cells and
endometrial/trophoblast cell lines that identified the role of specific factors in blastocyst-endometrial
interactions. Endometrial organoids maintained in long-term culture represent cutting-edge models to
further understand these endometrial-embryo interactions (179). Similarly, recent studies have reported
2D and 3D culture systems of human embryos cultured to the equivalent of day fourteen post-
fertilization (441), a time by which embryos would have implanted and wholly contained within the
endometrium. This approach has allowed direct investigation of embryo development and trophoblast
differentiation in the absence of the maternal counter side, while embryo competence for implantation

could not be investigated in this system.

B. Embryo invasion and placentation

After firm attachment, embryos invade between epithelial cells and move into the underlying stroma
via an unknown process (Figure 6B). The trophoblast derived from the blastocyst trophectoderm then
rapidly proliferates and differentiates along villous and extravillous pathways, initiating placentation
(442). EVT cells invade the endometrial stroma interstitially and endovascularly and plug the maternal
arteries (443) resulting in a low oxygen environment in the placental intervillous space at less than ten
weeks gestation. The EVT plugging the spiral arteries are then removed or lost by twelve weeks of
gestation, increasing oxygen tension to the placenta (381). By this time, the EVT remodels arteries in
the decidua and inner third of the myometrium, ensuring adequate blood supply to the placenta essential
for fetal-maternal exchange (444). The decidua contains a rich immune milieu, including uNK cells,
macrophages, T-cells, and DCs (445), and is required to limit EVT invasion and provide a tolerogenic
environment; this is evident in studies showing that over- or under-invasion of EVT cells causes

disorders including placenta accreta, [UGR, and PE (327, 446).
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Cells within the decidua, including decidual and immune cells, regulate EVT invasion (309, 447),
although the interplay between these and other cell types, including endometrial epithelial and vascular

cells, is only beginning to be realized thanks to the advent of sScRNA-seq. Single-cell transcriptomics

of human first-trimester placenta and decidua recently defined the unique cellular milieu during
placental formation. Recent characterization of 3D organoid cultures of the human first-trimester
placenta may help study cellular interactions at the implantation site (448). Organoid systems are in
their infancy and require refining to determine whether the main cell types at the implantation site can
be recapitulated in 3D. Such systems will further enable the determination of the main pathways that

lead to placental damage and drive the development of pregnancy disorders.
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Figure 6. Blastocyst implantation and placenta development. (A) Blastocyst adhesion to the endometrial
lining. The endometrium becomes receptive to an implanting blastocyst for a brief period during the mid-secretory
phase of the menstrual cycle. Blastocysts anchor to a suitable region in the endometrial luminal epithelium (LE),
where there is reciprocal communication between the trophectoderm and the endometrial LE. The glandular
epithelium (GE) secretes factors in the endometrial lumen that can act on the trophectoderm and the endometrial
LE. Blastocysts firmly adhere to the endometrial LE, initiating implantation into the endometrium. During the
window of implantation (WOI), the endometrial stroma undergoes remodeling whereby ESCs differentiate into
decidualized stromal cells, which coincides with the recruitment of uterine natural killer (uNK) cells. Other
immune cells, including macrophages, are present in the stroma. (B) The blastocyst trophectoderm differentiates
into different placental trophoblast subtypes, forming the placental villous. The placental villous consists of an
outer multinucleated syncytiotrophoblast with an underlying cytotrophoblast (CTB) surrounding a mesenchymal
stromal core that contains specialized immune cells known as Hofbauer cells. The villous tip attaches to the
decidua, enabling the CTB to proliferate and form a column structure anchoring the villous to the decidua. The
CTB differentiates to extravillous trophoblast (EVT), migrates, and invades endovascularly or interstitially into
the decidua to plug the uterine spiral arteries, reducing oxygen supply to the placenta during a critical time in fetal
development where the primary source of nutrition is from the endometrial glands. Around ten weeks gestation,
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EVT remodeling of the spiral arteries is completed, enabling adequate blood supply to the placenta for gas and
nutrient exchange.

1. The maternal-embryonic interphase at the single-cell level

The maternal-fetal interface has been investigated by scRNA-seq with distinct levels of coverage (449—
453). Vento-Tormo et al. (261) identified 33 cell clusters unique to this maternal-fetal interface at early
pregnancy, inferring an extensive interactive network based on an integrated database of single-cell
gene expression and protein-protein interactions (CellPhoneDB) that favors immunological tolerance
and nurtures fetal growth. These data, which cover the entire transcriptome of ~70,000 single cells,
provide information about fetal and maternal cell types. The placental interphase includes villous CTB
cells (cover placental structures called villi), the syncytiotrophoblast (a multinucleated cell type), the
syncytium (covers the villus surface of the entire placenta), and EVT cells (line maternal blood vessels
and are mixed with maternal cells in the decidua). The maternal decidua includes T cell subtypes
(mainly T reg cells), three dNK cell subsets, two perivascular cell types, and three decidual stromal cell

types (structurally support the decidua).

NK cells are the most abundant maternal immune cells in the decidua in the first trimester of pregnancy
(319). In most tissues, NK cells kill infected cells and tumor cells; however, NK cells secrete soluble
proteins that promote the remodeling of maternal blood vessels during pregnancy. dNK cells also
regulate the invasion of EVT cells into the decidua. Each dNK subset has immunological activity
regulated by its interactions with maternal and fetal cells in the decidua, promoting fetal growth and
restraining the immune attack of fetal cells. Decidual stromal cells express IL-15 and can interact with
NK cells via a heterodimeric inhibitory receptor IL-15RB/G on NK cells to promote the suppression of
their inflammatory reactions. IL-15-uNK cell interactions are essential for NK cell survival and

proliferation (261, 319).

Additional studies have focused on cell subsets in decidual and placental fractions of implantation sites
and throughout human pregnancy (350, 449, 454, 455). Pique-Regi and collaborators (449) analyzed

scRNA-seq profiles of the placental villous tree, basal plate, and chorioamniotic membranes of women
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with term and preterm labor and found significant differences in cell type composition among groups
and identified two new cell types: (i) lymphatic endothelial decidual stromal cells in chorioamniotic
membranes, and (ii) non-proliferative interstitial CTBs in the placental villi. NK-cell-specific signatures
increased in normal-term labor; meanwhile, macrophages, monocytes, and activated T-cells signatures
increased in preterm labor. This outcome was broadened by Guo and colleagues (350), who specifically
profiled immune cells of human decidua in patients with RPL and healthy controls. They discovered
that the differential distribution of immune cell subsets was primarily assigned to dNK cells that support
embryo growth, which might be associated with the defective development of this NK subset in RPL
patients. Macrophage populations shifted from a predominantly immunomodulatory M2-state in
controls to a predominantly T-cell activating M1-state in RPL. Microenvironmental cell-to-cell

interactions between immune cells with stromal decidua or EVT were also determined from the data.

In general, cellular components and events during the periconceptional processes are only beginning to
be elucidated. Furthermore, single-cell transcriptomics alone cannot resolve tissue architecture and the
spatial arrangement of cells; spatial transcriptomics will help to understand cells and their regulating

interactions in their topological context.

VIL MATERNAL-EMBRYONIC CROSSTALK DURING THE

PRECONCEPTIONAL PERIOD

In the 1990s, Barker identified a link between fetal and infant growth with cardiovascular diseases,
modifying the adult disease model by including environmental programming during fetal and infant life
(456). Studies on the Pima Native American community in Arizona, a population with a high prevalence
of T2D and obesity, demonstrated that the offspring of mothers with T2D during pregnancy have a
substantially higher risk of developing both T2D and obesity than offspring born to the same mother
after non-diabetic pregnancies (457, 458). Subsequently, a larger cohort of Caucasian women showed
the same results (459), suggesting that the Barker hypothesis on environmental programming during

the fetal period as a non-demonstrated hypothesis could be related to possible modifications at the
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transcriptomic or epigenetic level by the maternal intrauterine environment of the preimplantation
embryo. This hypothesis proposes additional potential mechanisms, independent of the genetic
background, in which the mother can imprint some traits in her offspring and supports the exchange of

information between the mother and the embryo during the pre- and peri-implantation process.

Intercellular communication is essential to allow multicellular and unicellular organisms to interact with
their environment and between hosts and other cells (460). In the past, intracellular communication was
classically described as involving cell-to-cell contact and the release/uptake of chemical factors,
including growth factors, neurotransmitters, and hormones (461). Recently, EVs were proposed as a
third mechanism of cellular communication in both physiological and pathological conditions (462,
463). EVs are membrane-enclosed particles released by almost all cell types that directly interact with
cell surface receptors or transmit their contents to target cells via endocytosis, phagocytosis, or

membrane fusion, with target cell specificity driven by cell and EV receptors (370, 463—465).

EVs are classified into three categories based on biogenesis, composition, and physical characteristics
(e.g., size, density): apoptotic bodies, microvesicles, and exosomes (464, 466—468). EVs mediate their
effects through their molecular cargo, specifically through coding and ncRNAs (including miRNAs),
metabolites, proteins, and lipids delivered to recipient cells (370, 469-471). EVs derived from
reproductive tissues have been identified in amniotic fluid (472, 473), breast milk (474), cervical mucus
(475), EF (404, 476), oviductal fluid (477, 478), follicular fluid (479, 480), and seminal fluid (481,
482). There is growing interest in the EVs secreted by the male and female reproductive tracts, as these
could represent a novel communication mechanism between the mother and developing embryo, with

potential implications for establishing a successful pregnancy (reviewed by (370)).

A. Maternal to embryo communication

The first manuscript describing EV production by primary endometrial epithelial cells in culture
identified EVs containing a specific subset of miRNAs distinct from parent cells (476), suggesting the
regulated packaging of miRNAs into EVs. Moreover, bioinformatic studies revealed that some target
genes encoding miRNAs enclosed in EVs participated in embryo implantation (476). Using sheep as a
model, another laboratory isolated a comparable population of EVs from uterine luminal fluid,
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demonstrating that EVs are enriched in proteins from the endometrial epithelia and conceptus
trophectoderm, with a specific cargo pattern present in pregnancy (483). Other cargo molecules, such
as RNAs, were mainly molecules of less than 200 bp, which is in contrast to larger RNAs in parental
cells. Among such RNAs, the gag and env RNAs from endogenous Jaagsiekte sheep retrovirus
(enJSRV) were identified within EVs from uterine fluid and demonstrated to be transmissible to
surrounding cells. EVs are the proposed transport mechanism for env genes from the endometrium to
the conceptus, where these genes play crucial roles in trophectoderm differentiation (483). EVs
produced by the endometrial epithelium in vivo (using a sheep model) are present in EF and uptaken

by the embryo and epithelium, suggesting bidirectional maternal-embryo crosstalk through EVs (484).

Exosomes are present in uterine fluid containing mRNA coding sequences for ILs, IFN regulatory
factors, and enJSRV-env genes, with a decrease in mRNA levels for enJSRV-env genes as pregnancy
progresses from day ten/twelve (preimplantation) to sixteen (attachment). Using co-incubation of
uterine fluid exosomes with trophectoderm cell lines (0Trl) in vitro, enJSRV-env genes promote the
proliferation of trophectoderm cells and the secretion of IFN-tau in an exosome dose-dependent manner.
These exosomes are uptaken by cells, likely via toll-like receptor signaling. IFN-tau signals pregnancy
recognition in sheep, which announces the presence of embryos in the uterus around day ten-to-twelve

of pregnancy for attachment on day sixteen (485).

One study demonstrated maternal-embryonic communication in humans through EVs. This work first
confirmed the presence of EVs in human EF and demonstrated that exosomes containing hsa-miR-30d
are actively transferred from endometrial epithelial cells to EF and uptaken by the embryo, where
miRNA is internalized in trophectodermal cells. The study additionally indicated that murine embryos
treated with a synthetic analog of human miR-30d display transcriptomic modifications, with increased
expression of genes coding for molecules involved in embryo adhesion (e.g., Iltgh3, ltga7, and Cdh)),

highlighting the importance of miR-30d maternal-embryo transference via exosomes (404) (Figure 7).
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Figure 7. Maternal-embryo crosstalk during preimplantation. Schematic representation of the bidirectional
communication occurring at the maternal-embryonic interface through the secretion of miRNAs, proteins, and
mitochondrial DNA enclosed in exosomes and/or microvesicles.

Other studies demonstrated that the EV proteome is regulated by steroid hormones and thus exhibits
differences depending on menstrual cycle progression and stage. The exosome proteome produced
under hormonal conditions (E2 and E2+P4) of the receptive phase may be implicated in embryo
implantation, and exosomes are internalized by human trophoblastic cells, enhancing their ability to

adhere, partially through the focal adhesion kinase cascade (486).

A novel crosstalk mechanism regarding DNA transmission by EVs has recently been reported. Single-
and double-stranded DNA are present in EVs, with the latter being the most abundant form (487). EV-
DNA horizontal transfer has been proposed as a new mechanism for transferring genetic material across
species, potentially impacting genome evolution (488). Exosomes are also transporters of mitochondrial
DNA (mtDNA) cargo as a possible mechanism to transmit altered mtDNA (489) but also to restore
mtDNA (489). Interestingly, exposure of the first-trimester placenta to antiphospholipid antibodies
increases mtDNA levels in secreted microvesicles and exosomes and subsequently enhances the

activation of endothelial cell response (490). Vertical transmission of maternal mtDNA to the embryo
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has been suggested as a mechanism to modulate embryo bioenergetics during the periconceptional
period (491). Isolation of microvesicles in the EF shows 11.124+0.53-fold enrichment in the thirteen
mtDNA-encoded genes for electron transport chain complexes and 7.1-26.7-fold enrichment in
transcription factor binding sites. These microvesicles are internalized in the cytoplasm and nuclei of

trophectoderm cells (491) (Figure 7).

B. Embryo to maternal communication

The preimplantation embryo can release molecular effectors into the extracellular environment, likely
affecting the downstream endometrial cell gene expression landscape (352, 492). Embryo-derived
miRNAs have been proposed as principal mediators of this dialogue. They are: (i) exported from donor
cells under different physiological conditions, (ii) extremely resistant to biological and physical insults
(e.g., RNase A digestion, sequential freezing and thawing, extreme pH, and DNase treatment (493)),
and (iii) potent regulators of gene expression when internalized by recipient cells (494). During IVF
cycles, spent culture media enriched with embryo-derived molecules can be easily collected, allowing
the characterization of paracrine/autocrine processes occurring at early embryo developmental stages
by direct profiling of extracellular miRNAs released exclusively by embryonic cells into the

extracellular environment.

This approach can help identify biological processes regulating embryonic-maternal crosstalk at the
implantation interphase and non-invasive biomarkers of embryo competence (436, 495-498). Capalbo
and colleagues characterized miRNAs secreted by human preimplantation embryos in blastocyst spent
culture media collected at different time-points of preimplantation development to investigate whether
secreted miRNA markers predict clinical outcomes in IVF cycles. Culture media samples were collected
from the same embryos at cleavage, morula, and expanded blastocyst stages. miRNA analysis of
cleavage and morula-stage media revealed a profile comparable to that observed in controls, suggesting
little or no release of embryonic miRNAs at early preimplantation stages. However, miRNAs were
consistently detected at a much larger scale at the blastocyst stage, indicating that this type of signaling
mechanism begins soon after blastulation in a period concomitant with endometrial invasion. In a

subsequent study, a blinded analysis of 221 spent culture media samples from blastocysts undergoing
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euploid single embryo transfer investigated whether miRNA profiling from blastocyst spent culture
media provides a novel approach for embryo assessment (499). No miRNAs in blastocyst spent culture
media readily predicted the embryonic implantation potential, warranting further investigation with the
use of novel technologies for comprehensive small RNA analysis from extremely low-input samples

(i.e., blastocyst spent culture media specimens).

The mechanisms mediating miRNA secretion from preimplantation embryos and, more precisely, in
which form they are released (i.e., EVs or bound to stabilizing proteins) are unknown. Giacomini and
colleagues characterized the embryonic secretome in IVF cycles, demonstrating that secreted embryo-
specific exosomes are significantly increased from cleavage to blastocyst stages (500). Furthermore,
Pallinger and colleagues and Abu-Halima and colleagues then quantified embryonic EVs (i.e., possibly
exosomes) in blastocyst spent culture media samples, highlighting a direct association between EVs
and reduced embryo implantation potential (498, 501). Although further functional studies are required
to determine the mechanisms mediating miRNA secretion from preimplantation embryos, these data

suggest preferential vesicle-mediated secretion.

Although endometrial cells may uptake vesicles containing miRNAs (370, 404), there is no direct
evidence that endometrial cells internalize blastocyst-secreted miRNA-containing complexes.
Additionally, secreted miRNAs may transmit information to neighboring trophectoderm cells rather
than the uterus. Further investigations of this potential communication between embryos and

implantation sites are needed to better understand the biologic processes underlying implantation.

EVs are also produced by the embryo and participate both in crosstalk with the endometrium (469, 484)
and autocrine regulation (502). Microvesicles produced by ICM cells enhance the migration of
trophoblast cells in vitro, either as isolated cells or as whole embryos. This effect is carried out via the
laminin and fibronectin cargo of ICM microvesicles, which attach to integrins in the trophoblast cell
surface and stimulate JNK and FAK kinase cascades leading to increased trophoblast migration.
Injection of these microvesicles directly in the uterine cavity in mice at E3.5 days increases blastocyst
implantation efficiency (502). Additionally, EVs isolated from a trophectoderm cell line stimulate the

proliferation of endothelial cells in vitro, making them potential regulators of endometrial angiogenesis.
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Moreover, the vesicles contain a miRNA and protein cargo profile, including species with annotated
functions in the angiogenesis process (503). In line with these results, a previous study on the roles of
exosomes derived from two EVT cell lines (HTR-8/SVneo and Jeg3) demonstrated that these vesicles
promote vascular smooth muscle cell migration, a process involved in human uterine spiral artery

remodeling in successful pregnancies (504).

VIII. THE ENDOMETRIAL MICROBIOME: MICROBIAL INFLUENCE ON INFERTILITY

AND PREGNANCY COMPLICATIONS

The human microbiome, represented by the community of microorganisms inhabiting the body,
including bacteria, viruses, yeasts, and archaea, influences all aspects of human life. Microorganisms
exert their influence by expressing microbial genes (estimated to be several million), which, apart from
coding for bacterial proteins and functions, also modify host physiology by interacting with the human
genome of ~23,000 genes (505). The microbiome trains the immune system to activate defenses against
pathogens, produces vitamins and metabolites, and regulates food and drug metabolism (506). The vast
diversity of microorganisms colonizing humans and their potential combinations make the human

microbiome a significant contributor to human genetic diversity (507).

Disease states originate from an imbalance of the microbial population (known as dysbiosis), which
entails altered host-microbial interactions. These imbalances lead to chronic inflammation, immune
disorders, metabolic syndrome, cancers, and mental disorders such as autism and depression (508, 509).
Early-life gut microbiota composition contributes to infant development and modulates life-long

immune modulation and metabolism, among other effects (510-513).

The timing of bacterial colonization of infants is under debate. Some studies have revealed similarities
between the microbiota present in the placenta, amniotic fluid, and meconium of preterm babies and
term neonates delivered by c-section, suggesting that microbial transfer may initiate at the maternal-
fetal interface leading to the “in utero colonization hypothesis” (514, 515). Recent research describing

the presence of bacterial DNA and potential microorganisms in the fetal gut using different scientific
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strategies supports these findings (516, 517). Others have argued this hypothesis and defended the idea
of a sterile womb in healthy pregnancies, proposing that microbiota is first established during/after birth
(518). This hypothesis has gained support thanks to the successful generation of germ-free individuals
in different mammal species, including humans. There also exists an association between cesarean
section and intrapartum antibiotics administration with the colonization of the neonatal gut by
opportunistic pathogens (519) which favors the colonization of infants after birth. Consistent with this
hypothesis, multiple adult diseases, including obesity, inflammatory bowel disease, allergies, and
asthma, are associated with cesarean deliveries, the absence of breastfeeding, and/or antibiotic
administration during the first year of life (515), suggesting that the microbiome can be manipulated

throughout this period.

The elevated levels of inconsistency between results obtained regarding the composition of the placental
microbiota from a range of laboratories have fueled this controversy (520). The fact that not all samples
analyzed identified a placental microbiota may indicate the transitory nature of the bacterial presence
in the maternal-fetal interface. Furthermore, these data suggest that the presence of bacteria at the
maternal-fetal interface, in some women and circumstances, does not indicate the presence of an
indigenous microbiome permanently colonizing this niche. In this sense, the current evidences for the
existence of a stable, resident, and metabolic active microbiome remain insufficient, as the identification
of residual amounts of bacterial DNA in fetal samples could derive from dead bacterial cells,
contaminants present in laboratory reagents, false positive results due to insufficient/inadequate
controls, or failure to differentiate the noise/signal ratio during the analysis of low biomass samples

(521).

Of note, even if the fetus remains uncolonized by a resident microbiome before pregnancy, it would be
exposed to a cascade of metabolites and signals produced by the maternal microbiota during pregnancy
even if this microbiota does not become vertically transmitted from the mother to the fetus. Therefore,
even given the lack of initial colonization of the fetal microbiome in utero, the maternal microbiome
may shape the fetal immune system and predispose offspring to conditions related to microbial

symbiotic or parasitic communities (522). Thus, functional studies that aim to analyze the impact of
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products derived from the maternal microbiome on the fetus will help to understand host-response

mechanisms and improve the health of offspring.

A. Reproductive tract microbiota

The vaginal microbiota in reproductive-age women accounts for approximately 9% of the total human
microbiota. Compared to the gut microbiota, the vaginal microbiota is characterized by low diversity

and richness (523).

Growth and differentiation of vaginal epithelial cells are regulated by E2 levels, which have also been
associated with the bacterial composition of the vaginal microbiome throughout reproductive
development. In children, the vaginal microbiota is mainly composed of aerobic and anaerobic bacteria,
while Lactobacillus species are practically non-existent until E2 levels rise in the pre-menarche period
(524, 525), which leads to increased glycogen deposits and acidification of the vaginal niche, favoring
Lactobacillus growth and inhibiting dysbiotic or pathogenic growth in the vagina (526). During puberty,
the vaginal microbiota is stabilized; meanwhile, Lactobacillus species predominate at the menarche to
create one of the Lactobacillus-dominated community state types (CST - I, II, III, or V, driven by
Lactobacillus crispatus, Lactobacillus gasserii, Lactobacillus iners, or Lactobacillus jensenii,
respectively) observed in reproductive-aged women. Deviations from Lactobacillus-dominated status,
represented by CST IV, are associated with reproductive tract dysbiosis such as bacterial vaginosis
(527, 528). The vaginal microbiota is dynamic throughout the reproductive age and can shift from CST
in response to hormonal status, hygiene, sexual behavior, and other factors (529, 530). After menopause,
E2 decreases, leading to a shift from the Lactobacillus-dominated communities to a CST-IV enriched
microbiota with a high abundance of anaerobic bacteria such as Gardnerella vaginalis, Atopobium
vaginae, Prevotella spp., Escherichia coli, and other dysbiotic bacteria (531, 532), with a substantial

abundance of Lactobacillus spp. in menopausal women receiving HRT (533).

Pregnancy is also characterized by increased E2, which enhances Lactobacilli growth in the vagina of
women with healthy pregnancies until term to the detriment of other bacteria (534-536). The vaginal
presence of dysbiotic species such as Gardnerella vaginalis, Prevotella spp., Sneathia spp., and
Ureaplasma spp. is increased in white women delivering preterm or presenting with obstetric
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complications (534-541); however, this correlation is not significant in pregnant Black women (539,
542, 543), supporting the hypothesis that racial traits may predispose to specific commensal microbiota
and immune adaptation in non-pregnant and pregnant women (544). Associations between abnormal
vaginal microbiota and PTB have been observed in cases of early membrane rupture and immediate
delivery. Low Lactobacillus and high bacterial diversity have been found early in pregnancy in vaginal
samples of pregnant women undergoing a first-trimester miscarriage and in those supporting pregnancy
after a threatened miscarriage with subsequent PTB and preterm premature rupture of membranes
(PPROM) (539, 545, 546). Additionally, pathogens related to early-onset neonatal sepsis, such as E.
coli, Fusobacterium nucleatum, and group B Streptococcus, are found in vaginal samples of pregnant
women as early as twenty-eight weeks of pregnancy (547). These results suggest that alterations of the
vaginal microbiota early in pregnancy can be a risk factor for pregnancy complications and early-onset

infections and can predict adverse obstetric and neonatal outcomes.

Although most studies related to reproductive tract microbiota analyze vaginal samples, there is an
increasing interest in the characterization of upper genital tract microbiota, as microbial profiles in the
ovaries, fallopian tubes, and uterus may directly impact oocyte formation, fertilization, and embryo
implantation, respectively. Although traditionally considered sterile, new evidence reveals that
microorganisms colonize the upper genital tract. Characterization of the bacterial communities in the
vagina, cervix, endometrium, tubes, ovaries, and peritoneal cavity suggests that the reproductive tract
presents a microbiomal continuum that progressively decreases in bacterial load and increases in

taxonomical diversity from the lower to upper organs (548).

B. The existence of the endometrial microbiota

The existence of microbiota inhabiting the uterine cavity has been debated for decades, but molecular
techniques have revealed that the endometrium presents an indigenous microbiota in reproductive-age
women. Recent research using functional meta-transcriptomics reveals that around 15% of the total
RNA detected in endometrial samples belongs to microorganisms, with a distribution of 85% bacteria,
10% yeasts, 5% viruses, and 0.3% archaea (549). Detection of mRNA sequences of more than 5,000

different microorganisms in the endometrium demonstrates that the uterine cavity harbors a living and

73



1841

1842

1843
1844
1845
1846
1847
1848
1849
1850
1851
1852
1853
1854
1855
1856
1857
1858
1859

1860

1861
1862
1863
1864
1865
1866

1867

Periconceptional maternal-embryonic space

active microbiota; however, its composition is nearly indistinguishable from background DNA controls

in nearly 40% of women (550, 551).

The endometrial microbiota is a low-biomass community compared to bacterial load in the vagina,
which harbors up to 10,000-fold more bacteria (10’—10® colony-forming units of Lactobacillus per gram
of vaginal fluid) in asymptomatic premenopausal women (548, 552, 553), or the gastrointestinal tract
microbiota, with approximately 10'' bacterial cells per gram of fecal material (554). Three mechanisms
have been described for colonization of the upper genital tract: (i) ascension of vaginal communities
through the cervical canal, (ii) translocation of bacteria from the gut, and (iii) migration of oral
microbiota to other organs through the bloodstream (509, 555). The most studied mechanism in healthy
women is ascension from the vagina. In this scenario, conformational changes of endocervical mucins
may create permeability of the cervical plug, leading to endometrial colonization with bacteria from the
lower reproductive tract during specific periods of the menstrual cycle or under certain circumstances
(556). This hypothesis is supported by the isolation of Lactobacillus spp., Gardnerella vaginalis,
Enterobacter spp., and Mycoplasma hominis upon the culture of uterine samples collected by
hysterectomy (557, 558) and the similarities between the bacterial composition observed by molecular
methods in paired endometrial and vaginal samples collected from the same woman (553, 559, 560).
Of note, a comparative study analyzing sequencing of the bacterial 16S rRNA gene in asymptomatic
reproductive-aged women revealed that although the endometrial microbiota seems similar to that of
the vagina, it is not identical in approximately 20% of women, supporting the existence of an

endometrial microbiota (560).

The composition of the endometrial microbiota in healthy individuals is challenging to study due to the
invasive nature of uterine sampling and the variability between studies in terms of sample type, phase
of the cycle, and sequencing techniques make the core microbiota challenging to assess. While some
studies indicate Lactobacillus as the major taxa in the endometrium and genera from the
Bifidobacteriaceae and Streptococcaceae families (551, 560-563), others have found Acinetobacter,
Pseudomonas, Sphingobium, or Vagococcus to dominate the endometrial niche (548, 550, 564, 565).

The latter taxa have been characterized as potential contaminants from laboratory materials or reagents
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in taxonomical studies using NGS in low-biomass samples; therefore, defining the core endometrial
microbiome remains particularly challenging (566-573). Guidelines for good practice in endometrial
microbiota analysis have recently been published (570, 574, 575); therefore, following these
recommendations for study design, experimental work, and data analysis should improve the
standardization of endometrial microbiota studies and support a consensus concerning the composition

of the endometrial microbiota.

C. Microbial-host interactions in the periconceptional space

Molecular studies analyzing the endometrial microbiome using shotgun metagenomics reveal that
bacteria in the endometrium participate in functions related to genomic stability, metabolism, energy
production, motility, cell signaling, and immunity (548, 576, 577). Consistent with these findings,
several mechanisms have been proposed to modulate the interplay between bacteria and the host in the
reproductive tract through regulation of (i) endometrial cell survival, (ii) epithelial integrity, (iii)
secretion of ligands and metabolites, (iv) immune activation, and (v) protection against pathogens (555,

578, 579) (Figure 8). Three of these mechanisms have major relevance in the context of reproduction.

1. Protection against pathogens

Endometrial epithelial and stromal cells express pattern recognition receptors (PRRs) as a first-line
defense mechanism of the innate immune system that detects pathogen-associated molecular patterns

(PAMPs) from invading bacteria, viruses, or yeasts.

Once endometrial PRRs sense the presence of pathogens in the reproductive tract, an inflammatory
cascade activates an adaptative immune response to secrete antimicrobial peptides (AMPs) with
antiviral, antifungal, and bactericidal properties into the EF. Interestingly, endometrial expression of
PRRs and AMPs is hormonally regulated during the menstrual cycle (580, 581) and increases from the
proliferative to the secretory phase, providing a safe niche for the embryo to implant. Colonizing the
reproductive tract with commensal bacteria constitutes a defense mechanism against pathogens, as

resident bacteria presenting adaptation advantages will occupy the niche and produce unfavorable
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conditions for other bacterial species to grow, thereby preventing the invasion of pathogenic

counterparts (578).

2. Integrity of the endometrial epithelium

Embryo adhesion and subsequent trophoblast invasion require loosening intercellular junctions and
desmosomes during the WOI (582, 583). This remodeling is regulated by the secretion of cytokines,
among other molecules (584). Commensal bacteria in the reproductive tract may contribute to the
secretion of remodeling factors beneficial during the periconceptional period, promoting embryo
implantation. In turn, pathogenic bacteria may alter this mechanism, leading to dysregulated epithelial
barrier permeability that can impact embryo implantation but can provide a permissive environment for
the movement of bacterial pathogens or viruses between epithelial cells, ultimately affecting embryo
viability and pregnancy (578). Another potential mechanism leading to the loss of endometrial epithelial

integrity is ECM degradation by bacterially-synthesized MMPs (555).
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Figure 8. Microbial-host interactions involved in infertility and pregnancy complications. Several
mechanisms between pathogenic bacteria or their by-products and human cells may be responsible for the loss of
endometrial homeostasis, leading to impaired embryo implantation and gynecological or obstetrical conditions.
Locally, altered endometrial immune balance, matrix metalloproteinase (MMP) expression, and uterine
contractility may lead to chronic endometritis (CE). This inflammatory scenario and the antiapoptotic events
caused by pathogen-associated molecular patterns (PAMPs) and pathogen recognition receptors (PRRs) in host
cells have been observed in patients with endometriosis. In preeclampsia (PE), the intrauterine microbiome and
an altered gut microbiome can contribute to the onset of disease by disrupting the epithelial barrier, releasing
pathogen-associated reactive oxidative species and short-chain fatty acids to the bloodstream that may facilitate
vascular dysfunction and subsequent increase in blood pressure. Dysbiosis in the gut or the endometrium may
impair human reproduction and overall maternal health through the altered metabolism of systemic compounds

such as estrogen, melatonin, and serotonin.
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3. Secretion of promiscuous metabolites

Bacteria in the reproductive tract synthesize and secrete various molecules, including short-chain fatty
acids, reactive oxygen species, vitamins, and oligosaccharides. Due to similarities in size, chemistry,
and structure to human molecules, bacterial substances may function as ligands to effectively bind to
human receptors, thereby activating host cellular processes (585). This mechanism occurs for GPCRs,
the largest family of human membrane receptors responsible (among other functions) for hormonal and
neurotransmitter signaling in the hypothalamus-pituitary-gonadal axis; additionally, GPCRs represent
the pharmacological targets of nearly 33% of approved drugs (586, 587). In some instances, metabolic
products from dysbiotic bacteria mimic human ligand binding to GPCRs, thereby altering intracellular
cascades and interfering with drug metabolism. These metabolic products can also impact reproductive
function if they target the signaling receptors of gonadotropin-releasing hormone, LH, and follicle-

stimulating hormone (588, 589).
D. Impact of endometrial microbiota on human reproduction

Studies analyzing the vaginal microbiota of infertile women have indicated that a Lactobacillus-
dominated microbiota is associated with better ART outcomes. In contrast, increased bacterial
pathogens associated with bacterial vaginosis (Afopobium vaginae, G. vaginalis, Leptotrichia spp.,
Prevotella spp., Sneathia spp., and Ureaplasma spp.) are associated with failed ART cycles (590-599);
however, multiple studies have failed to reveal any significant association between vaginal microbiota
and pregnancy outcome (600, 601). The beneficial effects of vaginal Lactobacillus in ART outcomes
may spread to the endometrium, where a higher abundance of Lactobacilli is found in fertile subjects

compared to infertile patients receiving IVF (561).

Before molecular characterization of the endometrial microbiota using NGS, several groups used
conventional microbial cultures to associate the isolation of Lactobacillus spp. from the distal tip of the
embryo transfer catheter with better implantation and clinical pregnancy rates in IVF (602-604). In
contrast, isolation of common endometrial pathogens, such as Enterobacteriaceae (including E. coli),
Staphylococcus spp., Streptococcus spp., and other gram-negative bacteria, have been associated with

a significant decrease in implantation and clinical pregnancy rates and an increase in miscarriage rates
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(602, 603, 605-608). Recently, 16S rRNA gene sequencing has been used to investigate the relationship
between endometrial microbiota composition and ART outcomes. The Lactobacillus-dominated
endometrial microbiota influences reproduction, with poorer reproductive outcomes observed in IVF
patients receiving embryo transfer with a non-Lactobacillus-dominated microbiota (560, 561). A pilot
study conducted in thirty-five IVF patients with RIF receiving personalized embryo transfer provided
evidence that women who had a live birth presented higher levels of Lactobacillus compared to women
who miscarried or did not become pregnant, for whom reproductive tract dysbiotic taxa (e.g.,
Gardnerella, Streptococcus, Veillonella) were increased (560). However, other authors failed to find
statistically significant associations between endometrial microbiota composition and reproductive

outcomes (562, 609, 610).

The impact of the endometrial microbiota on ART outcomes was confirmed in the largest prospective
observational study to date, which includes 342 infertile patients undergoing IVF in eight countries in
America, Europe, and Asia in 2017-2020. The uterine microbiome in matched EF and endometrial
biopsies were investigated during the WOI in these patients. Lactobacilli were more abundant than the
rest of the taxa in patients with successful ART, while the dysbiotic microbiota was significantly
associated with no pregnancy or clinical miscarriage. Predictive probability analysis demonstrated that
patients with a higher frequency of Lactobacillus compared to other taxa were more likely to have a
live birth. The bacterial genera significantly associated with poor reproductive outcomes were
Atopobium, Bifidobacterium, Chryseobacterium, Gardnerella, Haemophilus, Klebsiella, Neisseria, and
Staphylococcus (551) (Table 1). These results link taxon profiles with clinical outcomes, implicating
the endometrial microbiome in infertility and implantation failure. The regulatory mechanisms of each
bacterial taxa on embryo implantation are unknown, and one can only hypothesize that bacterial
pathogens in the upper reproductive tract may trigger an inflammatory response in the endometrium
that impairs embryo implantation. Two case reports have analyzed the mechanisms through which
endometrial microbiota may affect human reproduction. The first clinical case describes taxonomic
metagenomics of six EF samples collected longitudinally during an eighteen-month follow-up from an

infertile patient presenting repeated reproductive failure (one ectopic pregnancy and two clinical
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1976  miscarriages) associated with G. vaginalis infection. At the functional level, G. vaginalis was likely
1977  responsible for 80% of the expressed genes in the sample collected before personalized embryo transfer,
1978  resulting in a clinical miscarriage. Among the detected genes associated with G. vaginalis, epithelial
1979  adhesion and biofilm formation, antimicrobial resistance, cytotoxicity, and other virulence factors were
1980  present, supporting the pathogenic potential of endometrial G. vaginalis in pregnancy outcomes (576).
1981
1982 Table 1. Endometrial microbiota profiles associated with poor reproductive outcomes in endometrial
1983  samples from women with failed IVF cycles compared to women with live birth
Comparison to Live .
ART outcome Birth (LB) Bacterial taxa p-value
Atopobium 0.021
Bifidobacterium 0.0001
Above 95% Cl of LB Gardnerella 0.00001
Klebsiella 0.049
No pregnancy
Streptococcus 0.018
Chryseobacterium 0.008
Endometrial fluid Below 95% CILof LB | Lactobacillus 0.000003
Micrococcus 0.028
Biochemical Above 95% CI of LB Enterococcus 0.011
pregnancy Below 95% CI of LB n.s. n.s.
Haemophilus 0.039
Clinical Above 95% CIof LB | Klebsiella 0.019
miscarriage Staphylococcus 0.031
Below 95% CI of LB Lactobacillus 0.002
Bifidobacterium 0.004
Above 95% CI of LB Gardnerella 0.011
Klebsiella 0.016
Neisseri 0.023
Endometrial biopsy Lt
No pregnancy Cupriavidus 0.038
Enterococcus 0.015
Below 95% CI of LB Finegoldia 0.029
Lactobacillus 0.008
Tepidimonas 0.004
1984  Data from (551). ART: Assisted reproductive technology; CI: confidence interval; LB: Live birth.
1985
1986  The second case report described the endometrial microbiome of an early (four-week) pregnancy
1987  compared to just before personalized embryo transfer, resulting in miscarriage in the same patient.
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Taxonomical and functional analyses revealed that L. iners was the only bacterium present in the uterine
cavity of the pregnant woman, in contrast to a highly diverse microbiota found in the sample associated
with miscarriage. Functional differences were also observed in the microbiome between the two
samples, suggesting that Lactobacillus has a protective role in endometrial and reproductive health. In
contrast, dysbiosis of the reproductive tract may impact the physiology of endometrial cells leading to
altered embryo implantation or pregnancy (577). Although these results come from clinical case reports
and conclusions should be made cautiously, they provide the first evidence supporting a role for

endometrial microbiota in maternal-embryonic interactions during the periconceptional period.

E. Endometrial dysbiosis and the maternal-embryonic interface implicated in gynecological and

obstetrical conditions

With increasing evidence of the role of microorganisms in human health, studies are underway to
establish the specific role of the microbiota in the reproductive tract. Bacterial composition and the
host-microbial functional interactions supporting homeostasis are important to understanding and

determining how dysbiosis influences obstetrical and gynecological conditions (Figure 8).
1. Chronic endometritis

Chronic endometritis (CE) results when common bacterial pathogens cause persistent inflammation of
the endometrial mucosa. CE is rarely suspected and clinically diagnosed, although symptoms can
include pelvic pain, abnormal uterine bleeding, dyspareunia, and leukorrhea (611). CE diminishes the
success of both spontaneous and ART conceptions and contributes to obstetric and neonatal

complications such as chronic deciduitis and PTB (612-618).

The prevalence of CE in infertile patients is estimated at 2.8%—-39% (619, 622—628) but can be as high
as 60% or 66% in women diagnosed with unexplained RPL or RIF, respectively (619, 620). Because
the pathogenic agents most frequently responsible for CE are Enterococcus faecalis,
Enterobacteriaceae, Streptococcus and Staphylococcus spp., G. vaginalis, and Mycoplasma spp., and

genital pathogens associated with sexually transmitted infections (e.g., Ureaplasma urealyticum,
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Chlamydia trachomatis, and Neisseria gonorrhoeae (621, 622), CE is often treated with broad-spectrum

antibiotics, which promotes antibiotic resistance and high rates of CE relapse.

The infectious etiology of CE is demonstrated by its reduction after antibiotic treatment in up to 80%
of cases (623, 624); however, some patients with CE and a history of RIF only display a 28% response
rate to the first course of antibiotics, with up to 25% patients potentially resistant to treatment after the
third regimen of antibiotics (620). At the clinical level, pregnancy and ongoing pregnancy rates increase
after antimicrobial therapy for CE in IVF patients with RIF, RPL, or unexplained infertility (619, 620,

625-627).

Several mechanisms may contribute to the onset and maintenance of CE and subsequent infertility.
Infection with CE pathogens may produce an innate and adaptative inflammatory response by
increasing levels of pro-inflammatory cytokines (IL-1pB, IL-6, and TNF-a), antibodies (IgA, IgG, and
IgM), and endometrial infiltration of immune cells (CD68+ macrophages, CD83+ dendritic cells, CD8+
T lymphocytes, and Foxp3+ regulatory cells) (628—631). Additionally, women with CE show altered
expression of MMPs, which may induce endometrial fibrosis and impair endometrial receptivity (631).
Another mechanism linking CE with implantation failure is the altered frequency and direction of
myometrial contractility during the mid-luteal phase of the menstrual cycle of CE patients, which may

contribute to uterine bleeding, infertility, and endometriosis (632).

Recently, microbial infection as an exclusive cause of CE has been questioned, and new theories
(including impaired endometrial hormonal status and autoimmune stimuli) have been proposed to
contribute to the etiology of CE (633). Targeted therapeutic approaches based on a better understanding
of bacterial ligand-human receptor interactions will be of immense value to the clinical management of

these patients.
2. Endometriosis

Abnormalities in the reproductive tract microbiome may also play a role in the development of
endometriosis and the progression and maintenance of ectopic endometrial lesions. This hypothesis has

been coined the “bacterial contamination hypothesis” (634). Indeed, E. coli contamination of the
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menstrual blood of women with endometriosis has been reported (635). Similarly, comparisons of
bacterial 16S metagenome assays in the cystic fluid of endometriomas and non-endometrioma cysts
demonstrate a significantly higher proportion of Streptococcus and Staphylococcus spp. in
endometriomas (636). In addition, endometrial smears from women with endometriosis show an
aberrant microbiota dominated by pathogens such as Gardnerella, Enterococcus, Streptococcus,
Staphylococcus, and, to a lesser extent, Actinomyces, Corynebacterium, Fusobacterium, Prevotella, and
Propionibacterium, which is in contrast to the Lactobacillus-dominated microbiota found in control
women (637). Analysis of the reproductive tract microbiota via NGS demonstrates that microbiota-

based models can distinguish subjects with and without endometriosis (548).

In support of the endometrial microbiota’s role in endometriosis, CE has been associated with
endometriosis in a comparative immunohistochemical study examining endometrial samples obtained
from a hysterectomy (638). Furthermore, microbial cultures of eutopic endometrium from
endometriosis patients possess significantly higher amounts of E. coli, Gardnerella, a-Streptococcus,
and Enterococcus spp. than tissues from women without endometriosis (639). A retrospective study in
more than 140,000 subjects also demonstrated that patients with pelvic inflammatory disease presented
an increased risk for endometriosis, suggesting that dysbiosis of the reproductive tract and transport of
these bacteria from the lower to upper genital tract may cause endometriosis (640). Uterine dysbiosis
involves an initial bacterial endometrial colonization by common pathogens that, together with the iron
in blood from retrograde menstruation, may induce oxidative stress and initiate a cascade of PAMPs
and damage-associated molecular patterns (DAMPs) that trigger persistent inflammation and activate
antiapoptotic events (641). Interestingly, patients with endometriosis have significantly increased risk
for spontaneous miscarriage, PTB, and other obstetrical complications such as gestational diabetes
mellitus, hypertensive disorders of pregnancy, and placenta previa (652, 653). Thus, changes in the
reproductive microbiome associated with endometriosis may provide helpful information to identify
women at risk for developing infertility or chronic pelvic pain and which women may respond well to

treatment.
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In the last decade, it has become evident that the gut microbiome is a significant regulator of
inflammatory responses inside and outside the gut (642). The gut microbiome contributes to the
development and progression of inflammatory bowel disease, arthritis, psoriasis, and cancer (643).
Endometriosis is a similar complex, polygenic condition involving pathologic inflammation, and
similar pre-disposing genetic alterations associated with an immune response may be present.
Microbiota could drive endometriosis by promoting inflammation, hormonal dysregulation, and
oxidative stress, altering the cellular proliferation/apoptosis ratio and metabolism, and increasing
angiogenesis/vascularization. Animal models have demonstrated an interconnection between
endometriosis and the intestinal microbiome (644). Mouse models with transplanted endometriotic
lesions have been shown to induce dysbiosis in the gut microbiota in terms of decreased a-diversity,
imbalanced Firmicutes/Bacteroidetes ratio, and altered abundance of specific taxa. Although no
consensus exists on the microbial profile associated with endometriosis (644—646) all the studies found
abnormal levels of microbial taxa, with their by-products potentially inducing altered estrogen
metabolism in endometriotic mice (644). Antibiotics also reduce the size and proliferation of
endometriotic lesions and the inflammatory response in a mouse endometriosis model, while oral
gavage of gut microbiota from endometriotic mice into metronidazole-treated mice restored the disease
(646). Importantly, we must consider the limitations of these studies as (i) mice do not spontaneously
develop endometriosis, and mouse models with surgical transplantation of endometrial tissue in the
peritoneal cavity may not recapitulate the pathophysiology of endometriosis, (ii) some antibiotics (e.g.,
metronidazole) possess anti-inflammatory properties that could reduce endometriosis symptoms in
treated mice, and (iii) sample size and experimental differences (e.g., animal age or hormonal
treatments) represent essential factors to consider when extracting conclusions from studies.
Meanwhile, the results of a bacterial culture-based study in rhesus monkeys that spontaneously
developed endometriosis demonstrated an altered profile of the intestinal microflora in animals with the
disease (647), together with the observation that women with endometriosis have a 50% increased risk
of inflammatory bowel disease, support that gut dysbiosis is associated with endometriosis (648). A
systematic review analyzing the link between endometriosis and inflammatory bowel disease concluded
the existence of a positive association between these two diseases based on the results of

84



2093
2094
2095
2096
2097
2098

2099

2100

2101
2102
2103
2104
2105
2106
2107
2108
2109
2110
2111
2112
2113

2114

2115
2116
2117
2118

2119

Periconceptional maternal-embryonic space

epidemiological studies; however, differences between studies have made a meta-analysis of the
published literature challenging to undertake(649). It also remains unclear whether gut dysbiosis
contributes to the etiology and progression of endometriosis as a consequence of the epithelial barrier
loss, which could deregulate the immune function and estrogen metabolism, whether endometriosis
produces dysbiosis through the secretion of pro-inflammatory molecules that affect the intestinal niche
and alter the physiological microbiome in the gut; or if a bidirectional relationship exists. Furthermore,

the pathophysiological mechanisms behind this association remain unknown.

3. Preeclampsia

The role of the microbiota in obstetric outcomes has been suggested by some studies standing up for
the existence of a healthy placental microbiota in healthy pregnancies (514, 650-652) while others have
reported increased bacterial species in the placenta and amniotic fluid of patients with PE using
microbial culture and targeted PCR for the bacterial 16S rRNA gene (653—656). Bacteria associated
with gastrointestinal (Bacillus, Escherichia, Listeria, and Salmonella), respiratory (Anoxybacillus and
K. pneumoniae), and periodontal infections (Dialister, Porphyromonas, Prevotella, and Variovorax)
were associated with PE (655). These findings suggested an intrauterine microbiome in the development
of PE, with bacterial infection at the implantation site likely to harm local immune cells, EVT migration,
and spiral artery remodeling (578). Under intrauterine infection, pathogens could trigger the untimely
activation of steroid hormone receptors, leading to insufficient P4 action and deficient differentiation
of endometrial stroma cells that secrete lower levels of IGFBP1 and PRL and contribute to defective
trophoblast invasion (657). As a secondary event, the cellular immune response accompanying uterine
infections is associated with acute atherosis of spiral arteries in the decidua basalis in patients with PE

(658).

Notably, some studies describing a placental microbiome report the presence of bacteria that do not
colonize humans (e.g., Thioalkalivibrio, Arthrobacter, and Planctomycetes) or are commonly present
in negative controls (kitome) within the microbial communities in the placenta or the amniotic fluid,
casting doubts on the robustness and plausibility of results. As the bacterial load in the placenta is

minimal, if any, placental microbiome composition may have been influenced by potential
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contamination or traces of bacterial DNA present in laboratory reagents (570, 652). These
inconsistencies have questioned the existence of a stable and functional intrauterine microbiome in
healthy pregnancies and have led to more rigorous studies, including experimental controls (both
positive and negative) and an exhaustive biological interpretation of the data obtained. A recent study
following the recommendations for analysis of low-biomass samples and controlling for false positive
results has challenged the existence of a bonafide placental microbiota (656). The results of this
prospective study analyzing more than 500 placental samples have shown that there are several sources
of contamination (contact with bacteria during labor and delivery, contamination during sample
collection and manipulation, microbiome associated with reagents used for extraction, amplification,
and sequencing) that may impact the analysis of placental samples leading to artifactual microbiome
profiles (656). This study concludes that the placenta does not have a stable and unique microbiome,
although it can harbor pathogenic bacteria under certain conditions. For example, Strepfococcus
agalactiae has been found in 5% of placental samples before the onset of labor, although a significant
association with PE has not been demonstrated. These results suggest that leading causes for PE other
than the presence or composition of the placental microbiota may exist in most cases; however,
intrauterine infections during pregnancy may contribute to a higher risk for the development of PE or

other pregnancy-related complications.

The gut-placental axis has been suggested to play a role in the onset of PE, while gut dysbiosis could
explain specific pre-eclamptic symptoms, as the gut microbiota profile of women with PE is similar to
that of hypertensive non-pregnant women (659, 660). A consensus has not been reached regarding the
composition of the gut microbiota associated with PE compared to normal pregnancies (673—676);
however, it has been proposed that reducing bacteria producing short-chain fatty acids could be
responsible for altered blood pressure in PE via irregular trophoblast function, endothelial dysfunction,
and an insufficient supply of oxygen and nutrients to the placenta (661). At the molecular level, an
imbalance in bacterial species producing short-chain fatty acids may impact blood pressure through
dysregulation of plasminogen activator inhibitor-1, while butyrate and other short-chain fatty acids in

the bloodstream can bind to GPCRs in target tissues to modulate blood pressure (661). For example,
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Fusobacterium may disrupt the gut epithelial barrier and translocate to the placenta during PE, where
the immune response is activated by the secretion of NF-kB and inflammatory cytokines that produce
oxidative stress, vascular dysfunction, and ultimately induce rejection of the fetus and hypertension
(660). Therefore, deciphering the impact of the gut microbiome on sPE onset could provide a new

approach to targeting the pathogenesis of this significant pregnancy complication.
4. Chorioamnionitis, chronic deciduitis, and preterm birth

Chorioamnionitis is the inflammation of fetal membranes and is usually caused by bacterial infection.
The association of chorioamnionitis with bacterial vaginosis suggests that the intrauterine infection
responsible for chorioamnionitis may originate in the vagina (678); however, preconceptional CE also
could represent the origin of microbial invasion of the amniotic cavity and has been described in

gestational chronic deciduitis (662).

Colonization with Corynebacterium spp., E. coli, Fusobacterium nucleatum, Peptostreptococcus spp.,
Prevotella spp., group B Streptococcus, Ureaplasma parvum, and genital mycoplasmas are hallmarks
of inflammation of the amnion and chorion and are linked to complications such as premature rupture

of membranes (PROM), PTB, and neonatal sepsis (663—667).

As the endometrium is responsible for developing a healthy placenta that can carry a pregnancy to term,
the microbiota and/or microbial compounds present in the intrauterine cavity at the time of conception
may be important for embryo implantation and placentation. An association between chorioamnionitis
and PE has been suggested; however, the increased bacterial load, together with pathogenic bacteria
characteristic of microbial invasion of the amniotic cavity, has only been found in 1%—9% of patients

with PE, so a causative association between the pathologies remains unlikely (654).

PTB is a major cause of infant morbidity and mortality and has also been associated with dysbiotic
intrauterine microbiota. There is an increased abundance of bacterial pathogens such as Bacteroides,
Streptococcus spp., Ureaplasma spp., E. coli, F. nucleatum, G. vaginalis, M. hominis, and Sneathia
sanguinegens to the detriment of L. crispatus abundance in the choriodecidual space, amnion, chorion,

amniotic fluid, placenta, and umbilical cord blood (667, 668). Colonization with dysbiotic bacteria and
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resultant secretion of pro-inflammatory cytokines and PGs may induce uterine contractility and cervical

shortening, leading to PTB.

F. The reproductive-brain axis

Studies in animal models confirm the presence of bidirectional trafficking of molecules between the
enteric and nervous systems modulated by the secretion of microbial metabolites, which involves a role
of the gut microbiota in neuropsychiatric disorders through the so-called microbiota-gut-brain axis
(669). The impact of the gut microbiota on the brain, metabolic, and reproductive functions is mediated
by the “estrobolome,” the collection of genes responsible for E2 metabolism. Gut bacteria secrete the
enzyme [-glucuronidase, which deconjugates and activates E2s to induce cellular responses upon
binding to ERa and ERp in E2-regulated organs, activating signaling pathways, and/or leading to
epigenetic modifications (670). In the context of gut dysbiosis, defective deconjugation of E2 precursors
decreases levels of circulating active E2s that can reach target organs, leading to pathologies such as
obesity, metabolic syndrome, cardiovascular disease, endometriosis, polycystic ovary syndrome,
endometrial hyperplasia, breast cancer, and infertility (670). This remote regulation of distant organs or

functions by the microbiome is not exclusive to E2-regulated organs.

Mounting evidence suggests that gut microbiota regulate brain function. Microbial molecular mimicry
produced upon gut dysbiosis may lead to serious neural conditions such as Alzheimer’s or Parkinson’s
disease, autism spectrum disorder, or amyotrophic lateral sclerosis (671). For example, accumulation
of misfolded a-synuclein that forms Lewy bodies in certain Parkinson’s disease cases can be triggered
by a structurally similar amyloid protein called curli produced in the gut by the bacterium E. coli that
travels to the brain through the vagus nerve (672, 673). Interestingly, brain regulation exerted by the
microbiota can influence a fetus if exposed to maternal infection while in utero, which was
demonstrated in a Swedish cohort of patients born after exposure to maternal microbial infection (e.g.,
sepsis, pneumonia, chorioamnionitis, urinary tract infection) during fetal life, showing an increased risk
of autism and depression during childhood and adulthood (674). Maternal immune activation (increased
levels of cytokines and T cells) in the presence of pathogens could be responsible for

neurodevelopmental disorders in the offspring if this occurs during fetal brain growth; however, these
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long-term sequelae could have been caused by maternal pyrexia due to the altered maternal immune
activation induced by fever independent of the presence of pathogens or their direct impact on fetal

brain development (675).

Like other estrobolome-targeted organs, the endometrium is regulated by cycling hormones such as
including E2 and P4. The gut microbiota may influence endometrial function by modulating the action
of hormones that subsequently modulate the secretion of AMPs and immune response in the
endometrium across the menstrual cycle, influencing the growth of specific commensal or pathogenic

bacteria in a cyclical fashion (549).

Another link between microbiota and reproductive-brain function involves tryptophan oxidation to
produce serotonin and metabolize melatonin. Several bacteria colonizing human tissues, including
Lactobacillus and Ruminococcus, degrade tryptophan (676). Interestingly, the first step in tryptophan
conversion to serotonin and melatonin is catalyzed by oxidases produced in the endometrium in a
menstrual cycle-dependent manner in animal models (677). Both neurotransmitters play important roles
in reproductive function. Maternal serotonin levels also have been linked to neural development in
murine embryos (678) while melatonin contributes to oocyte quality, endometrial receptivity, embryo
implantation, and pregnancy, with abnormal melatonin production in the endometrium and placenta

associated with RPL and PE, respectively (679).

Clinical studies must now confirm the roles of certain bacteria in the reproductive-brain axis. The action
of microbiota in regulating distant organs may help prevent neural disorders or as a therapeutic option

to target inaccessible organs like the brain.

IX. THE MYOMETRIUM AND THE PERICONCEPTIONAL SPACE IN HEALTH AND

DISEASE

The human myometrium comprises the middle layer of the uterine wall, located between the
endometrium and the serosa or perimetrium. This muscular layer is subdivided into three separate

layers: the inner stratum subvasculare, middle stratum vasculare, and outer stratum supravasculare. The
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outer stratum supravasculare is the thickest and contains numerous venous plexuses and lymphatic
vessels (680). While the inner third of the myometrium (junctional or sub-endometrial layer) may derive
from the Miillerian duct and shows peristaltic activity, the external layer may derive from non-Miillerian

tissue and is the primary contractile tissue during childbirth (681, 682).

Regarding cellular composition, the human myometrium mainly comprises smooth muscle cells
(uterine myocytes) intermingling and spiraling throughout an ECM of connective and vascular tissue
and lymphatic vessels and contributing to the normal tonicity of the uterus (683, 684). Additionally,
interstitial cells of Cajal (ICC), which are closely related to smooth muscle cells, may play a crucial
role as pacemaker cells by producing rhythmic oscillations in the resting membrane potential of smooth

muscle cells (685).

The ability of the myometrium to grow and stretch supports the substantial changes that occur during
pregnancy and childbirth; however, the primary function of this muscular tissue is to induce uterine
contractions throughout a woman’s reproductive timespan. Additional functions include those related
to the physiological processes that occur during the periconceptional space, such as sperm transport and
embryo implantation (682); nevertheless, the regulation of myometrial contractility in the non-pregnant

state remains unclear.

A. Physiology of myometrial function

Myometrial contractility depends on the ability of smooth muscle cells to maintain, through specific
ion channels, the difference in ion concentrations between the intracellular and extracellular spaces,

undergoing phasic cycles of depolarization and repolarization (686—688).

In the early 20th century, Julius Bernstein, a pioneering neurobiologist and biophysicist, revealed
through the “membrane theory of electrical potentials” that living muscle cells have a bioelectric
membrane (689). Specifically, uterine smooth muscle possesses phasic action potentials consisting of a
contractile pattern and maintenance to a resting tone, with intermittent contractions that display varied
frequency, amplitude, and duration (682). Since then, additional knowledge has been gained regarding

regulating muscle cells by hormonal and mechanical factors.
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1. Hormonal regulation

Hormones and paracrine mediators may induce myometrial cells to enter quiescence or promote muscle
contraction through regulation of gene expression, direct modulation of ion channel action, or activation

of membrane receptors, activating a cascade of further cellular messengers (690—693).

Interestingly, uterine peristalsis increases during the menstrual cycle's early and mid-follicular phases.
This process is probably controlled by estradiol secreted by the growing dominant follicle (694, 695)
and is accompanied by an increase of oxytocin and prostaglandins, which could play a possible role in
sperm transport (696, 697). Conversely, a decrease in uterine peristalsis has been observed in the luteal
phase, accompanied by increased progesterone produced by the corpus Iuteum (685, 698).
Consequently, the uterus enters a quiescent state that may allow embryo implantation in the case of

fertilization (699) .

2. Mechanical factors

Distinguishing gross uterine activity of the outer two-thirds of the myometrium from uterine peristalsis
of the inner one-third of the myometrium remains a challenging task (685) when discussing mechanical
stretch. Indeed, the physical forces generated by distention or contraction of the myometrium, among
other tissues, are mechanically transduced into intracellular signals, gene transcription, ECM production
and degradation, and cell adhesion (700), ultimately producing inflammatory cytokines and ECM

remodeling (701).

Data derived from intrauterine pressure and ultrasound research has suggested uterine peristalsis
changes throughout the menstrual cycle (694, 702). Contractions from the fundus to the cervix have
been detected in the early follicular phase, probably assisting in sperm transport, while a switch in the
direction of contractility occurs in the late follicular phase to provide nutrients and position the embryo
before implantation (685). Therefore, considering that uterine contractions also occur in the
periconceptional space, this pressure-gradient force due to mechanical stimulation in the fundal segment
of the uterus during reproductive-assisted treatments can influence the distribution or even expel the

transferred load in the uterine cavity during embryo transfer (685, 703, 704).
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B. Myometrial alterations in the origin of infertility

During implantation, the embryo adheres to and is encapsulated by the endometrium, forming a unique
structure supported by the myometrium until the pregnancy ends. Consequently, myometrial
physiological and/or morphological abnormalities, such as dysfunctional uterine contractility,
anatomical distortion of the uterine cavity, and subsequent poor placentation, could affect the initiation

and maintenance of pregnancy to term (705).

1. Uterine peristalsisimpairment as the origin of unexplained infertility

Uterine contractility or peristalsis is influenced by ovarian hormones undergoing periodic changes with
the menstrual cycle phases, increasing during the follicular phase due to E2 stimulation and changing
to relative quiescence in response to P4 after ovulation. Indeed, contractions in the luteal phase are low
amplitude, bidirectional, and believed to assist with the site and process of implantation (706, 707).
Moreover, some authors have suggested that the contractile activity of the junctional zone may alter the
shape of the uterus from an elongated configuration in the follicular phase to a piriform configuration
in the luteal phase, making the uterine cavity more spherical (708). Nevertheless, if conception does not
occur, strong antegrade contractions start simultaneously with progesterone withdrawal, facilitating the

emptying of menstrual blood and tissue (707).

Notably, the peristaltic activity of the uterus represents a critical process in human reproduction, mainly
during fertilization (709) and embryo implantation (710); furthermore, excessive peristalsis of
myometrial tissue might cause unexplained infertility and embryo implantation failure (685, 707, 711,
712). In ART, a comparison between stimulated versus natural cycles revealed two-day delayed
contractile activity following ovulation in the stimulated condition (712, 713). Higher estradiol
concentrations due to ovarian stimulation treatment may be involved in this process, which is inversely
related to the chances of pregnancy success (707). Additionally, women with pathologies such as
endometriosis (714, 715), uterine fibroids (716), and/or adenomyosis (717, 718) exhibit altered uterine
peristalsis, which may also contribute to infertility. Specifically, peristaltic detection rate and frequency
are significantly less for patients with endometriosis and/or adenomyosis than healthy patients, which
may contribute to an altered sperm transport during the periovulatory phase (714, 715, 717, 718).
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Moreover, submucosal fibroids may also be associated with loss of peristalsis and focal myometrial

movements related to pregnancy loss (716).

Based on the significance of uterine contractility under physiological and pathological conditions, there
exists a need to better understand the role of therapeutic compounds such as anticholinergic agents
(719-721) and prostaglandin synthetase inhibitors (722) in regulating uterine contractility and thus
contributing to clinical outcomes in ART (685). Interestingly, using a combined oxytocin and
vasopressin receptor antagonist (atosiban) may increase the amplitude of uterine contractions and thus
decrease uterine peristalsis in women with RIF (723-725); however, studies evaluating the effects of
these drugs show conflicting results (726). Thus, novel selective peptide oxytocin antagonists such as

barusiban and/or nolasiban are the subject of current clinical trials.
2. Uterinefibroids

Uterine fibroids, also known as leiomyomas (uLM), are benign tumors arising from the myometrium
composed of disorganized smooth-muscle cells surrounded by ECM. These benign myometrial tumors
may exhibit myometrial cell morphology and phenotype changes due to menstrual cycle-related injury
and repair (684, 727). Nevertheless, it remains unknown whether new smooth muscle cells arise from

differentiated or tissue-specific stem cells (728).

In 2011, a detailed classification of uLM was established by the International Federation of
Gynaecology and Obstetrics, which used a nine-point system to describe the location of uLM in relation
to the endometrium and the serosal surface (729). According to this classification, it has been reported
how uLM may affect fertility outcomes in women, including those undergoing assisted reproduction
strategies (730). Specifically, subserous fibroids do not affect pregnancy or implantation rates(731,
732), but submucosal and large intramural uLM, which protrude into the endometrial cavity, associate
with poor clinical outcomes due to their potential for growth under hormonal influence (733-735)
(Figure 9). Indeed, they can physically block the tubal ostia or the cervix and cause changes such as

cavity distortion, which affects sperm transport and embryo implantation (736).
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Figure 9. Schematic of main myometrial alterations as the origin of infertility conditions. Excessive
peristalsis of myometrial tissue may cause infertility and embryo implantation failure. Myometrial tumors such
as leiomyoma (LM) significantly impact fertility outcomes. Environmental factors, chromosomal abnormalities,
and specific mutations may be involved in disease etiology and progression. Finally, the growth of ectopic
endometrial glands into the myometrium (adenomyosis) could be triggered by factors such as local
hyperestrogenism, elevated prolactin (PRL), and autoimmune factors.

The number of uLMs has also been examined in studies comparing the presence of one versus multiple
tumors, although the underlying mechanisms of infertility remain unclear (731, 737). Independent of
the number, size, or location of uLLMs, several studies have examined the influence of uLM on embryo
implantation in terms of endometrial receptivity (734, 738, 739), showing that uLMs adversely affect
the decidualization response in the overlying endometrium (740, 741) and are responsible for excessive
uterine bleeding or defective implantation (742—744). Indeed, a strong correlation between the
expression of genes controlling the WOI, such as TGFp, osteopontin, GPX3, and glycodelin, and uLM
presence has been demonstrated (745, 746). HOXA10 and HOXA11l genes and LIFs, which are also
thought to be crucial in the implantation process, display decreased expression in women with fibroids
(747, 748). Other mechanisms involving uterine contractility dysfunction (749) and impaired

vascularization (750, 751) also have been proposed to explain how uLM affects reproductive function.

Finally, available research has demonstrated increased pregnancy rates after surgery to remove large
tumors or those abutting the endometrial cavity (733) ; however, surgical treatments can delay fertility
treatment by at least six months while waiting for wound healing. Moreover, women are advised to
deliver by cesarean section to prevent rupture of the uterine wall during contractions if the surgery

involves opening the uterine cavity. Consequently, a balance must be reached between removing tumors
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and the consequences of surgery. Reaching this balance requires a better understanding of the

mechanisms through which myometrial tumors influence fertility outcomes.

3. Adenomyosis

Adenomyosis is an estrogen-dependent uterine disorder characterized by the growth of ectopic
endometrial glands into hyperplastic myometrial fibers of the myometrium induced by enhanced cell
survival, EMT, and cell migration, which leads to thickening of the uterus. It is also presented as an
adenomyoma together with a uLM. This condition triggers dysmenorrhea, heavy menstrual bleeding,

pelvic pain, and infertility (735, 752-754).

Although the etiologic mechanisms of adenomyosis remain unknown, the bulk of evidence supports an
association with uterine trauma that may have broken the junctional zone between the endometrium and
myometrium, followed by de novo metaplasia from adult stem cells and embryonic Mullerian remnants
(754). Consequently, physiological damage caused by excessive uterine hyperperistalsis induced by an
increase of local estrogen during early reproductive life most likely results in the same causative cascade
(755, 756), which is likely the mechanism underlying the observation that adenomyosis often gets more
severe after each pregnancy and childbirth (757). Hormonal factors, such as local hyperestrogenism
(758), elevated PRL, and dysregulated autoimmune factors (759) have been suggested as possible risk

factors for adenomyosis.

Adenomyosis affects both the myometrium and endometrial stroma and has a complex origin, including
multifactorial genetic and biochemical factors (760, 761). Several studies show altered cytokines (IL-
1, IL-6, and IL-8) and growth factors such as MMP2 and MMP9 in ectopic lesions of human
endometrium (762) Further, the expression of other integrin adhesion molecules, such as E-cadherin is
significantly increased in this condition (763), while LIF (764) and HOXAI10 expression was

significantly reduced in adenomyosis (203) (Figure 9).

Overall, infertile women with adenomyosis are less likely to become pregnant and more likely to
experience a miscarriage, perhaps due to an altered uterine environment, abnormal uterine contractility,

increased inflammation, and abnormal eutopic endometrial function (765, 766). Conversely, women
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who successfully achieve pregnancy experience preterm labor and PROM at high rates (767, 768).
Treatments to improve this estrogen-dependent disease are based on only a few studies, mainly case
reports, showing the regression of lesions and reduced hypertrophy by combining agonists of
gonadotropin-releasing hormone (769) and surgery (770), also improving tissue remodeling and blood
supply (771, 772). These procedures may lead to an elevated risk of uterine rupture during pregnancy
since the removal of adenomyotic tissue is often accompanied by the excision of healthy myometrium
(773, 774). Accordingly, further knowledge integrating molecular, genetic, clinical, and epidemiologic
approaches will be essential to better understand this prevalent uterine disorder's pathogenesis and

preventive strategies.

X. CONCLUSIONS AND FUTURE PERSPECTIVES

Humans are the result of genetics (nature) and environment (nurture) in equal measure. Timely
assessments of a couple's reproductive genetic risk through expanded carrier screening represent an

accepted and effective method to prevent genetic disorders in offspring.

The human embryo now undergoes consistent chromosomal assessment, with 50% of IVF cycles
performed in the USA using PGT-A (47); however, many "healthy" embryos fail to produce healthy
offspring, and most genetic defects underlying embryo developmental arrest, failed implantation, and
miscarriage of euploid embryos remain undetermined. Identifying genes involved in embryonic
lethality and some forms of idiopathic infertility has been hindered by their low incidence in the overall
population, resulting in a slow discovery process and the development of targeted testing genetic panels.
This difficulty is likely to be partially overcome by deploying large-scale genomics studies comprising
infertile individuals with rare embryonic phenotypes (e.g., early embryonic lethality or recurrent
miscarriage). Additionally, instead of using PGT to diagnose and deselect affected embryos, it may be
possible to correct the molecular defect carried by the embryo through ex vivo genome editing during
IVF cycles. Any future applications of PGT will require the implementation of additional regulatory

frameworks to prioritize service access and ensure equity.
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From the maternal side, single-cell analysis followed by systems biology approaches will be essential
to integrate cellular, molecular, and spatial multi-omics data in the periconceptional space. The maternal
endometrium and myometrium can be prospectively investigated before pregnancy to diagnose
preexisting conditions before conception, facilitating targeted therapies to prevent infertility and
pregnancy complications, such as sPE. While we possess a vast knowledge of endometrial physiology
and its hormonal regulation, we remain far from understanding how the endometrium regenerates every
month, which progenitor cells orchestrate endometrial architecture, and what stimuli participate in

endometrial regeneration and dynamics.

The main challenge is the production of non-invasive diagnostic strategies for endometrial pathologies
through liquid biopsy. Circulating plasma-derived human and bacterial DNA/RNA transcripts represent
a promising translational source. The myometrium affects the initiation and maintenance of pregnancy.
Our lack of knowledge of myometrial physiology requires effective model systems to better understand
uterine contractility in the presence and absence of myometrial disorders. Myometrium-on-a-chip
systems could establish hormonal and mechanical contributions to myometrial function and the
influence of uterine contractility on fertilization and embryo implantation. On-chip approaches will also
enhance drug discovery, with strategies to stimulate or inhibit uterine contractions likely to improve

pregnancy rates after assisted reproductive technologies.

Regarding the environment, crosstalk during the preconceptional period remains far from being
understood. In this regard, reliable 3D models of embryonic implantation could help describe the
environmental challenges that might perturb embryo development and human implantation. Continued
evaluations of the endometrial microbiome and its metabolic by-products may also identify
interventions that could prevent intrauterine infections before and during pregnancy. Understanding bi-
directional functional interactions between microbiome and host genetics will be meaningful in the
dissection of the biological mechanisms of reproductive disorders and help discover new therapeutic

targets that may not require antibiotics.
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Periconceptional care that promotes a healthy maternal and fetal pregnancy is hugely cost-effective;
therefore, investment in research into human periconceptional maternal-embryonic space and its timely

translation to clinical care will likely result in significant improvements in lifelong health.

FIGURES LEGENDS

Figure 1. An individual’s genome is composed of genetic features inherited from parents (as
components of their genome or as de novo variants acquired by germinal cells) or acquired (as de
novo variants during the first stages of embryo development). Genetic features that govern and
modulate phenotypes primarily include aneuploidy, single nucleotide polymorphisms (SNPs), single
nucleotide variants (SNVs), and microdeletions/duplications. Most inheritable genetic conditions are
determined by defects in single genes (e.g., CFTR for cystic fibrosis) passed on by parents to their
offspring. The phenotypic manifestation of genetic defects depends on the inheritance mechanism of
their alleles: dominant or recessive. In addition, most genetic traits are under multifactorial (polygenic)
control, where a specific phenotype (e.g., height) is determined by the combined effect of several genes
and their interaction with environmental and lifestyle factors. Embryo chromosomal defects causing
embryo implantation failure, miscarriage, and aneuploidy syndromes in the newborn (among other
conditions) are mostly de novo events due to chromosomal mis-segregation in oocytes prior to
conception. Although several genes have been implicated in determining an individual's reproductive
fitness, isolated defects in several genes determine early reproductive failure (e.g., gamete maturational

arrest, fertilization failure, or preimplantation embryo lethality).

Figure 2. The endometrial plasma membrane transformations and the accompanying molecular
processes required for the receptive state. Schematic representation of the processes and molecules

implicated in acquiring the window of implantation (WOI).

Figure 3. Endometrial cell types and alterations mapped by single-cell RNA-seq during the
menstrual cycle and embryo implantation. Left panel; C1 Fluidigim single-cell atlas modified from

(151) Right panel; 10X single-cell atlas modified from (261). Cell types present in the upper panel -
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Lum.Epi: luminal epithelium; Cil.Epi: ciliated epithelium; Gl.Epi: glandular epithelium; dS:
decidualized stroma; dM: decidual macrophage; SCT: syncytiotrophoblast; VCT: villous
cytotrophoblast; EVT: extravillous trophoblast; PV: perivascular cells; Endo: endothelium; DC:
dendritic cells; dNK: decidual natural killer cells. Cell types present in the lower panel - Epi: epithelium;
F: fibroblasts; HB: Hofbauer cells; PC: plasma cells; Mo: monocytes; M: macrophages; NK: natural

killer cells.

Figure 4. Cellular and molecular transformation during decidualization. Phenotypic
transformation of human endometrial stromal cells (hESCs) into enlarged secretory decidual cells (1);
extracellular matrix (ECM) changes in composition and function (2); leukocyte infiltration by uterine

natural killer (uNK) cells (3); and promotion of angiogenesis and oxidative stress resistance (4).

Figure 5. Defective decidualization in infertility and pregnancy complications. Defective
decidualization (DD) mediated by progesterone resistance, premature human endometrial stromal cell
(hESC) senescence, transcriptomic alterations, and disbalance of immune response is present with
infertility such as endometriosis, recurrent pregnancy loss (RPL), and late-onset pregnancy

complications such as preeclampsia (PE), intrauterine growth restriction (IUGR), and placenta accreta.

Figure 6. Blastocyst implantation and placenta development. (A) Blastocyst adhesion to the
endometrial lining. The endometrium becomes receptive to an implanting blastocyst for a brief period
during the mid-secretory phase of the menstrual cycle. Blastocysts anchor to a suitable region in the
endometrial luminal epithelium (LE), where there is reciprocal communication between the
trophectoderm and the endometrial LE. The glandular epithelium (GE) secretes factors in the
endometrial lumen that can act on the trophectoderm and the endometrial LE. Blastocysts firmly adhere
to the endometrial LE, initiating implantation into the endometrium. During the window of implantation
(WOI), the endometrial stroma undergoes remodeling whereby ESCs differentiate into decidualized
stromal cells, which coincides with the recruitment of uterine natural killer (uNK) cells. Other immune
cells, including macrophages, are present in the stroma. (B) The blastocyst trophectoderm differentiates
into different placental trophoblast subtypes, forming the placental villous. The placental villous

consists of an outer multinucleated syncytiotrophoblast with an underlying cytotrophoblast (CTB)
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surrounding a mesenchymal stromal core that contains specialized immune cells known as Hofbauer
cells. The villous tip attaches to the decidua, enabling the CTB to proliferate and form a column
structure anchoring the villous to the decidua. The CTB differentiates to extravillous trophoblast (EVT),
migrates, and invades endovascularly or interstitially into the decidua to plug the uterine spiral arteries,
reducing oxygen supply to the placenta during a critical time in fetal development where the primary
source of nutrition is from the endometrial glands. Around ten weeks gestation, EVT remodeling of the
spiral arteries is completed, enabling adequate blood supply to the placenta for gas and nutrient

exchange.

Figure 7. Maternal-embryo crosstalk during preimplantation. Schematic representation of the
bidirectional communication occurring at the maternal-embryonic interface through the secretion of

miRNAs, proteins, and mitochondrial DNA enclosed in exosomes and/or microvesicles.

Figure 8. Microbial-host interactions involved in infertility and pregnancy complications. Several
mechanisms between pathogenic bacteria or their by-products and human cells may be responsible for
the loss of endometrial homeostasis, leading to impaired embryo implantation and gynecological or
obstetrical conditions. Locally, altered endometrial immune balance, matrix metalloproteinase (MMP)
expression, and uterine contractility may lead to chronic endometritis (CE). This inflammatory scenario
and the antiapoptotic events caused by pathogen-associated molecular patterns (PAMPs) and pathogen
recognition receptors (PRRs) in host cells have been observed in patients with endometriosis. In
preeclampsia (PE), the intrauterine microbiome and an altered gut microbiome can contribute to the
onset of disease by disrupting the epithelial barrier, releasing pathogen-associated reactive oxidative
species and short-chain fatty acids to the bloodstream that may facilitate vascular dysfunction and
subsequent increase in blood pressure. Dysbiosis in the gut or the endometrium may impair human
reproduction and overall maternal health through the altered metabolism of systemic compounds such

as estrogen, melatonin, and serotonin.

Figure 9. Schematic of main myometrial alterations as the origin of infertility conditions.
Excessive peristalsis of myometrial tissue may cause infertility and embryo implantation failure.

Myometrial tumors such as leiomyoma (LM) significantly impact fertility outcomes. Environmental
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2512 factors, chromosomal abnormalities, and specific mutations may be involved in disease etiology and
2513  progression. Finally, the growth of ectopic endometrial glands into the myometrium (adenomyosis)
2514  could be triggered by factors such as local hyperestrogenism, elevated prolactin (PRL), and autoimmune

2515 factors.
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Table 1. Endometrial microbiota profiles associated with poor reproductive outcomes in

endometrial samples from women with failed IVF cycles compared to women with live birth

ART outcome Comparison to LB Bacterial taxa
Atopobium 0.021
Bifidobacterium 0.0001
Above 95% CI of LB Gardnerella 0.00001
No pregnancy Klebsiella 0.049
Streptococcus 0.018
Chryseobacterium 0.008
Endometrial fluid Below 95% Cl of LB Lactobacillus 0.000003
Micrococcus 0.028
Biochemical Above 95% CI of LB Enterococcus 0.011
pregnancy Below 95% Cl of LB n.s. n.s.
Haemophilus 0.039
Clinical Above 95% Cl of LB Klebsiella 0.019
miscarriage Staphylococcus 0.031
Below 95% CI of LB Lactobacillus 0.002
Bifidobacterium 0.004
Above 95% CI of LB Gardnerella 0.011
Klebsiella 0.016
Neisseria 0.023
Endometrial biopsy | No pregnancy Cupriavidus 0.038
Enterococcus 0.015
Below 95% CI of LB Finegoldia 0.029
Lactobacillus 0.008
Tepidimonas 0.004

Data from (551). ART: Assisted reproductive technology; CI: confidence interval; LB: Live birth.
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