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The endometrium: basic aspects of a complex tissue
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ABSTRACT

This monograph reviews the orderly sequence of events that characterize the human endometrial cycle, the known key molecules
and mechanisms involved during the proliferative and secretory phases, as well as the validation of the determinant processes of
decidualization and the establishment of the window of implantation. A new look into old dogmas is delivered, and new challenges
are posed based on contemporary and objective scientific and clinical evidence. This highly detailed narrative constitutes an in-
depth academic work that presents original research, analysis, and arguments aimed to solve current dilemmas or to open the
path for further analysis and debate. The understanding and development of new and robust experimental paradigms of genomics,
proteomics, and transcriptomics has led to the development of novel high-throughput methodologies aimed directly at interrogating
biomolecules, their cellular locations, and interactions, at previously unattainable levels. We remain enthusiastic that the
information provided herein will become more and more significant not only as basic physiologic advances but importantly, critical
from a clinical point of view, for improved infertility management, and perhaps with an impact on women'’s health.

KEYWORDS: Endometrium, implantation, blastocyst, transcriptomics.

MANUSCRIPT In the endometrium, simple tubular glands reach
from the endometrial surface through to the base of the

Introduction stroma, and upon differentiation provide an optimum

The endometrium is composed of two layers. The environment for implantation and growth of the embryo.
functional layer adjacent to the uterine cavity, contains The endometrium is central, echogenic (detectable
the luminal epithelium, glands, and stroma, and using ultrasound ;canning), has a t_ypical trilaminar
responds to the sequential effects of circulating appearance reaching an average thickness of 7 to
estradiol (E2) and progesterone (P4) to proliferate and 10mm during maximal estrogenic effect, and
then become secretory during each menstrual cycle, cohabitates with a unique microbiota. Upon fertilization,
and differentiates to sustain blastocyst implantation. the egg may implant into the uterine wall and provides
The basal layer contains stem cells which regenerate feedback to the ovaries through human chorionic
the functional layer upon menstruation. The functional gonadotropin (hCG) secreted by the trophoblast, that
endometrium consists of a single layer of columnar rescues and maintains the corpus luteum span, which
epithelium and a layer of connective tissue (stroma) will continue |t.s role of secreting P4 and E2 and other
containing a rich blood supply provided by the spiral hormones _untll the_newly formed placenta takes over
arteries, that varies in thickness according to cyclic sex the endocrine functions.

hormonal influences.
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At a cellular-molecular level, implantation is
nowadays recognized as a controlled inflammatory
response. After ovulation, a dramatic differentiation
process of endometrial stromal cells into decidual
stromal cells is induced. Decidualized stromal cells are
key players which initiate a cascade of events leading
to recruitment and local differentiation of the decidual
uterine natural Killer cells (UNK cells). These cells
mediate embryo recognition and immunotolerance,
and secrete cytokines required to activate and control
trophoblast invasion. Decidual uNK cells also
participate in spiral artery remodeling and activate and
control trophoblast invasion®,

Luteal phase  dysfunctions,  uncontrolled
trophoblast invasion of stroma and arteries, and
abnormal decidualization and placentation, can derive
in severe pathologies ranging from lack of implantation
to miscarriage, development of trophoblast tumors, and
can be the culprits of later obstetrical complications
such as fetal growth retardation and preeclampsia.
Despite active research, particularly derived from the
experience and knowledge gained in infertility
treatment via in vitro fertilization and embryo transfer
(IVF-ET), the critical regulatory elements that
determine implantation and regulate its different
phases remain incompletely resolved.

Here, it is our primary aim to discuss the state-of-
the-art of the orderly sequence of events that
characterize the human endometrial cycle, the key
molecules and mechanisms involved, their cellular
origins and temporal-spatial interactions, and the
characterization of the determinant processes of
decidualization and the window of implantation (WOI).

The human endometrial cycle: proliferative and
secretory phases and establishment of embryo
receptivity

The intraovarian processes of follicular
recruitment, selection, and dominance, that occur
during the proliferative phase allow for an increasing
and sustained secretion of E2, which is the main
endometrial regulator in the first half of the cycle.
Importantly, whereas many ovarian follicles begin their
developmental course at each cycle, typically only a
single follicle sustains its inherent gametogenic
potential; all others succumb to atresia finally having
forfeited their latency®3. Upon the completion of the
follicular phase and ovulation, the dominant follicle
undergoes dramatic morphological and functional
changes to become the corpus luteum. This robust
endocrine organ biosynthesizes and secretes large
amounts of P4, the key hormone that prepares the
estrogen-primed endometrium for embryo
implantation®. During the mid secretory phase, the
endometrium transforms into a temporally receptive

tissue that is suitable for embryo adhesion and
attachment for a limited period®6).

There is a complex and reciprocal paracrine
communication between the pre-implanting blastocyst
and the endometrium. The pre-implantation embryo
signals its presence to the mother by endocrine
modulators, such as hCG, and paracrine growth
factors, which act locally on the endometrium to
facilitate attachment. The intimate mechanisms that
determine initial adhesion between trophectoderm cells
and the endometrium are not completely understood.
In the sheep, it is likely that embryonic L-selectins and
their specific ligands present in the luminal epithelium,
as well as trophoblastic integrin receptors and the
reciprocal epithelial integrin molecules (also including
osteopontin and arginylglycylaspartic acid -RGD) play
an important recognition role®. The significance of L-
selectins, glycodelin, and other complex sialylated N-
glycans and other carbohydrate moieties in human
embryo recognition and adhesion has been
described®19, Following attachment, the embryo
penetrates the luminal epithelium, breaches the basal
membrane, and invades into the underlying stroma,
while in synchrony endometrial stromal cells begin full
decidualization®,

The sequential actions of E2 and P4 after
ovulation regulate the formation of a differentiated
endometrial stromal tissue, known as the “decidua,”
which supports embryo growth and maintains early
pregnancy®9. Decidualization occurs during the
ovulary cycles, independently of the presence of an
embryo in the uterine cavity (as opposed to other
animal species). Decidualization consists of the
differentiation of elongated, fibroblast-like
mesenchymal cells in the endometrial stroma to
rounded, epithelioid-like cells. This morphological
change is initiated during the mid-secretory phase of
the menstrual cycle because of elevated P4 levels and
begins with stromal cells surrounding the spiral arteries
in the upper two-thirds of the endometrium. Human
decidualization begins approximately 6 days after
ovulation, at the onset of the putative WOI(D, The
process is accompanied by secretory transformation of
the uterine glands, an influx of the specialized
decidualized uNK cells, and vascular remodeling to
support the maternal blood supply to the growing
conceptus®?),

Progesterone is an essential regulator of
decidualization and a prerequisite for successful
blastocyst implantation. But decidualization is also
controlled by complex interactions of transcription
factors, cytokines, and signaling pathways. A critical
network for the decidualization of endometrial stromal
cells is comprised of P4 and its downstream molecules,
including the transcription factors FOXO1, HOXA10,
C/EBPB and HAND2, and the protein BMP®), During
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decidualization, differentiating stromal cells carry a
molecular signature of mesenchymal—epithelial
transition as they are reprogrammed to become
decidualizes stromal cells with widespread changes in
gene expression®, These decidualized cells
contribute to the micro-environment in the human
endometrium and have direct and indirect influences on
endometrial remodeling, local immune response
regulation, antioxidant responses, and angiogenesis®).

Estradiol-dependent epithelial cells proliferation is
a mandatory pre-requisite for adequate
decidualization. In these cells, E2 upregulates E2
receptors (ER) as well as P4 receptors (PR). In stromal
cells, and after the LH surge, E2 acting via ERa
stimulates P4 resulting in proliferation and
differentiation of stromal cells. Cyclic AMP (cAMP) of
yet unknown but probably stromal origin potentiates the
P4 effects. Stromal cells are then included to produce,
among others, prolactin and IGFBP-1, that are typically
used as biomarkers of decidualization in vitro. Possible
epithelial cell signals also participate in stromal
decidualization. Importantly, E2 induces angiogenesis
by stimulating secretion of VEGF by various cell types
(decidualized stroma cells, uNK, and epithelial
cells)4.15),

Most functions are P4-dependent and occur via
genomic progesterone signaling pathways mediated by
the nuclear PR, although certain signaling occurs via
non genomic PR and other pathways that involve
adhesion molecules leading to cell-cell interactions
(integrins and others), vasoactive factors
(prostaglandins and others), cytokines (such as
leukemia inhibitory factor -LIF- and interleukins),
homeobox genes, and many other transcriptional
factors 3. Further research is needed to determine if
these pathways function independently, in parallel, or
converge to a common signaling pathway to establish
the network of crosstalk between the embryo and
endometrium that is necessary for implantation6).

Prior to implantation, the blastocyst must hatch out
of its acellular glycoprotein coat, the zona pellucida.
Blastocyst hatching is believed to be regulated by both
dynamic cellular components such as actin-based
trophectodermal projections, and a variety of autocrine
and paracrine molecules originating from the blastocyst
and probably also of endometrial origin. Embryonic
signals occur via EGF receptor (EGFR) and Cox-2, in
coordination with the stimulation of zona pellucida
lysins (Heparin sulphate, uPA, Plasmin, MMP-9, and
implantation serine proteinase 1 [ISP1]). Pro-
infammatory (IL-6, LIF, GM-CSF) and anti-
inflammatory (IL-11, CSF-1) cytokines modulate
hatching rates and regulate proteases (MMPs, tPAs,
cathepsins and ISP1). There is evidence of endometrial
origin for hatching; putative secreted endometrial
factors may include Heparin sulphate and EGF, among

others@”. Recent IVF data from time-lapse video
cinematography demonstrate blastocyst hatching in
association with contraction and zona pellucida rupture
as captured in vitro8),

Extensive paracrine relationships exist among the
various cell types of the endometrium@41516) The
epithelial cells possess ERa, ERB, and PR, and secrete
many functionally significant proteins such as
glycodelin A and LIF among others. The stromal cells
have ERa, ERB, and PR in the secretory phase., and
secrete a variety of regulatory molecules, including IlI-
15. Estradiol up regulates ER and PR during the
proliferative phase, but down regulates ER during the
secretory phase. Differentiated uNKs possess ER[3 and
receptors for I-15 (lI-15R), a crucial pathway for
immunological regulation. 1l-15 stimulates proliferation
of uNK cells (pointing to a critical stromal cells-uNK
cells interaction). Uterine NKs are cytolytic and
cytotoxic, secrete other cytokines (LIF, TNFa, IFNy,
GM-CSF, II-10), and angiogenic molecules (VEGF and
angiopoietin). The epithelial cells lose PR receptors
after ovulation, but decidualized cells maintain PR.
Estradiol also may exert effects on uNK cells indirectly
via cytokines secreted by stromal cells.

Robust angiogenesis takes place during the
secretory phase with development of spiral arterioles
and a subepithelial capillary plexus. At the time of this
extensive neovascularization, endothelial cells exhibit
ERB and have abundant VEGF receptors (VEGFR).
VEGF and angiopoietins are the major regulators of
endometrial vessel formation, maintenance,
stabilization, and regression. VEGF and its receptors
(VEGFR) play a significant role in endometrial
angiogenesis and participate in the regulation of other
endometrial functions. VEGF mRNA and protein are
present in glands and stroma; VEGF protein can be
identified in neutrophils; and VEGF mRNA is present in
uUNK cells. VEGFR-1 and -2 are present on endothelial
cells and stroma. VEGFR-3 is present on lymphatic
cells®9),

Endometrial immunology has been extensively
characterized. Immune cells include: uNK,
macrophages, and other leukocytes. The uNKs are
phenotypically unique (CD56b,, CD16- and CD3, (as
opposed to peripheral or systemic NK cells that are
CD56d,, CD16b, and CD3-). Their origin is still
controversial, as it is unclear whether they are derived
from in situ proliferation versus de novo recruitment
and migration from leukocyte subtypes from blood. On
the other hand, uterine macrophages act as oxygen
sensors and secrete VEGF and angiopoietin.
Neutrophils populate the endometrium before
menstruation, and T cell lymphocytes constitute 45% of
immune cells4.15.16),
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In normal pregnancy, the trophoblast invades the
maternal endothelium releasing microvesicles and
soluble mediators (such as TNFa) into the maternal
circulation, leading to a low-level physiological
inflammatory response that is a characteristic feature
of trophoblast adhesion and invasion®. TNFa also
induces expression of other cytokines, such as IL-6 and
IL-8, with modulatory functions in angiogenesis,
neutrophil migration, and differentiation. In support of
this concept, it has been shown that abnormal
inflammation due to elevated levels of TNFa is
associated with miscarriages and adversely affects the
viability ~ and implantation competence of
preimplantation embryos(®9),

Endometrial secretions in the uterine cavity
contain mediators important for endometrial receptivity
and embryo implantation. Extracellular vesicles
(exosomes and  microvesicles) have  been
characterized in embryo-endometrium crosstalk021),
Proteomic studies of the human endometrium and
uterine fluid (secretome) suggested a pathway to
biomarker discovery(20.21),

After ovulation, endometrial stromal cells and
perhaps mesenchymal stem cells can be transformed
into decidua stromal cells. Cytokines secreted by
decidua stromal cells and by recruited leukocytes into
the functional layer maintain a pro-inflammatory
environment®. After the embryo implants, decidual
stromal cells generate a ‘wave’ of decidualization by
autocrine and paracrine cytokines that spread
throughout the uterus@. Decidual stromal cells
significantly induce uNK cells proliferation and
differentiation by secreting IL-15(4. Multiple cytokines
and angiogenic factors secreted by decidua stroma
cells, uNK cells, and macrophage cells induce uterine
spiral arteries to remodel. Meanwhile, uNK cells and
decidual stromal cells can control extra villous
trophoblast cells invasion and “sense” embryo quality
(see below)@), Single-cell sequencing showed that
uNK cells in early pregnancy are divided into various
subpopulations that differ in surface receptor
expression profiles and cytokines secretion, with
unique functions including cells destined to combat
microbial infections, to determine immune tolerance,
remodel spiral arteries. and stimulate fetal growth. It is
speculated that functional alterations of one or more of
the human uNK cells subpopulations may result in
pregnancy complications such as miscarriage and
preeclampsia(),

In the absence of pregnancy, the endometrium
enters the menstruation phase because of
progesterone withdrawal. Progesterone withdrawal
initially affects cells with PR resulting in extensive
vasoconstriction and cytokine changes. Chemokine
release and chemotaxis determine invasion and
activation of neutrophils, with a cascade of events

resulting in release of MMPs and tissue destruction.
Vascular changes accentuate with hypoxia and
secretion of VEGF is augmented. This cascade leads
to activation of pro-MMP (MMP-1 and -7, and Il-1) and
accentuation of hypoxia. Nevertheless, there is no
certainty as to the origin of the MMPs and/or invading
neutrophils®4),

As mentioned earlier, it has been postulated that
stem cells present in the endometrial basalis may be at
least partly responsible for initiating the regeneration
process after menstruation. In a pioneer study,
clonogenic cells or colony-forming units (CFUs) were
identified in purified populations of human endometrial
epithelial and stromal cells isolated from hysterectomy
tissue@”), These are stem cells located in the
endometrial basalis, they represent <1% of cells, and
are clonogenic cells, in both epithelial and stromal
lineages. Growth is E2-dependent probably through
EGF, TGF (transforming growth factor) and PDGF
(platelet derived growth factor). These cells
differentiate and transit into the endometrial functionalis
27). Novel “omics” approaches have now been
characterized to identify and purify the endometrial
mesenchymal stem/stromal cell (eMSC) population.

There is proof that migration of bone marrow
mesenchymal stem cells bmMSCs to the human
endometrium contributes to the endometrial stem cell
pool and thereby endometrial renewal®328), The
change in “niche effect” (different local tissue
environments in the endometrium layers) and the
differentiation process towards endometrial fibroblasts
will alter the migration properties and the cytokine
secretion profile of these cells. The bmMSCs, the
eMSCs possess high migration activity; during their
differentiation process towards stromal fibroblasts
there is loss of stem cell surface markers, decreased
migration activity, and a subtler cytokine profile likely
contributing to normal endometrial function.
Progesterone and E2 withdrawal drive endometrial
collapse and subsequent hypoxia during the late
secretory phase of the menstrual cycle most likely
triggering the homing signal for the bmMSCs for the
subsequent cycle(@d),

Importantly, new investigations are unveiling the
potential cell-based therapeutic role(s) of bone marrow-
derived and endogenous stem/progenitor cells in
endometrial  proliferative  disorders, including
endometriosis, adenomyosis, thin dysfunctional
endometrium, and Asherman's syndrome.

Models for the study of human implantation

Ethical concerns have limited the use of in vivo
approaches to study human embryo implantation.
Since human implantation sites are not available for
experimentation, and animal models may or not
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represent human physiology, researchers have
implemented in vitro culture systems with whole
endometrial tissue, primary epithelial and stromal cells,
and human established cell lines, to gain insight into
human implantation(@9,

While fixed human tissue enables identification of
the in vivo cellular location of molecules, this approach
cannot provide functional data. On the other hand,
because of the very limited availability of fresh primary
tissue, cell lines provide the tools for most functional
studies. But these are far from perfect, and information
gained with these models can be subsequently
validated in primary tissue or animal models.

HESC). Time-dependent experiments demonstrated a
high rate of attachment of Jar spheroids to the
epithelium, and adhesion was strongly related to the
various cell types present in the 3D culture. An
architecturally and functionally competent 3D
endometrial culture system was therefore established,
that coupled with Jar spheroids mimicking trophoblast
cells, provides a promising in vitro model for the study
of certain aspects of human implantation0.

Follow up studies®? demonstrated that the
attachment rate of Jar spheroids to the 3D was
significantly increased by E2 plus MPA treatment.
Analyses of Z-stack confocal and stained optic
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Figure 1. A novel heterologous model of human implantation: 3D endometrium-like culture system to study
attachment and initial invasion of mouse blastocysts (Wang H, Oehninger S, and Horcajadas JA, unpublished
observations). A 3D culture system was established with Ishikawa and HESC cells in agarose/fibrin/tranexamic acid/CaCl2
scaffold cultured in inserts as detailed in Wang et al®32, Mouse blastocysts were grown from commercially available
cryopreserved 2-cell murine embryos. Ten expanded blastocysts were seeded on top of the 3D construct per experiment.
Day 1 of co-culture: attachment of a hatched blastocyst to the epithelial layer of the 3D construct. Days 2 and 5: initial invasion
of the stroma by the trophoblast with breakage of epithelial layer (HE x400).

In vitro culture models of endometrium have been
established from two-dimensional (2D) cell-based to
three-dimensional (3D) extracellular matrix
(ECM)/tissue-based culture systems@9).  Numerous
human established cell lines have been used for
examination of implantation. They include “receptive”
endometrium (luminal epithelium): ECC1, Ishikawa,

HES cells; “non-receptive” endometrium (luminal
epithelium): HEC-1A cells; glandular epithelium:
Ishikawa, RL 95-2; syncytiotrophoblast: BeWo;

trophoblast adhesion and migration: AC 19-88, HTR-
8/SVneo; trophoblast invasion: JEG 3, Jar, HTR-
8/SVneo, BeWo cells; and stromal cells: T-HESC
(immortalized)@,

Wang et al®D developed a novel model of human
implantation consisting of a 3D endometrium-like
culture system with fibrin-agarose as matrix scaffold, to
study attachment and invasion of human trophoblast
cells (Jar spheroids). The model uses either primary
epithelial and stromal cells obtained from endometrial
biopsies, or established cell lines (i.e., Ishikawa and

microscopic images showed that Jar spheroids
breached the epithelial cell monolayer, invaded, and
were embedded into the 3D matrix in response to
decidualization ~ signals.  Further  heterologous
experiments, using mouse blastocysts as surrogates
for human embryos, revealed a high degree of
attachment (day 1 of co-culture) and embryonic cells
breaking of epithelial layer and invasion of stroma
(days 2 and 5) (Figure 1).

For long term 3D cultures systems, organoids
have been generated from established human adult
stem-cells. These organoids expand long-term, are
genetically stable and differentiate following treatment
with reproductive hormones. Transcript analysis
confirmed great similarity between organoids and the
primary tissue of origin, representing a novel system to
recapitulate early pregnancy events(®3),

However, all models described so far have their
pros and cons, and there is no single ideal model to
study the whole implantation process. Additional
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studies are needed to establish a comprehensive in
vitro model that can recapitulate the biology of
trophoblast-endometrium interaction during early
pregnancy.

Characterization of the WOI: from histology,
through individual molecular markers, to genomics
and proteomics, to the identification of the
transcriptomic signatures of the window of
implantation

The changes in the histologic appearance of the
endometrium during the ovarian-menstrual cycle have
been well characterized®%. Measurement of mid luteal
phase (day 21-22) serum P4 levels and a timed
endometrial biopsy have been long used to confirm
ovulatory status. However, the value of an endometrial
biopsy to ascertain fertile status versus infertility using
standard criteria defining an out-of-phase biopsy as a
greater than 2-day delay in the histological maturation
of the endometrium, has been challenged, leading to
its abandonment. It has now been concluded that the
histological dating of the endometrium does not
discriminate between women of fertile and infertile
couples and should not be used in the routine
evaluation of infertility5).,

Since the early days of assisted reproductive
technologies (ART), a key question has been whether
the timing of nidation is dependent on the stage of
embryonic development, endometrial maturation, or a
possible dialogue between the two (synchrony). Based
on an early IVF study of fresh embryo transfers of
identical gestational age, it was concluded that the first
embryonic signal detection (presumed window of
implantation) extends between cycle days 20 and
2439, In subsequent studies, investigators examined
women with ovarian failure, and induced histologically
normal endometrial function during a preparatory cycle
consisting of sequential administration of E2 and P4.
During a subsequent cycle, endometrial stimulation
was synchronized with surrogate-embryo transfers and
pregnancies were achieved®?,

Moreover, taking advantage of the establishment
of donor egg programs, elegant studies aimed to
decipher the “window of transfer” in the human®®), In
these clinical studies, embryos were transferred on
different days of the luteal phase. Embryos were
transferred into a defined endometrial bed,
characterized histologically as day 17 to 19
endometrium by the criteria of Noyes et al®4. Results
strongly suggested that 1- the window of transfer in the
human for the 4- to 16-cell embryo extends to day 19
(perhaps day 20) of the idealized 28-day cycle, with the
proximal width of the window yet undefined; and 2- that
the WOI in the human does not extend beyond day 22
or 23 of the menstrual cycle.

The abandonment of the endometrial
biopsy/histologic data as a diagnostic test led to an
absence of any reliable diagnostic test to determine the
endometrial status. Consequently, the standard
workup for infertility in clinics worldwide no longer
included endometrial status, beyond a limited use of
ultrasound imaging to determine endometrial thickness
and pattern. In a secondary approach, numerous
authors reported on semiquantitative changes of a
defined endometrial molecule known to participate in
implantation, comparing its expression in the non-
receptive and receptive days of the cycle. Included in
this list are LIF, integrins, interleukins, CSF, glycodelin,
MUC 1, and others, typically examined by
immunohistochemistry®®,  Scanning  microscopy
analyzing presence of endometrial epithelial pinopds
was also investigated“0, But it was later agreed that no
final conclusions could be drawn about the clinical
value of these measurements in the assessment of
endometrial function and prognosis for pregnancy after
ART®9),

With the advent of the “omics” revolution,
endometrial biologywas thoroughly re-examined/.
Independent investigators simultaneously reported on
wide genomic analysis of human endometrial
receptivity (genomics) using high density microarrays
and bioinformatics technology. Several gene
candidates were identified that could segregate the
secretory phase of the human endometrium in natural
and ovarian stimulation cycles, as well as changes
across the menstrual cycle(®1:42:43),

The endometrial receptivity assay (ERA) was the
first transcriptomic test developed to diagnose the
endometrial receptivity status of infertile patients4. To
identify genes involved in the human endometrial
receptivity signature, the authors initially analyzed
differences in genome-wide expression profiles
between receptive and pre-receptive endometrium
using raw expression data from three different models
of endometrial receptivity: the natural cycle as the
optimal model, the ovarian stimulation cycle as
suboptimal, and the refractory endometrium induced by
the insertion of an IUD as a negative controluas,4s). The
ERA was devised as a customized array containing
238 differentially expressed genes that were coupled to
a computational predictor able to identify the
transcriptomic profiles of proliferative (PRO), pre-
receptive (PRE), receptive (R) or post-receptive
(POST) endometrial samples, regardless of their
histological appearance.

Additional studies showed high specificity and
sensitivity for endometrial dating, and the
transcriptomic signature was further defined by 134
genes. Clinical algorithms were introduced for embryo
transfer personalization during IVF cycles, derived from
data suggestive of “displacement” of the WOI in cases
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of failed implantation and others®3. Over a decade of
ERA clinical application there is still controversy as to
the clinical significance of the test, populations to be
applied to, and others(4647.48.49) Notwithstanding these
caveats, the ERA has highlighted the significance of
the transcriptomic endometrial receptivity status, and
significantly deepened our basic knowledge. Other
variations of this test have lately been introduced in the
clinical scenario. As technology evolved, microarray
and PCR-based clinical tests were replaced by next
generation sequencing technology (NGS).
Furthermore, it has been suggested that important
clinical information may be obtained by combined
analysis of the transcriptomic profiling (ERA-NGS) and
uterine microbiota analysis by NGS. Using 16S rRNA
gene sequencing it has been reported that the
endometrial microbiota composition before embryo
transfer is a useful biomarker to predict reproductive
outcome in ART®0),

It has been discussed that endometrial receptivity
is not an ‘all or none phenomenon’, nor does the
analogy of a window indicate that the window opens at
a certain point and then closes to any interaction with
the embryo®D, In 2020, Wang et al published a very
elegant novel study aiming to characterize the human
endometrial transcriptome at a single-cell level,
revealing cell-specific expression signatures across the
menstrual cycle®?. The investigators applied single-
cell RNA sequencing (scRNA-seq) to generate an
RNA-seq library, followed by gene ontology functional
enrichment. The authors were able to characterize the
human endometrium across the menstrual cycle from
both a static and a dynamic perspective with additional
information being provided by constructing single-cell-
resolution trajectories of the menstrual cycle.

Employing canonical markers and highly
differentially expressed genes, Wang et al identified six
endometrial cell types: epithelial and endothelial cells,
stromal fibroblasts, macrophages, lymphocytes, and a
novel ciliated epithelial cell type®d. The ciliated
epithelium is a distinct endometrial cell type with its own
signature; these cells are consistently present in the
healthy endometrium but dynamically changing in
abundance across the menstrual cycle. Importantly,
information was provided for the first time on gene
expression modifications occurring at the estimated
opening and closure of the WOI. Based on their data,
the human WOI opens with an abrupt and
discontinuous transcriptomic activation in unciliated
epithelia, accompanied by a  widespread
decidualization feature in the stromal fibroblasts(52:53),

The term “endometrial receptivity” implies a
passivity of function in implantation that recent
discoveries have come to challenge354, Additional
functions have been ascribed to the decidualized
stromal compartment of the endometrium indicating

that the decidua has a key role in directing the maternal
response to the implanting embryo. It is speculated that
migration of the decidualized stromal cells is controlled
by transcription factors, chaperones, cytokines and
trophoblast factors, and results in a regulatory system,
which requires balancing of endometrial and embryonic
phenotypes to modulate implantation(4.55),

The need for such “biosensor function” becomes
clear when one considers the challenge that the
implanting embryo presents to the endometrium. In
contrast to other species, human embryos are
characterized by their high rate of chromosomal
abnormalities. Most aneuploidies will fail to establish an
ongoing pregnancy, despite being invasive enough to
initiate implantation. Although this may in part reflect
incompetency, it has become evident that there is also
an active maternal strategy to prevent investment in
these invasive but poorly viable embryos. Aneuploidy
is associated with proteotoxic stress, metabolic
overdrive, and production of proteases, embryonic
conditions that can be “sensed” by the decidua. If
decidualization is suboptimal, then the biosensor
function may be disrupted too. The consequence of this
could be that rather than allowing early rejection of
poor-quality embryos before the mother becomes
aware that she may have conceived, the endometrium
would allow poorly viable embryos to establish a clinical
pregnancy, ultimately destined to fail, and present as a
clinical miscarriage. Persistently impaired endometrial
selectivity would result in recurrent early pregnancy
loss. Conversely, an excessive decidual response
would allow receptivity to dominate, reducing the
incidence of miscarriage but increasing the likelihood of

implantation delay or implantation failure after
[\V/[E(13,55,56,57)

At the current stage of knowledge, it appears that
both concepts of receptivity (i.e., effective and timely
opening and closure of the WOI under normal
conditions, and pathological displacement of the WOI
in groups of sub fertile women that can be corrected by
modifying embryo transfer timing), and selectivity
(power of decidua to accept/reject good/poor quality
embryos, or function as sensor/driver of pregnancy
health), may coexist.

CONCLUSIONS

We are witnessing an era of precise medicine,
perhaps to be augmented by utilization of artificial
intelligence, with incorporation of personalized
medicine, versus a controversial philosophy that “one
size (shoe) fits all”. The data presented herein
unequivocally highlights the complexity of the
endometrium, the numerous cascades of control, and
the fact that sophisticated mechanisms may coexist
and indeed may be complementary to each other to
determine embryo implantation.
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Figure 2. Endometrial receptivity and selectivity: characterization of the WOI. Diagram showing a panoramic view of
endocrine events during the normal ovarian-menstual cycle, centered on the day of the LH surge, and the temporal
transcriptome dynamics of endometrial transformation across the WOI obtained by single-cell RNA sequencing. Concomitant
trasncriptomics changes during the WOI and the functional processes occurrung at the level of 1-epithelium (embryonic
recognition and attachment, initial blastocyst stromal invasion); and 2-Stromal cells (decidualization with differentiation of
sromal cells and uNKs, immunomodulation, neovascularization, embyonic controlled invasion) are depicted. Current evidence
indicates that the WOI lasts 30—-36 hours and, depending on the patient, occurs between LH + 6 to LH + 9 in natural cycles or
from P+4 to P+7 in hormonal replacement therapy cycles®253 Note different timing and patterns of cellular and gene
activation at opening and closure of the WOI. Receptivity™> and selectivity®®® may represent two complemetaty mechanisms
that regulate implantation of a healthy embryo. B: blastocyst. ES: early secretory; MS: mid secretory; LS: late secretory phase.

From a basic physiologic point of view, we have
highlighted that endometrial receptivity has been
defined at cellular and transcriptomic levels. Novel data
confirm that the WOI clinically extends between days
20-24, and transcriptionally lasts 30-36 hours and,
depending on the patient, occurs between LH+6 to
LH+9 in natural cycles or from P+4 to P+7 in
hormonal replacement therapy cycles®®3. The gene
expression changes, and temporal patterns associated
with opening and closure of the window, particularly at
the level of the unciliated epithelial cells, are starting to
be understood. Furthermore, the stromal decidual cells
and uNK play a critical complementary regulatory role
of embryo selection acting as biosensors that drive the
normalcy of the implantation process and protect the
health and growth of the embryo (figure 2).

From the point of view of novel technologies, the
future appears to be bright. High throughput genomics
methods allowed in-depth study of early implantation
and development. RNA sequencing (transcriptomics)
represents an average of gene expression patterns
across thousands to millions of cells. On the other
hand, scRNA-seq reveals RNA abundance. Single-cell
RNA sequencing involves isolation of single cells,
capturing their transcripts, and generating sequencing

libraries in which the transcripts are mapped to
individual cells at unprecedented resolution. However,
it captures only static snapshots at a point in time. This
information can now be extended by calculation of RNA
velocity -the time derivative for dynamic biological
systems such as endometrial differentiation and
implantation, and embryo development, that are based
on processes of cell differentiation and fate, transitions,
and lineage(®8),

RNA velocity, the time derivative of the gene
expression state, can be directly estimated by
distinguishing between unspliced and spliced mRNAs
in common single-cell RNA sequencing protocols.
Single-cell RNA sequencing successfully captures the
heterogeneity that results from processes such as
development, reprogramming, and regeneration, but it
loses lineage relationships, since each cell can be
measured only once. To mitigate this problem, scRNA-
seq can be combined with lineage tracing methods or
metabolic labeling methods that use the ratio of
nascent to mature RNA molecules to link observed
gene expression profiles over short time windows. Yet
both strategies are mostly limited to in vitro
applications, prompting the development of
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computational approaches to reconstruct pseudotime
trajectories®9.

In addition to transcriptomics, investigators have
now been able to measure protein translation with
spatially resolved, single-cell resolution. Recently,
Zeng et al.®® developed a highly multiplexed,
ribosome-bound messenger RNA imaging technique
called RIBOmap and applied it in single cells in situ to
profile translation events with spatial coordinates. The
pairwise spatial translatomic and transcriptomic
mapping enabled the authors to systematically identify
cell type- and tissue-region—specific translational
regulation, paving the way for uncovering novel
posttranscriptional gene regulation principles and
mechanisms that shape the proteome for cellular and
tissue functions. In the end, physiological processes
and diseases need to be understood in terms of
proteomics and metabolomics, which define individual
phenotypes and functions in systems biology.

But unfortunately, this fast pace of discovery has
not yet been matched by new clinical applications in
infertility and ART, and much more work is needed to

REFERENCES

[1]. Genest G, Walaa Almasri W, Banjar S, Beauchamp C Buckett
W, Dzineku F, Demirtas E, Gold P, Dahan MH, Jamal W,
Kadoch 13, Lapensee L, Mahutte N, Miron P, Sylvestre C,
Tulandi T, Piccirillo CM, and Laskin CA. Immunotherapy for
recurrent pregnancy loss: a reappraisal. Fertil Steril Rev
2021;3:24-41.

[2]. Hodgen GD. The dominant ovarian follicle. Fertil Steril. 1982
Sep;38(3):281-300.

[3]. Goodman AL, Hodgen GD. The ovarian triad of the primate
menstrual cycle. Recent Prog Horm Res. 1983;39:1-73.

[4]. Gordon K, Oehninger S. Reproductive physiology. In:
Copeland LJ and Jarrell JF (ed) Textbook of Gynecology, WB
Saunders Co., Philadelphia, 2nd edition, 2000, p 59-97.

[5]. Ramathal CY, Bagchi IC, Taylor RN, Bagchi MK. Endometrial
decidualization: of mice and men. Semin Reprod Med . 2010
January ; 28(1): 17-26.

[6]. Okada H, Tsuzuki T, Murata H. Decidualization of the human
endometrium. Reprod Med Biol. 2018 Feb 1;17(3):220-227.

[7]. Sharkey AM, Macklon NS. The science of implantation
emerges blinking into the light. Reprod Biomed Online. 2013
Nov;27(5):453-60.

[8]. Spencer TE, Johnson GA, Bazer FW, Burghardt RC.
Implantation mechanisms: insights from the sheep.
Reproduction. 2004 Dec;128(6):657-68.

[9]. Clark GF, Oehninger S, Patankar MS, Koistinen R, Dell A,
Morris HR, Koistinen H, Seppéléa. A role for glycoconjugates
in human development: the human feto-embryonic defence
system hypothesis. Mol.Hum Reprod. 1996 Mar;11(3):467-
73.

[10]. Seppala M, Koistinen H, Koistinen R, Dell A, Morris HR,
Oehninger S, Clark GF. Glycodelins as regulators of early

decipher endometrial pathologies that result in
implantation failure and other challenging diseases.
There is still no agreed test to study the WOI“7:48.51) and
no novel management options have been introduced.
But we remain enthusiastic that the new basic
information, with surely more data yet to arrive, will lead
to improved diagnostic tools and therapies for
implantation and other gynecological disorders, and
increased ART efficiency.

ACKNOWLEDGEMENTS

Authors are grateful with Ricardo Ash and Dr. Jose
Antonio Horcajadas for manuscript review.

FUNDING

This research did not receive any specific grant
from funding agencies in the public, commercial, or not-
for- profit sectors.

CONFLICT OF INTEREST

The authors declare they have no conflict of
interest.

events of reproduction. Clin Endocrinol (Oxf). 1997
Apr;46(4):381-6.

[11]. Gellersen B, Brosens JJ. Cyclic decidualization of the human
endometrium in reproductive health and failure. Endocr Rev.
2014;35:851-905.

[12]. Schatz F, Guzeloglu-Kayisli O, Arlier S, Kayisli UA, Lockwood
CJ. The role of decidual cells in uterine hemostasis,
menstruation, inflammation, adverse pregnancy outcomes and
abnormal uterine bleeding. Hum Reprod Update. 2016;22:497-
515.

[13]. Ng SW, Norwitz GA, Pavlicev M, Tilburgs T, Simén C, Norwitz
ER. Endometrial decidualization: the primary driver of
pregnancy health. Int J Mol Sci. 2020 Jun 8;21(11):4092.

[14]. Jabbour HN, Kelly RW, Fraser HM, Critchley HO. Endocrine
regulation of menstruation. Endocr Rev. 2006 Feb;27(1):17-46.

[15]. Lea RG, Sandra O. Immunoendocrine aspects of endometrial
function and implantation. Reproduction. 2007
Sep;134(3):389-404. doi: 10.1530/REP-07-.

[16]. Dey SK, Lim H, Das SK, Reese J, Paria BC, Daikoku T, Wang
H et al. Molecular cues to implantation. Endocr Rev. 2004;
25(3):341-373.

[17]. Seshagiri PB, Vani V, Madhulika P. Cytokines and Blastocyst
Hatching. Am J Reprod Immunol. 2016 Mar;75(3):208-17.

[18]. Mio Y, Maeda K. Time-lapse cinematography of dynamic
changes occurring during in vitro development of human
embryos. Am J Obstet Gynecol. 2008 Dec;199(6):660.

[19]. Calleja-Agius J, Muttukrishna S, Pizzey AR, Jauniaux E. Pro-
and antiinflammatory cytokines in threatened miscarriages. Am
J Obstet Gynecol. 2011 Jul;205(1):83.e8-16.

[20]. Salamonsen LA, Edgell T, Rombauts LJ, Stephens AN,
Robertson DM, Rainczuk A, Nie G, Hannan NJ. Proteomics of
the human endometrium and uterine fluid: a pathway to
biomarker discovery. Fertil Steril. 2013 Mar 15;99(4):1086-92.

The Journal of Reproduction

170



Characterization of the endometrial window of implantation

Vol. 2, No. 4 (2024)

[21].

[22].

[23].

[24].

[25].

[26].

[27).

[28].

[29].

[30].

[31].

132].

133].

[34].

Sarhan A, Bocca S, Yu L, Anderson S, Jacot T, Burch T,
Nyalwidhe J, Sullivan C, Kaur M, Bajic VB and Oehninger S.
Human endometrial milk fat globule-epidermal growth factor 8
(MFGES) is up regulated by estradiol at the transcriptional
level, and its secretion via microvesicles is stimulated by
human chorionic gonadotropin (hCG). Cell signalling and
Tracking 2013, doi: 10.7243/2054-1481-1-1 (Open Access).

Nguyen HP, Simpson RJ, Salamonsen LA, Greening DW.
Extracellular vesicles in the intrauterine environment:
challenges and potential functions. Biol Reprod. 2016
Nov;95(5):109.

Evans J, Salamonsen LA, Winship A, Menkhorst E, Nie G,
Gargett CE, et al.. Fertile ground: human endometrial
programming andlLessons in health and disease. Nat Rev
Endocrinol (2016) 12(11):654-67.

Koopman LA, Kopcow HD, Rybalov B, Boyson JE, Orange JS,
Schatz F, et al.. Human decidual natural killer cells Are a
unique Nk cell subset with immunomodulatory potential. J Exp
Med (2003) 198(8):1201-12.

Sandra O, Mansouri-Attia N, Lea RG. Novel aspects of
endometrial function: a biological sensor of embryo quality and
driver of pregnancy success. Reprod Fertil Dev. 2011;24(1):68-
79.

Xie M, Li Y, Meng YZ, Xu P, Yang YG, Dong S, He J, Hu Z.
Uterine Natural Killer Cells: A Rising Star in Human Pregnancy
Regulation. Front Immunol. 2022 Jun 1;13:918550.

Chan RWS, Schwab KE, Gargett G. Clonogenicity of human
endometrial epithelial and stromal cells. Biol Reprod 2004
Jun;70(6):1738-50.

Khatun M, Sorjamaa, A, Kangasnhiemi M, Sutinen M, Salo T,
Liakka A, Lehenkari J, Tapanainen JS, Vuolteenaho O, Chen
JC, Lehtonen S, and Piltonen TT. Niche matters: The
comparison between bone marrow stem cells and endometrial
stem cells and stromal fibroblasts reveal distinct migration and
cytokine profiles in response to inflammatory stimulus. PLoS
One. 2017; 12(4): e0175986.

Hannan NJ, Paiva P, Dimitriadis E, Salamonsen LA. Models
for study of human embryo implantation: choice of cell lines?
Biol Reprod. 2010 Feb;82(2):235-45.

Li X, Kodithuwakku SP, Chan RWS, Yeung WSB, Yao Y, Ng
EHY, Chiu , PCN and Lee CL. Three-dimensional culture
models of human endometrium for studying trophoblast-
endometrium interaction during implantation. Reprod Biol
Endocrinol. 2022; 20: 120.

Wang H, Pilla F, Anderson S, Martinez-Escribano S, Herrer |,
Moreno-Moya JM, Musti S, Bocca S, Oehninger S, Horcajadas
JA. A novel model of human implantation: 3D endometrium-like
culture system to study attachment of human trophoblast (Jar)
cell spheroids.Mol Hum Reprod. 2012 Jan;18(1):33-43.

Wang H, Bocca S, Anderson S, Yu L, Rhavi BS, Horcajadas J,
Oehninger S. Sex steroids regulate epithelial-stromal cell cross
talk and trophoblast attachment and invasion in a three-
dimensional human endometrial culture system. Tissue Eng
Part C Methods. 2013 Sep;19(9):676-87.

Turco MY, Gardner L, Hughes J, Cindrova-Davies T, Gomez
MJ, Farrell L, Hollinshead M, Marsh SGE, Brosens JJ,
Critchley HO, Simons BD, Hemberger M, Koo BK, Moffett A,
Burton GJ. Long-term, hormone-responsive organoid cultures
of human endometrium in a chemically defined medium. Nat
Cell Biol. 2017 May;19(5):568-577.

Noyes RW, Hertig AT, Rock J.Dating the endometrial biopsy.
Am J Obstet Gynecol. 1975 May;122(2):262-3.

[35].

[36].

137].

[38].

[39].

[40].

[41].

[42].

[43].

[44].

[45].

[46].

[47.

[48].

[49].

Coutifaris C, Myers ER, Guzick DS, Diamond MP, Carson SA,
Legro RS, McGovern PG, Schlaff WD, Carr BR, Steinkampf
MP, Silva S, Vogel DL, Leppert PC. Histological dating of timed
endometrial biopsy tissue is not related to fertility status.
NICHD National Cooperative Reproductive Medicine
Network.Fertil Steril. 2004 Nov;82(5):1264-72.

Bergh PA, Navot D. The impact of embryonic development and
endometrial maturity on the timing of implantation. Fertil Steril.
1992 Sep;58(3):537-42.

Navot D, Laufer N, Kopolovic J, Rabinowitz R, Birkenfeld A,
Lewin A, Granat M, Margalioth EJ, Schenker JG. Artificially
induced endometrial cycles and establishment of pregnancies
in the absence of ovaries. N Engl J Med. 1986 Mar
27;314(13):806-11.

Rosenwaks Z. Donor eggs: their application in modern
reproductive technologies. Fertil Steril. 1987 Jun;47(6):895-
909.

Lindhard A, Bentin-Ley U, Ravn V, Islin H, Hviid T, Rex S,
Bangsbgll S, Sgrensen S. Biochemical evaluation of
endometrial function at the time of implantation. Fertil Steril.
2002 Aug;78(2):221-33.

Develioglu OH, Hsiu JG, Nikas G, Toner JP, Oehninger S,
Jones HW Jr. Endometrial estrogen and progesterone receptor
and pinopode expression in stimulated cycles of oocyte
donors. Fertil Steril. 1999 Jun;71(6):1040-7.

Mirkin S, Arslan M, Churikov D, Corica A, Diaz JI, Williams S,
Bocca S, Oehninger S. In search of candidate genes critically
expressed in the human endometrium during the window of
implantation. Hum Reprod. 2005 Aug;20(8):2104-17.

Mirkin S, Nikas G, Hsiu JG, Diaz J, Oehninger S. Gene
expression profiles and structural/functional features of the
peri-implantation endometrium in natural and gonadotropin-
stimulated cycles. J Clin Endocrinol Metab. 2004
Nov;89(11):5742-52.

Horcajadas JA, Pellicer A, Simon C.. Wide genomic analysis of
human endometrial receptivity: new times, new opportunities.
Hum Reprod Update 2007;13:77-86.

Diaz-Gimeno P, Sebastian-Leon P, Sanchez-Reyes JM, Spath
K, Aleman A, Vidal C, et al. Identifying and optimizing human
endometrial gene expression signatures for endometrial
dating. Hum Reprod 2022;37:284-96.

Ruiz-Alonso M, Blesa D, Diaz-Gimeno P, Goémez E,
Fernandez-Sanchez M, Carranza F, Carrera J, Vilella F,
Pellicer A, Simén C The endometrial receptivity array for
diagnosis and personalized embryo transfer as a treatment for
patients with repeated implantation failure. Fertil Steril. 2013
Sep;100(3):818-24.

Simén C, Gémez C, Cabanillas S, Vladimirov I, Castillon G,
Giles J, Boynukalin K, Findikli N, Bahgeci M, Ortega |, et al. A
5-year multicentre randomized controlled trial comparing
personalized, frozen and fresh blastocyst transfer in IVF.
Reprod Biomed Online 2020;41:402—-415.

Ruiz-Alonso M, Valbuena D, Gomez C, Cuzzi J, Simon C.
Endometrial Receptivity Analysis (ERA): data versus opinions.
Hum Reprod Open. 2021 Apr 14;2021.

Quaas AM, Paulson RJ. Is the endometrial receptivity analysis
batting high enough to warrant widespread-or at least
selective-use? Fertil Steril. 2021 Aug;116(2):341-342.

Cozzolino M, Didz-Gimeno P, Pellicer A, Garrido N. Use of the
endometrial receptivity array to guide personalized embryo
transfer after a failed transfer attempt was associated with a

The Journal of Reproduction

171



Characterization of the endometrial window of implantation

Vol. 2, No. 4 (2024)

[50].

[51].

[52].

[53].

[54].

lower cumulative and per transfer live birth rate during donor
and autologous cycles. Fertil Steril. 2022 Oct;118(4):724-736.

Moreno |, Garcia-Grau |, Perez-Villaroya D, Gonzalez-Monfort
M, Bahgeci M, Barrionuevo MJ, Taguchi S, Puente E,
Dimattina M, Lim MW, Meneghini G, Aubuchon M, Leondires
M, Izquierdo A, Perez-Olgiati M, Chavez A, Seethram K, Bau
D, Gomez C, Valbuena D, Vilella F, Simon C. Endometrial
microbiota composition is associated with reproductive
outcome in infertile patients. Microbiome 2022 Jan 4;10(1):1.

Lessey BA and Young SL. What exactly is endometrial
receptivity? Fertil Steril 2019;111:611-7.

Wang W, Vilella F, Alama P, Moreno |, Mignardi M, Isakova A,
Pan W, Simon C, Quake SR. Single-cell transcriptomic atlas
of the human endometrium during the menstrual cycle. Nat
Med. 2020 Oct;26(10):1644-1653.

Rincon A, Clemente-Ciscar M, Gomez E, Marin C, Valbuena
D, Simon C.. What is the real length of the window of
implantation (WOI) in humans? Hum Reprod 2018;33:360—
360.

Weimar CH, Kavelaars A, Brosens JJ, Gellersen B, de
Vreeden-Elbertse JM, Heijnen CJ, Macklon NS. Endometrial
stromal cells of women with recurrent miscarriage fail to

[55].

[56].

[57].

58].

[59].

[60].

discriminate between high- and low-quality human embryos.
PLOS One. 2012;7(7):e41424.

Weimar CH, Macklon NS, Post Uiterweer ED, Brosens JJ,
Gellersen B. The motile and invasive capacity of human
endometrial stromal cells: implications for normal and impaired
reproductive function. Hum Reprod Update. 2013 Sep-
Oct;19(5):542-57.

Macklon NS, Brosens JJ. The human endometrium as a sensor
of embryo quality. Biol Reprod. 2014 Oct;91(4):98.

Macklon N. Recurrent implantation failure is a pathology with a
specific transcriptomic signature. Fertil Steril 2017;108:9-14.

Bergen V, Lange M, Peidli S, Wolf FA, Theis FJ. Generalizing
RNA velocity to transient cell states through dynamical
modeling. Nat Biotechnol. 2020 Dec;38(12):1408-1414. doi:
10.1038/s41587-020-0591-3.

Bergen V, Soldatov RA, Kharchenko PV, Theis FJ. RNA
velocity-current challenges and future perspectives. Mol Syst
Biol. 2021 Aug;17(8):€10282.

Zeng H, Huang J, Ren J, Wang CK, Tang Z, Zhou H, Zhou Y,
Shi H, Aditham A, Chen H, Lo JA, Wang X. Spatially resolved
single-cell translatomics at molecular resolution. Science 2023
Jun 30;380(6652):eadd3067.

The Journal of Reproduction

172



