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STUDY QUESTION: How does the human embryo breach the endometrial epithelium at implantation?

SUMMARY ANSWER: Embryo attachment to the endometrial epithelium promotes the formation of multinuclear syncytiotrophoblast
from trophectoderm, which goes on to breach the epithelial layer.

WHAT IS KNOWN ALREADY: A significant proportion of natural conceptions and assisted reproduction treatments fail due to unsuc-
cessful implantation. The trophectoderm lineage of the embryo attaches to the endometrial epithelium before breaching this barrier to im-
plant into the endometrium. Trophectoderm-derived syncytiotrophoblast has been observed in recent in vitro cultures of peri-implantation
embryos, and historical histology has shown invasive syncytiotrophoblast in embryos that have invaded beyond the epithelium, but the cell
type mediating invasion of the epithelial layer at implantation is unknown.

STUDY DESIGN, SIZE, DURATION: Fresh and frozen human blastocyst-stage embryos (n=46) or human trophoblast stem cell
(TSC) spheroids were co-cultured with confluent monolayers of the Ishikawa endometrial epithelial cell line to model the epithelial phase
of implantation in vitro. Systems biology approaches with published transcriptomic datasets were used to model the epithelial phase of
implantation in silico.

PARTICIPANTS/MATERIALS, SETTING, METHODS: Human embryos surplus to treatment requirements were consented for re-
search. Day 6 blastocysts were co-cultured with Ishikawa cell layers until Day 8, and human TSC spheroids modelling blastocyst trophecto-
derm were co-cultured with Ishikawa cell layers for 48 h. Embryo and TSC morphology was assessed by immunofluorescence microscopy,
and TSC differentiation by real-time quantitative PCR (RT-gPCR) and ELISA. Single-cell human blastocyst transcriptomes, and bulk tran-
scriptomes of TSC and primary human endometrial epithelium were used to model the trophectoderm—epithelium interaction in silico.
Hypernetworks, pathway analysis, random forest machine learning and RNA velocity were employed to identify gene networks associated
with implantation.

MAIN RESULTS AND THE ROLE OF CHANCE: The majority of embryos co-cultured with Ishikawa cell layers from Day 6 to 8
breached the epithelial layer (37/46), and syncytiotrophoblast was seen in all of these. Syncytiotrophoblast was observed at the
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embryo-epithelium interface before breaching, and syncytiotrophoblast mediated all pioneering breaching events observed (7/7 events).
Multiple independent syncytiotrophoblast regions were seen in 26/46 embryos, suggesting derivation from different regions of trophecto-
derm. Human TSC spheroids co-cultured with Ishikawa layers also exhibited syncytiotrophoblast formation upon invasion into the
epithelium. RT-gPCR comparison of TSC spheroids in isolated culture and co-culture demonstrated epithelium-induced upregulation of
syncytiotrophoblast genes CGB (P=0.03) and SDCI (P=0.008), and ELISA revealed the induction of hCGp secretion (P=0.03).
Secretory-phase primary endometrial epithelium surface transcriptomes were used to identify trophectoderm surface binding partners to
model the embryo-epithelium interface. Hypernetwork analysis established a group of 25 epithelium-interacting trophectoderm genes that
were highly connected to the rest of the trophectoderm transcriptome, and epithelium-coupled gene networks in cells of the polar region
of the trophectoderm exhibited greater connectivity (P<0.001) and more organized connections (P <0.0001) than those in the mural
region. Pathway analysis revealed a striking similarity with syncytiotrophoblast differentiation, as 4/6 most highly activated pathways upon
TSC-syncytiotrophoblast differentiation (false discovery rate (FDR < 0.026)) were represented in the most enriched pathways of
epithelium-coupled gene networks in both polar and mural trophectoderm (FDR < 0.001). Random forest machine learning also showed
that 80% of the endometrial epithelium-interacting trophectoderm genes identified in the hypernetwork could be quantified as classifiers of
TSC-syncytiotrophoblast differentiation. This multi-model approach suggests that invasive syncytiotrophoblast formation from both polar
and mural trophectoderm is promoted by attachment to the endometrial epithelium to enable embryonic invasion.

LARGE SCALE DATA: No omics datasets were generated in this study, and those used from previously published studies are cited.
LIMITATIONS, REASONS FOR CAUTION: In vitro and in silico models may not recapitulate the dynamic embryo-endometrial interac-
tions that occur in vivo. The influence of other cellular compartments in the endometrium, including decidual stromal cells and leukocytes,
was not represented in these models.

WIDER IMPLICATIONS OF THE FINDINGS: Understanding the mechanism of human embryo breaching of the epithelium and the
gene networks involved is crucial to improve implantation success rates after assisted reproduction. Moreover, early trophoblast lineages

arising at the epithelial phase of implantation form the blueprint for the placenta and thus underpin foetal growth trajectories, pregnancy
health and offspring health.
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Introduction

Pregnancy is established as the embryo implants into the endome-

trium, whereupon placentation enables foetal development.
Trophectoderm (TE) forms the outer cell layer of the blastocyst-stage
embryo, attaching to the receptive luminal epithelium of the endome-
trium to initiate implantation before TE-derived trophoblast penetrates
the epithelium and invades the endometrial stroma (Aplin and Ruane,
2017). Recent progress with in vitro culture has revealed details of the
cellular choreography of peri-implantation human embryos, up to Day
14, in isolation (Deglincerti et al., 2016; Shahbazi et al., 2016, 2017,
Popovic et al., 2019; West et al., 2019; Zhou et al., 2019; Xiang et al.,
2020), and the effects of maternal cell interactions on peri-
implantation development up to Day 10 have been explored using en-
dometrial stromal cells (Lv et al., 2019). However, breaching of the en-
dometrial epithelium in the first phase of human embryo implantation
remains largely uncharacterized.

Human embryo implantation in situ has been observed only from
the early stromal invasion phase in historic samples (Hertig et dl.,
1956). Many studies have reported interaction of the human blastocyst
with endometrial epithelial cells (EEC) in vitro (Lindenberg et al., 1985;
Bentin-Ley et al., 2000; Galan et al, 2000; Meseguer et al., 2001;
Petersen et al., 2005; Lalitkumar et al.,, 2007, 2013; Kang et al., 2014;
Berger et al., 2015; Boggavarapu et al., 2016; Aberkane et al., 2018;
Ruane et al., 2020), however, these have predominantly focussed on

blastocyst attachment with limited analysis of cellular morphology.

Ultrastructural analysis of six blastocysts attached to EEC in vitro dem-
onstrated shared desmosomal junctions mediating TE-EEC attachment,
TE invasion between EEC and bi-nucleated TE cells potentially repre-
syncytiotrophoblast  (STB)  (Bentin-Ley et al., 2000).
Trophoblast develops from TE during implantation, and STB forms by

senting

cell fusion to produce multinucleated cells. STB was seen to mediate
early stromal invasion at human implantation in vivo (Hertig et dl,
1956), and in earlier implantation samples in non-human primates it
was observed to penetrate the endometrial epithelium (Enders et al.,
1983; Smith et al., 1987). STB has been seen in human embryos devel-
oping beyond the blastocyst stage in isolation (Deglincerti et al., 2016;
Shahbazi et al., 2016; West et al., 2019) and in culture with endome-
trial cells (Aberkane et al., 2018; Lv et al., 2019), but whether it medi-
ates embryo breaching of the endometrial epithelium in human
remains unknown. Our previous study in mouse embryos suggested
that interaction with EEC stimulates trophoblast differentiation (Ruane
et al, 2017), implicating the epithelial phase of implantation as impor-
tant for trophoblast development.

The maternal-facing cells of the placenta derive from the TE, and as
such a subpopulation of trophoblast must retain multipotency during
implantation (Knofler et al, 2019), while post-mitotic trophoblast
invades the endometrium (Chuprin et al., 2013; Lu et al., 2017; Velicky
et al,, 2018). Multipotent human trophoblast stem cells (TSCs) have
recently been derived from blastocysts and first trimester placenta
(Okae et dal., 2018), and from naive embryonic stem cells (Dong et dl.,
2020), providing promising systems to study implantation. In mice, the
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pioneering invasive trophoblast derives from the subset of the TE not
in contact with the inner cell mass (ICM) of the blastocyst, termed
mural TE, while the ICM-adjacent TE, termed polar TE, gives rise to
multipotent trophoblast of the ectoplacental cone (Sutherland, 2003).
In vitro studies have demonstrated that human blastocysts orient such
that polar TE may mediate attachment to EEC or adhesive surfaces
(Bentin-Ley et al., 2000; Deglincerti et al., 2016; Shahbazi et al., 2016;
Aberkane et al., 2018), while it is not clear from specimens of later
stages of human implantation in vivo whether polar TE initiates invasion
into the endometrium (Hertig et al., 1956). Differences between hu-
man polar and mural TE have been described at the transcriptomic
level (Petropoulos et al., 2016; Meistermann et al., 2021), but little is
understood about differential function of these TE subpopulations.

We and others have recently characterized human blastocyst at-
tachment to the endometrial epithelial Ishikawa cell line. This revealed
that both clinical embryology grading of TE morphology and hatching
from the zona pellucida affect blastocyst attachment (Ruane et dl.,
2020), while adhesion-related genes are upregulated in attached em-
bryos (Aberkane et dl., 2018). Here, we further interrogate embryo-
EEC interactions in vitro and show that STB mediates embryonic
breaching of the epithelial layer. Moreover, our TSC spheroid and in
silico models indicate that attachment to EEC promotes STB
differentiation.

Materials and methods

Human embryos

Embryos generated for IVF treatment but not used by patients were
obtained with informed written consent at Old Saint Marys Hospital,
Manchester, or other IVF units in England. Embryos from both current
and previous (cryopreserved) treatment cycles were used in accor-
dance with ethics approval from the NRES committee south central
(Berkshire; REC reference: 12/5C/0649), and a research licence from
the Human Fertilisation and Embryology Authority (R0026; Person
Responsible: Daniel Brison), centre 0067 (Old Saint Mary’s Hospital;
fresh embryo research) and University of Manchester (0175; frozen-
thawed embryo research). Day 6 blastocysts were artificially hatched
using acid Tyrode (pH 2.5), as described (Ruane et al., 2020), before
use. Forty-six blastocysts (expanded morphology at Day 6 and of un-
known clinical grade) were used in this study; four of the embryos
were thawed from cryopreservation at pro-nuclear stage or on Day 2
after fertilization (clinical morphology grades were not assessed). The
remaining 42 embryos were donated as blastocysts fresh from IVF
cycles and were unsuitable for freezing, with grades below 2/5 for ex-
pansion, 4/5 for ICM and 2/3 for TE (Cutting et al., 2008;
ASIRMaESIGo, 201 1).

Ishikawa cell culture

Ishikawa EEC (ECACC 99040201) were cultured at 37°C, 95% air
and 5% CO, in growth medium (I:| Dulbecco’s modified Eagle’s me-
dium: Ham’s-FI2 (Sigma) containing 10% v/v foetal bovine serum
(Gibco) and supplemented with 2mM L-glutamine, 100 pg/ml strepto-
mycin and 100 1U/ml penicillin (Sigma)). Ishikawa cells were grown to
confluency to form layers in 24-well plates (Greiner) on 13 mm glass

coverslips for co-culture with blastocysts and TSC spheroids and sub-
sequent microscopy, or in 48-well plates without coverslips for co-
culture with TSC spheroids for subsequent gene expression and ELISA
analysis.

Human blastocyst implantation assay

Confluent Ishikawa EEC layers were washed and replenished with
serum-free growth medium immediately prior to the transfer of single
hatched Day 6 blastocysts to individual wells. After 48h, all co-
cultures were washed in PBS and fixed with 4% w/v paraformaldehyde
(PFA) in PBS for 20 min.

TSC culture and spheroid formation

TSC (line CT27, derived from first trimester placenta) were acquired
as a gift from Dr Hiroake Okae, and cultured and differentiated to ad-
herent STB as described (Okae et al., 2018). TSC were seeded into

Aggrewell™ plates (Stem Cell Technologies) at ~200 cells/microwell
and cultured in serum- and BSA-free TSC medium for 48 h to produce

spheroids.

TSC spheroid implantation assay

TSC spheroids were collected from AggreweIIT'vI plates and resus-
pended in co-culture medium (I:1 DMEM: Ham's-FI2, 1% ITS-X
(Gibco), 5uM Y27632 (Adooq Bioscience), 2mM L-glutamine and
100 pg/ml streptomycin and [001U/ml penicillin). Approximately
20 spheroids, pre-treated with CellTracker" (Life Technologies),
were co-cultured per well of Ishikawa cells in 24-well plates for 48 h
before fixation with 4% PFA. Attachment was monitored over the first
6h of co-culture by agitating the culture plate to determine which
spheroids were attached to the Ishikawa EEC layer. Alternatively,
~400 spheroids per well of Ishikawa cells in 48-well plates were co-
cultured for 48 h, before lysis and RNA extraction.

Staining and fluorescence imaging

Fixed samples were quenched with 50 mM ammonium chloride solu-
tion before permeabilization with 0.5% Triton-X [00 PBS. Samples
were incubated with primary antibody in PBS for 2h or overnight at
4°C, followed by alexa568-phalloidin (Life Technologies), 4',6-diami-
dino-2-phenylindole (DAPI) (Sigma) and alexa488/649 secondary anti-
bodies (Life Technologies) for |h. Human embryo samples were
mounted in a chamber of 3% |,4-diazabicyclo[2.2.2]octane (DABCO)
(Sigma) in PBS. TSC samples were mounted on a glass slide with 3%
DABCO Mowiol (Sigma). Fluorescence microscopy was carried out
using a Zeiss Axiophot microscope equipped with an Apotome mod-
ule for optical sectioning. Images were processed using Zeiss Zen soft-
ware and ImageJ. Antibodies: rabbit anti-E-cadherin (EP700Y, Abcam),
rabbit anti-CDX2 (D11D10, Cell Signalling Technologies), mouse anti-
GATA3 (MAB6330, R&D Systems), mouse anti-hCGB (5H4-E2,
Abcam) and mouse anti-HLA-G (4H84, Abcam).

RNA extraction and PCR

RNA was extracted using the RNeasy Mini Kit (Qiagen), according to
the manufacturer’s instructions. Reverse transcription using random
9mer primers (Agilent) followed protocols for Sensiscript Reverse
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Transcription kit (Qiagen). Real-time quantitative PCR (RT-gPCR)
were performed using reverse transcription reactions together with
0.25puM gene-specific primers (SDCI CTGCCGCAAATTGTGGCT
AC, TGAGCCGGAGAAGTTGTCAGA; CGB CAGCATCCTATCA
CCTCCTGGT, CTGGAACATCTCCATCCTTGGT; OVOLI TGAA
CCGCCACATGAAGTGTC, GACGTGTCTCTTGAGGTCGAA;
ACTB AAGCCACCCCACTTCTCTCT, CTATCACCTCCCCTG
TGTGG) and QuantiTect SYBR green PCR kit (Qiagen) on StepOne
Plus machines; 40 cycles, 60°C annealing temperature. Raw data were
analysed with StepOne Plus software to yield cycle threshold (Ct) val-
ues, which were expressed as 27 relative to housekeeping gene,
ACTB. In order to normalize total transcript levels of TSC spheroids
cultured in isolation to that of transcripts from TSC spheroids cultured
with Ishikawa cells, reverse transcribed RNA from samples of isolated
culture TSC spheroids were pooled with reverse transcribed RNA
extracts from samples of isolated Ishikawa cultures before analysis by
RT-qPCR.

ELISA

Media from TSC spheroid cultures and co-cultures were collected and
subject to hCGP ELISA using kit EIA-1496 (DRG Instruments GmbH),
according to the manufacturer’s instructions.

Modelling the TE-EEC interface in silico

All in silico modelling and analysis was performed in R version 3.4.2 (R
Foundation for Statistical Computing). Differentially expressed genes
(DEGs) were defined by ANOVA (cut-off P < 0.01) between prolifera-
tive phase (n=4) and mid-secretory-phase (n=4) endometrial epi-
thelial RNA sequencing (RNAseq) transcriptomes (GEO accession
number GSEI32711) (Chi et al., 2020). Localization of the protein
products of these genes was investigated using the Database for
Annotation, Visualization and Integrated Discovery (DAVID) (Huang
da et al., 2009a,b). Proteins defined as localized to any of ‘extracellular
space’, ‘extracellular matrix’, ‘proteinaceous extracellular matrix’ or
‘cell surface’ were refined from the list of DEGs. Putative binding part-
ners were identified using the Biological General Repository for
Interaction Datasets (BioGRID) (Stark et al., 2006) and refined to
those which were localized as above in Day 6 TE single cell-lRNAseq
transcriptomes (n=331) (Array Express Accession E-MTAB-3929)
(Petropoulos et al., 2016). Transcriptomic differences between sam-
ples were visualized by principal component analysis (PCA) and partial
least-squares-discriminant analysis (PLS-DA). All pathway analyses
were performed using Webgestalt (Zhang et al., 2005), and word
clouds were generated using WocEA (Ning et dl., 2018).

Hypernetworks

Hypernetworks were used to quantify shared correlations between
EEC-interacting TE surface genes across the rest of the transcriptome.
Correlation matrices were generated using the Day 6 TE single cell-
RNAseq transcriptomes. All analyses were repeated for polar and mu-
ral TE separately, modifying the samples included in each experiment,
using previously inferred TE subpopulations (Petropoulos et al., 2016).
Correlation matrices were binarized using the distribution of r-values
in order to include only the strongest present correlations.
Correlations further from the mean r-value than | SD in each set

were assigned ‘I’, while those between the SD boundaries was
assigned ‘0. Hypernetworks were generated by multiplying the binary
matrix (M) by the transpose of that matrix (M') to describe the num-
ber of shared correlations between a pair of TE genes. The central
cluster of the hypernetworks, arranged using hierarchical clustering,
represent a subset of EEC-interacting TE genes whose expression pat-
terns are correlated with a large number of genes across the transcrip-
tome. The connectivity (mean number of shared connections) and
organization (Shannon entropy) of the central clusters were quantified.
These metrics were also calculated by permuting 1000 hypernetworks

of random genes within the transcriptome.

Classification of genes using random forest

EEC-interacting TE genes present in TSC and TSC-derived STB (Okae
et al, 2018) were used for random forest (RF) machine learning
(Breiman, 2001), which was applied over 1000 iterations to test
whether the genes could accurately classify STB differentiation. Noise
within the RF was modelled using Boruta (Kursa and Rudnicki, 2010).

RNA velocity

RNA velocity analysis was performed on TE cells of Day 5 embryo
cells, and mural TE and polar TE cells of Day 6 and 7 embryos
(Petropoulos et al., 2016), using the scVelo package (La Manno et dl.,
2018; Bergen et al., 2020). The inferred velocity of genes identified in
the hypernetwork analysis were then compared between these TE
cells, with velocity (v) plotted as %In(l +|V)).

Statistical comparisons

Statistical significance was measured by Chi-squared and Mann—
Whitney analyses using Prism (GraphPad). ANOVA and Wilcoxon
rank sum analyses were performed using R.

Results

Gross and cellular morphology of embryos
attached to Ishikawa EEC layers

Forty-six blastocysts attached to Ishikawa EEC layers were analysed in
this study, all after co-culture for 48 h, from Day 6 post-fertilization to
Day 8. Attached embryos exhibited either expanded (18/46, 39%)
(Fig. 1A) or collapsed (28/46, 61%) blastocyst morphology (Fig. |B).
We were able to ascertain whether embryos attached in a polar TE-
or mural TE-oriented fashion in seven instances, with 5/7 exhibiting
polar TE-oriented attachment. Phalloidin labelling of cortical actin fila-
ments combined with DAPI labelling of nuclei enabled single cell reso-
lution of embryos attached to EEC layers. Attached embryos with no
clear breaching of the epithelium were observed (Fig. 1C). Embryos in
which a defined region of multinuclear STB was mediating initial, pio-
neering breaching of the epithelium and contacting the underlying sub-
strate were also seen (Fig. |D and E; Supplementary Movies S| and
S2). In addition, STB was observed in contact with the apical EEC sur-
face (Fig. |E; Supplementary Movie S2). The majority of embryos had
progressed beyond these initial stages to invade laterally into the EEC
layer, with morphologically distinct mononuclear and multinuclear
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Figure 1. Syncytiotrophoblast (STB) pioneers embryo invasion of the Ishikawa endometrial epithelial cell (EEC) layer.
(A, B) Phase contrast images of embryos attached to Ishikawa EEC layers, showing expanded blastocyst and collapsed blastocyst morphology. Black
arrows indicate embryos. Scale bars 20 um. (C—G) Attached embryos were stained with phalloidin (red) and DAPI (blue) to label actin and nuclei, re-
spectively, and imaged by optical sectioning fluorescence microscopy. Panels show X-Y, X—Z and Y—Z planes and a 3D image, as labelled. Ishikawa
EEC and embryos are indicated in X—Z and Y—Z planes and the 3D image. Black arrowheads indicate the region of the section for the adjoining pan-
els. White arrows indicate trophoblast breaching of the Ishikawa EEC layer, white arrowheads indicate STB, and white asterisks indicate invasive

mononuclear trophoblast. Dotted lines indicate embryo-EEC interface. Scale bars 20 um. (H) Bar graph showing proportions of embryo morpholo-
gies (N =46). **P < 0.0| Chi-squared. DAPI, 4',6-diamidino-2-phenylindole.
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outgrowths present (Fig. |F and G, respectively; Supplementary
Movies S3 and S4).

It was observed that 10/18 embryos with expanded blastocyst mor-
phology (56%) were superficially attached to the EEC layer or dis-
played only pioneering breaching of the epithelium, while 8/18 (44%)
had invaded laterally and often extensively into the epithelium. In com-
parison, 5/28 collapsed embryos (18%) had not breached or exhibited
only pioneering breaching, with 23/28 (82%) found to be invasive
(Fig. 1H). Collapsed embryos were therefore more likely to have ex-
tensively invaded the EEC layer (P<0.01). Importantly, each of the
seven pioneering breaching events, observed in six embryos as cells
that were in the EEC plane but continuous with an embryonic cell
above, consisted of STB protruding through the EEC layer (Figs ID
and E and 2B; Supplementary Movies S| and S2).

TE markers in EEC-attached embryos

To characterize the TE/trophoblast cell types in attached embryos,
we labelled samples with antibodies to the transcription factors CDX2
and GATA3, which are expressed in this lineage (Hemberger et dl.,
2020). Co-staining for CDX2 and GATA3 in expanded blastocysts
that had not breached the epithelium revealed heterogeneity amongst
TE both in contact with, and distal to, EEC; some nuclei were positive
only for CDX2, some only for GATA3 and yet others were co-
labelled (Fig. 2A). In embryos which had just breached the epithelium,
CDX2 was present only in embryonic nuclei above the plane of the
EEC layer (Fig. 2B). In collapsed embryos, CDX2 and GATA3 labelling
was faintly present in mononuclear trophoblast that had invading ex-
tensively into the epithelium (Fig. 2C). Neither transcription factor was
detected in STB.

Multiple STB regions invade into the EEC
layer

E-cadherin is present at intercellular junctions in human TE and mono-
nuclear trophoblasts (Alikani, 2005; Aplin et al., 2009), and was used
to demarcate mononuclear cells. Multinuclear elements lacking inter-
nuclear E-cadherin labelling were observed in contact with EEC at the
invading front of embryonic outgrowths (Fig. 3A). This STB contained
densely packed nuclei and often occurred at multiple, distinct sites
(Fig. 3B). STB and the central area of the embryo were also positive
for hCG subunit B (Fig. 3C), the maternal recognition of pregnancy
hormone that is secreted by STB from the onset of pregnancy. HLA-
G, the canonical marker for invasive mononuclear extravillous tropho-
blast, was not detected in embryos implanting in this model
(Supplementary Fig. SI).

STB, defined as multiple DAPI-stained nuclei within E-cadherin- or
phalloidin-stained cell borders, was seen in only 1/9 non-invasive em-
bryos (11.1%). All breaching and invasive embryos contained STB,
with approximately two-thirds containing more than one STB element
(Fig. 3D). Notably, STB was never observed in TE not in contact with
EEC. Analysis of the number of STB elements (multinuclear structures
bound by E-cadherin and/or phalloidin staining) present in each em-
bryo demonstrated that up to seven could be found and >70% em-
bryos had one to four distinct STB elements (Fig. 3E).

(2]

Figure 2. Trophectoderm (TE) transcription factors at
the embryo- endometrial epithelial cell (EEC) interface.
(A) Fluorescence optical sections of an attached embryo labelled with
phalloidin (red), DAPI (blue), anti-CDX2 (green) and anti-GATA3 anti-
body (magenta). Y—Z and X-Y planes are shown, and Ishikawa EEC and
embryos are indicated Y—Z panel. Black arrowheads indicate the loca-
tion of the section for the adjoining panels. White arrows show CDX2
or GATA3-positive TE and white arrowheads indicate double-positive
CDX2-GATA3-positive TE. Dotted lines indicate embryo-EEC inter-
face. Scale bar 20 um. (B) An attached embryo labelled with phalloidin
(red), DAPI (blue) and anti-CDX2 antibody (green) and imaged by opti-
cal sectioning fluorescence microscopy. The planes shown in each panel
are indicated (X—Z, X-Y) and black arrowheads indicate the location of
the section for the adjoining panels. White arrows point to trophoblast
breaching of the Ishikawa EEC layer and white arrowheads indicate STB.
Dotted lines indicate embryo-EEC interface. Scale bar 20 pm. (C) An in-
vasive embryo labelled with phalloidin (red), DAPI (blue), anti-CDX2
(green) and anti-GATAS3 antibody (magenta), optical planes indicated on
the panels. White arrows indicate CDX2- or GATA3-positive mononu-
clear trophoblast. Black arrowheads indicate the location of the section
for the adjoining panels. Dotted lines indicate embryo-EEC interface.
Scale bar 20 um. DAPI, 4',6-diamidino-2-phenylindole.
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Figure 3. Multiple regions of syncytiotrophoblast (STB) form at the embryo- endometrial epithelial cell (EEC) interface.
(A) Fluorescence optical sections of an invasive embryo labelled with phalloidin (red), DAPI (blue) and anti-E-cadherin (green), panels show Y-Z and
X=Y planes. Black arrowheads point to the location of the section for the adjoining panel. White arrows indicate STB. Scale bars 20 pm.
(B) Fluorescence micrograph of an invasive embryo labelled with DAPI (blue) and E-cadherin (green). White arrows point to distinct regions of STB.
Dotted lines indicate embryo-EEC interface. Scale bar 20 pm. (C) Fluorescence microscopy image of an invasive embryo labelled with DAPI (blue)
and anti-hCGp (green). White arrows point to distinct regions of STB. Dotted lines indicate embryo-EEC interface. Scale bar 20 um. (D) Bar graph
relating STB quantities to embryo invasiveness (n =46). (E) Bar graph of STB quantities in embryos (n =42; the number of STB elements could not

be discerned in four samples). DAPI, 4',6-diamidino-2-phenylindole.

Ishikawa EEC layer stimulates STB
differentiation in TSC spheroids

Human TSC can differentiate to form the major trophoblast subtypes,
including STB (Okae et al., 2018), and thus offer a model with greater
experimental scope than single embryos for interrogating trophoblast
differentiation at implantation. Treatment of TSCs with the previously
reported STB differentiation medium induced syncytialization and upre-
gulation of hCGp at the mRNA and protein level (Supplementary Fig.
S2A and B). TSC culture in non-adherent conditions produced
blastocyst-sized spheroids of mostly mononuclear cells (Fig. 4A).

These were co-cultured in basal medium with Ishikawa EEC layers to
model human embryo implantation in vitro. TSC spheroids attached to
EEC layers within 6 h (Fig. 4B), reflecting the kinetics of blastocyst at-
tachment (Ruane et al., 2020). After 48 h, spheroids had invaded the
epithelium with STB at the invasion front (Fig. 4C). Invasive tropho-
blast was hCGp-positive, although this was not localized only to inva-
sive multinuclear cells but was seen also in mononuclear trophoblast
(Fig. 4D). The expression of STB markers in spheroids attached to
EEC layers (co-culture) and those cultured in isolation and attached to
tissue culture plastic (control) was compared with determine whether
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interaction with EEC stimulated STB differentiation. STB genes CGB
and SDCI were significantly upregulated by co-culture with EEC layers
(Fig. 4E), while secreted hCGp levels were also higher in co-cultured
TSC spheroids (Fig. 4F). These data suggest that EEC interactions stim-
ulate STB differentiation from multipotent trophoblast.

Gene networks at the TE-EEC interface

To identify candidate gene networks functioning at the TE-EEC inter-
face, we used single-cell transcriptomic datasets from blastocyst TE
(Petropoulos et al., 2016), and bulk transcriptomic data from EEC di-
rectly isolated from endometrium (Chi et al., 2020). Cell surface or se-
creted genes, differentially expressed in receptive (mid-secretory
phase) versus non-receptive (proliferative phase) endometrial epithe-
lium (Supplementary Fig. S3A), were used to identify 39 cognate genes
in Day 6 TE. The resulting in silico TE-EEC interface (Table I), was
enriched for extracellular matrix components, peptidases, cell adhesion
molecule-binding proteins, signalling receptor-binding proteins and
glycosaminoglycan-binding proteins (Supplementary Fig. S3B).

Hypernetwork analysis enables clustering of genes based on co-
expression within the transcriptome, providing an indication of connec-
tivity in functional gene networks (Pearcy et dl., 2016; Gaudelet et al.,
2018). Day 6 TE subsets previously defined as polar and mural
(Supplementary Fig. S3C) (Petropoulos et al., 2016), enabled us to use
hypernetwork analysis to detect differences between polar and mural
TE interactions with EEC. A total of 25 distinct genes were identified
in the hypernetworks; a cluster of Il genes from analysis of EEC-
interacting polar TE genes, while a 2I-gene cluster was found from
EEC-interacting mural TE genes (Fig. 5A), with seven genes common
between the two clusters (Table I).

The hypernetwork heatmaps suggest enhanced transcriptome con-
nectivity in polar TE compared with mural TE. Quantification of the
hypernetwork properties revealed a higher connectivity (number of
shared transcriptome correlations) between EEC-interacting polar TE
genes compared with those in mural TE (Fig. 5B), and this reflected
differences between background transcriptome connectivity in polar
and mural TE (Supplementary Fig. S3D). Entropy is a measure of the
organization of gene connections within the hypernetwork and is pre-
sented relative to background levels. A markedly lower entropy, indic-
ative of a more co-ordinated organization of gene connectivity, was
found for EEC-interacting polar TE genes than for those in mural TE
(Fig. 5C).

EEC-coupled TE gene networks are linked
to STB differentiation

Pathway analysis of the EEC-coupled polar and mural TE gene hyper-
networks (3541 and 2447 genes, respectively) uncovered similar path-
ways (Fig. 6A; Supplementary Tables S| and SlI, respectively). The
most enriched pathways consisted of olfactory receptors (olfactory
transduction) and cytokines (autoimmune thyroid disease, cytokine—cy-
tokine receptor interaction and natural killer cell-mediated cytotoxic-
ity). Glucuronosyltransferases were also highly prevalent in enriched
pathways including steroid hormone biosynthesis, within which central
progesterone metabolism genes HSD3B2, CYPI7Al, CYP|IB2 and
AKRICI were present in the hypernetworks. Steroid hormone bio-
synthesis, especially progesterone synthesis, is a key pathway for

endocrine activity in STB (Okae et al., 2018). Remarkably, comparing
EEC-coupled TE pathways to a gene set enrichment analysis of TSC
differentiation to STB (9728 genes; Okae et al., 2018) demonstrated
that 4/6 most highly upregulated pathways in STB differentiation (false
discovery rate (FDR < 0.026)) were highly significantly enriched in
both polar and mural hypernetworks (FDR < 0.001): steroid hormone
biosynthesis/ovarian steroidogenesis (overlapping pathways), cyto-
kine—cytokine receptor interaction, neuroactive ligand-receptor inter-
action and the JAK-STAT signalling pathway (Fig. 6B; Supplementary
Table SllI).

To test whether the TE genes in our in silico interface were linked
to STB differentiation, we applied RF machine learning. This quantita-
tive approach revealed that 80% (16/20) of the distinct EEC-
interacting genes in polar and mural TE could be considered variables
of importance in classifying STB (Fig. 6C and Table I), with FBLN5 and
IGFBP7 appearing as significant in both polar and mural TE. RNA veloc-
ity was assessed for TE genes in the in silico model as a direct measure
of the rate of change of expression (La Manno et al., 2018). The genes
classified as important variables by RF exhibited dynamic gene expres-
sion in TE cells from Day 5 to 7, clustering at the upper and lower
regions of the heatmap compared with genes that were not classified
as variables of importance that generally clustered in the middle with
little dynamic expression (Fig. 6D), therefore, further implicating func-
tionality for these genes in TE development. Hypernetworks, pathway
analysis, RF machine learning and RNA velocity analysis in our in silico
model together suggest that EEC-interacting genes in both polar and
mural TE are linked to functional gene networks involved in STB
differentiation.

Discussion

Embryo implantation into the uterine endometrium is essential for hu-
man development, and this process begins with blastocyst attachment
to the endometrial epithelium and breaching of this barrier (Aplin and
Ruane, 2017). Here, in vitro and in silico models of the epithelial phase
of human embryo implantation reveal for the first time that interac-
tions with EEC promote TE differentiation to STB, which then goes on
to breach the endometrial epithelium. These findings establish the im-
portance of EEC interactions to the development of trophoblast line-
ages at implantation. To further investigate the pattern of trophoblast
development at implantation, sequential interactions with endometrial
epithelium, subjacent stromal matrix and decidual cell types must be
considered. Understanding these processes will illuminate infertility and
obstetric disease mechanisms thought to be underpinned by defective
trophoblast development at implantation (Aplin et al., 2020).
Blastocysts that had attached to Ishikawa EEC layers after 48h co-
culture, from Day 6 to 8, revealed a range of implantation stages,
from those attached to the EEC apical surface to those that had ex-
tensively invaded into the epithelium. Blastocyst cavity collapse is con-
sistently observed by Day 8 in embryos cultured in isolation
(Deglincerti et al., 2016; Shahbazi et al, 2016), and consistent with
this, most embryos here displayed collapsed cavities and invasive mor-
phology. Those embryos that remained expanded and did not breach
the epithelium may reflect slower implantation kinetics or implantation
failure. STB was observed in all invasive embryos and consistently pio-
neered breaching of the epithelium, with these breaching events
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Table | Summary of in silico trophectoderm (TE)-endometrial epithelial cell (EEC) interface, hypernetwork analysis and
random forest-defined syncytiotrophoblast (STB) classifier status.

TE subset hypernetwork cluster

Classifier of STB differentiation

EEC gene Cognate TE gene
LOXLI FBLNS5*
IGFI IGFBP7*
CRISPLD2 HSP90AB I *
NOG NOG*
cp LTF
TNC NCAN
NRXN NLGN [*
ALPP COL2AT*
SERPINB8 FURIN*
csT7 POTEE*
FLNB PSEN*
TGFBR3 TGFBI*
VCAN HAPLN I *
HEXB HEXB
CSTB CTSH
SLPI PLSCRI
AMBP AMBP
KLKB/ KNG
GUSB CESI
THBD F2
C4BPA APCS
IFNG IFNG
IFNAR2 IFNA2
SERPING | SELE
FGA FGB
SFRP/ FZD6*
DKK3 UBA52*
LAMA] FBLNZ*
DCN EGFR*
F2 SERPINE [*
D55 CD55*
PPFIBP2 APP
ANXA2 CTSB
PROS F5
ANK3 KCNCI
CPE ROBO2
GPLDI APOA4
FGG FGA
APOD APOD

Polar and mural Yes
Polar and mural Yes
Polar Yes
Polar Yes
Polar Yes
Polar Yes
Mural Yes
Mural Yes
Mural Yes
Mural Yes
Mural Yes
Mural Yes
Mural Yes
Mural Yes
Mural Yes
Mural Yes
Polar and mural No
Mural No
Mural No
Mural No
Polar and mural NDf
Polar and mural NDf
Polar and mural NDf
Polar and mural NDf
Mural ND'
Neither ND
Neither ND
Neither ND
Neither ND
Neither ND
Neither ND
Neither ND
Neither ND
Neither ND
Neither ND
Neither ND
Neither ND
Neither ND
Neither ND

*TE gene differentially expressed in TSC-STB differentiation; ND, not determined; NDY, not determined as not expressed in TSC/STB.

appearing to form between cells of the EEC layer. STB may negotiate
invasion between EEC via the formation of junctional complexes be-
tween trophoblast and lateral EEC membranes, which have been seen
in ultrastructural studies in both human and monkey (Enders et dl.,
1983; Smith et al., 1987; Bentin-Ley et al., 2000). Both mononuclear
trophoblast and STB were present at the leading edge of embryos in-
vading laterally into the EEC layer, suggesting that the initial stromal

phase of invasion may not be driven solely by STB (James et al., 2012;
Knofler et al., 2019; Turco and Moffett, 2019). However, the 2D na-
ture of the in vitro EEC model and the absence of underlying matrix
and stromal cell types may have influenced invasive cell behaviour. The
well-differentiated endometrial adenocarcinoma-derived Ishikawa cell
line provides a consistent, polarized, receptive 2D epithelial model
that is difficult to generate using primary EEC (Campbell et al., 2000;



Syncytiotrophoblast pioneers embryo implantation 787

A Polar TE gene hypernetwork Mural TE gene hypernetwork

0.24
8000+ J L I !
0.04
70001
z
Q
£ 6000 E-021
= w
) H
5000 1 04
Polar TE Mural TE Polar TE Mural TE
cluster cluster cluster cluster

Figure 5. Polar and mural trophectoderm (TE) gene networks are differentially connected to endometrial epithelial cell (EEC)
surface genes in an in silico model of the TE-EEC interface. (A) Hypernetwork analysis was performed on EEC-interacting TE genes (n = 39)
in polar TE cells (n =86) and mural TE cells (n = 245), and presented as a heatmap. Eleven genes form the highly connected central cluster in the po-
lar TE hypernetwork and 21 genes form that in the mural TE hypernetwork. (B) Connectivity of hypernetwork clusters (the number of pairwise
shared correlations) in polar and mural TE is presented as a violin plot. Median line and interquartile range are illustrated in each box, and whiskers il-
lustrate the range with outliers as points. ***P < 0.00| Wilcoxon rank sum test. (C) Entropy from the hypernetwork clusters of polar and mural TE (a
measure of the organization of gene connections), relative to entropy generated by permuting 1000 hypernetworks of random genes within the re-
spective transcriptomes. Comparison of absolute entropy values between gene networks and subsets therein is not informative connectivity organiza-
tion. Data are presented in violin plot form as above. ****P < 0.000| Wilcoxon rank sum test.

Singh and Aplin, 2015; Ruane et al., 2017), nevertheless 3D cultures of Our observational evidence from embryo-EEC cultures and experi-
primary endometrial cells are required to better recapitulate implanta- :  mental evidence from TSC spheroid-EEC cultures suggest that interac-
tion. Moreover, using high grade blastocysts may also improve in vitro : tions with the apical surface of EEC promotes extensive STB

models of implantation. - formation before this cell type invades between cells of the EEC layer.
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Formation of STB has been seen in Day 8 embryos cultured in the ab-
sence of endometrial cells (Deglincerti et al, 2016; Shahbazi et al.,
2016), while syncytialization is well established to occur spontaneously
in primary placental trophoblast (Kliman et al., 1986). Our in silico
models provide independent evidence that EEC interactions stimulate
differentiation pathways in TE, and this may act to promote STB for-
mation and ensure timely breaching of the epithelium. The STB we ob-
served in both implanting embryos and the TSC spheroid implantation
model was invasive, and this primary STB present at implantation con-
trasts with the canonical STB that forms from villous cytotrophoblasts
and bounds the villi at later stages of placentation (Aplin, 2010; James
et al, 2012; Yabe et al, 2016). TSC spheroid interactions with
Ishikawa cell layers produced invasive STB that was morphologically
very similar to that formed from embryos, thus leading us to favour a
model in which the primary STB phenotype is induced by interactions
with EEC. Conversely, formation directly from TE as opposed to from
cytotrophoblast could also contribute to the unique phenotype of pri-
mary STB. EEC-induced invasive trophoblast differentiation from TE
was previously shown in mouse blastocysts (Ruane et al., 2017), impli-
cating evolutionary conservation of this mechanism at the onset of in-
terstitial implantation.

We modelled the TE-EEC interface using network biology techni-
ques as a discovery-phase approach to identify candidate functional
gene networks that could be assessed in future in vitro studies. A prior
network biology approach used whole embryo and whole endome-
trium microarray transcriptomes to identify key gene networks, includ-
ing adhesion, extracellular matrix and cytokine genes (Altmae et dl.,
2012). While we found some of the same genes (APOD, VCAN,
FBLN2, LAMAI, SERPINE I, TGFB ), our focus on EEC interactions with
polar and mural TE subpopulations using RNAseq data provided a
model with enhanced resolution. Furthermore, hypernetwork analysis
enabled enrichment of functional gene networks, which we have
previously used to investigate ICM and TE lineage allocation from the
eight-cell blastomere stage in human embryos (Smith et al., 2019). The
expression correlation matrices underlying hypernetworks capture
gene networks that relate to functional units within the transcriptome,
with the sensitivity of this correlation approach lending itself to highly
dynamic biological systems (Pearcy et al., 2016; Gaudelet et al., 2018;
Chantzichristos et al., 2021). Increased resolution of in silico implanta-
tion models could be obtained by stratifying EEC populations, as have
been recently characterized using spatial transcriptomics (Garcia-
Alonso et al., 2021). Indeed, comparison with that dataset revealed
that all but one (NRXN/) of the EEC genes identified as candidates to
promote TE differentiation to STB were expressed in the luminal EEC
populations to which blastocysts attach in vivo.

Accordingly, pathway analysis of the hypernetworks linked to EEC-
interacting TE genes uncovered a striking resemblance to the pathways
activated upon STB differentiation from TSC (Okae et dl., 2018), a
process that we directly observed when TSC spheroids implanted into
Ishikawa EEC layers. Hormone production, including progesterone, is
a classical function of STB (Costa, 2016), so the coupling of EEC-
interacting TE genes to steroid hormone biosynthetic pathways is
strongly suggestive of STB differentiation. The presence of cytokines,
predominantly chemokines and interleukins, in the EEC-coupled hyper-
networks may also be a marker of STB, since immunomodulation is
another key STB attribute (Du et al., 2014). The common signalling
pathways seen in TSC-STB differentiation and the TE hypernetworks

consisted of JAK-STAT and G-protein-coupled receptors of the neuro-
active ligand-receptor interaction pathway, and both of these have
been implicated in transducing STB differentiation signals (Knerr et al.,
2005; Leduc et al., 2012). RF machine learning was used as a quantita-
tive measure to test the hypothesis that the functionally enriched TE
genes at the interface with EEC were linked to STB differentiation, and
this analysis yielded a strong signal favouring the hypothesis.
Furthermore, dynamic expression indicative of function was dem-
onstrated for many of these genes by RNA velocity analysis (La
Manno et al., 2018). Delineating the exact pathways signalling from
the interface to differentiation processes was not possible with
these approaches, however, the regulation of integrin and insulin-
like growth factor (IGF) signalling is hinted at through the robust
identification of integrin ligand FBLN5 and IGF-binding protein
IGFBP7 as common functional factors in both polar and mural TE.
Prior in vitro studies have shown these pathways to function during
blastocyst-EEC attachment at implantation (Kang et al., 2014;
Green et al, 2015), indeed IGF can signal through JAK-STAT
(Zhou et al., 2021) and there is evidence of co-regulation between
IGF and integrin signalling (Takada et al., 2017).

Single cell transcriptomic discrimination of TE subpopulations have
linked polar TE with upregulation of STB differentiation genes
(Petropoulos et al., 2016; Lv et al., 2019). Here, we used these TE
subpopulations and found increased levels and organization of connec-
tivity in EEC-interacting polar TE gene networks. Gene network prop-
erties of connectivity and organization are indicative of cell
differentiation state; high network organization (measured as low en-
tropy) characterizes reduced regulatory cross-talk and pathway redun-
dancy in more differentiated cells (Banerji et al., 2013; Teschendorff
and Enver, 2017). Our analysis, therefore, corroborates polar TE as
more differentiated than mural TE and suggests that interactions with
EEC may be more strongly linked to cell differentiation networks in
polar TE than in mural TE. Polar TE-oriented attachment to endome-
trial epithelium was observed here and in previous studies (Bentin-Ley
et al., 2000; Aberkane et al., 2018), and embryonic pole-oriented stro-
mal invasion was observed in vivo (Hertig et al., 1956). The more dif-
ferentiated state of EEC-attached polar TE could therefore lead to
polar-oriented STB invasion. In contrast, our pathway, RF and RNA
velocity analyses found overall similarities between polar and mural
TE. Moreover, in embryos we observed multiple independent STB
regions in contact with Ishikawa cells. Together, our findings lead to a
model whereby STB forms from EEC-attached polar and polar-
proximal mural TE before initiating invasion into the endometrium.
The corollary of this model could be that distal mural TE not engaged
with EEC gives rise to TSCs. This scenario is opposite to that in mice,
where mural TE initiates invasion and polar TE gives rise to multipo-
tent trophoblast that go on to form the placenta (Sutherland, 2003).
Studies of differential phagocytosis activity between polar and mural
TE support this inversion of embryonic pole functionality between
mouse and human blastocysts (Rassoulzadegan et al., 2000; Li et dl.,
2016).

Further work with sophisticated in vitro models consisting of multiple
maternal cell types are required to pursue some of the outcomes of
this study and to fully characterize the establishment of trophoblast
populations at implantation. Failure of this process is likely behind
many of the recurrent implantation failures seen in assisted reproduc-
tion patients and may also contribute to cases of recurrent miscarriage
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(Koot et al, 2011). Furthermore, there is increasing awareness that
later stage obstetric pathologies have their origin in implantation and

early pregnancy (Rabaglino et al., 2015; Garrido-Gomez et al., 2017;
Than et al., 2018; Aplin et al., 2020), and understanding endometrial
shaping of trophoblast development is central to developing new
treatments.
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