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Sperm is epigenetically programmed to regulate gene

transcription in embryos
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For a long time, it has been assumed that the only role of sperm at fertilization is to introduce the male genome into the egg.
Recently, ideas have emerged that the epigenetic state of the sperm nucleus could influence transcription in the embryo.
However, conflicting reports have challenged the existence of epigenetic marks on sperm genes, and there are no functional
tests supporting the role of sperm epigenetic marking on embryonic gene expression. Here, we show that sperm is epige-
netically programmed to regulate embryonic gene expression. By comparing the development of sperm- and spermatid-de-
rived frog embryos, we show that the programming of sperm for successful development relates to its ability to regulate
transcription of a set of developmentally important genes. During spermatid maturation into sperm, these genes lose
H3K4me2/3 and retain H3K27me3 marks. Experimental removal of these epigenetic marks at fertilization de-regulates
gene expression in the resulting embryos in a paternal chromatin-dependent manner. This demonstrates that epigenetic
instructions delivered by the sperm at fertilization are required for correct regulation of gene expression in the future em-
bryos. The epigenetic mechanisms of developmental programming revealed here are likely to relate to the mechanisms in-
volved in transgenerational transmission of acquired traits. Understanding how parental experience can influence

development of the progeny has broad potential for improving human health.

[Supplemental material is available for this article.]

Embryos obtained by fertilization develop to adulthood more fre-
quently than those obtained by other methods, such as nuclear
transfer (Gurdon et al. 1958; Kimura and Yanagimachi 1995), sug-
gesting that sperm is specially programmed to support normal em-
bryonic development. Several hypotheses were proposed to
explain the nature of this programming, including the idea that
sperm is programmed for efficient replication after fertilization
(Lemaitre etal. 2005) or for supporting proper embryonic transcrip-
tion (Suzuki et al. 2007; Hammoud et al. 2009; Zheng et al. 2012).
The latter hypothesis was proposed following the observation that
promoters of developmentally important genes escape global re-
placement of histones by protamines in mature sperm. In fact,
these promoters retain post-translationally modified histones, sug-
gesting that epigenetic marks on sperm chromatin may be trans-
mitted to the embryo at fertilization and could subsequently
pattern transcription of embryonic genes (Suzuki et al. 2007;
Hammoud et al. 2009; Brykczynska et al. 2010; Wu et al. 2011;
Paradowska et al. 2012; Zheng et al. 2012; Ihara et al. 2014;
Siklenka et al. 2015). However, the validity of this hypothesis was
recently questioned (Carone et al. 2014; Samans et al. 2014).
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In this work, we compared the developmental potential of
sperm to that of spermatids in order to understand the nature of
sperm programming for development in Xenopus laevis. The use
of spermatids, immediate precursors of sperm, suits such compar-
isons because (1) spermatids have completed meiosis and have the
same DNA content as sperm, and (2) spermatid chromatin struc-
ture resembles that of somatic cells (Gaucher et al. 2010).
Furthermore, in the mouse, embryos derived from injection of
spermatids into unfertilized oocytes develop to adulthood less fre-
quently than embryos derived from injection of sperm, suggesting
that developmentally important information is acquired during
spermatid to sperm maturation (Kimura and Yanagimachi 1995;
Kishigami et al. 2004). Here, we demonstrate that sperm is epige-
netically programmed to regulate transcription of several develop-
mentally important embryonic genes.

Results

Sperm-derived embryos develop better than

spermatid-derived embryos

We first compared the development of embryos obtained by trans-
planting somatic cell nuclei (SCNT) with the development of
sperm-derived embryos. To minimize the experimental difference

© 2016 Teperek et al. This article, published in Genome Research, is available
under a Creative Commons License (Attribution 4.0 International), as described
at http://creativecommons.org/licenses/by/4.0/.
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in the way the embryos were generated, both types of embryos
were generated by nuclear injection: cloned embryos were ob-
tained by transplanting nuclei of embryonic cells to enucleated
eggs (Fig. 1A), and sperm-derived embryos were produced by in-
tra-cytoplasmic injection of sperm (ICSI) to eggs (Fig. 1C). We ob-
served that cloned embryos developed less efficiently to the
swimming tadpole stage than sperm-derived embryos (Fig. 1B).
This illustrates the better developmental potential of sperm
over that of a somatic cell. In this experimental set-up, however,
the way the embryos are generated is quite different: the maternal
genome is present in sperm-derived embryos, whereas it has been
removed in the SCNT embryos. In order to better assess the devel-
opmental potential of sperm, we aimed to compare embryos
produced in the same way. For that purpose, we generated embryos
by injecting permeabilized purified sperm or spermatids (Supple-
mental Fig. S1) to the cytoplasm of unfertilized eggs (ICSI) (Fig.
1C). In that way, both types of embryos are obtained in the same
manner, and their development can be compared. The two types
of embryos reached the gastrula stage with a similar frequency.
However, sperm-derived embryos developed significantly better
to the swimming tadpole stage than spermatid-derived ones (P-
value <0.05) (Fig. 1D,E). This is in agreement with observations
made previously in mouse (Kimura and Yanagimachi 1995; Kishi-
gami et al. 2004). Spermatid-derived embryos and cloned embryos
exhibit a similar reduction in developmental potential when com-
pared to sperm-derived embryos (Fig. 1B-E), suggesting that the
spermatid is as severely impaired to support development as a
somatic cell.

In conclusion, embryos can be generated in the same way
from sperm or spermatids, and spermatids show reduced develop-
mental potential compared to sperm. Therefore, the comparison
of sperm and spermatids was subsequently used to investigate
why sperm support better development than other cell types.

Spermatids replicate their DNA as efficiently as sperm

Since it has been shown that sperm, as opposed to other cells, rep-
licate DNA more efficiently (Lemaitre et al. 2005), we hypothesized
that the poor embryonic development of spermatid-derived em-
bryos is due to inefficient DNA replication. Egg extracts from
Xenopus have been widely used to investigate mechanisms of rep-
lication (Hutchison et al. 1989; Lemaitre et al. 2001). By incubat-
ing nuclei in egg extracts, one can mimic replication events that
occur prior to the first embryonic cell division. We measured
DNA replication efficiency in sperm and spermatids incubated in
egg extracts (Hutchison et al. 1989) by molecular combing analysis
(Gaggioli et al. 2013). In this assay, the egg extract is supplemented
with modified nucleotide precursors that will be incorporated into
replicating DNA (Fig. 2A). Following replication, DNA is stretched
on a slide, and both the total (green) and replicated (red) DNA fi-
bers are fluorescently labeled (Fig. 2B). By measuring the extent
of replication on several hundreds of DNA fibers, we observed
equally efficient DNA replication in both sperm and spermatids
(Fig. 2C). We concluded from this analysis that the nature of sperm
programming is not related to replication. We then tested whether
spermatid-derived embryos are capable of correctly initiating em-
bryonic transcription.

Haploid sperm-derived embryos develop better than haploid
spermatid-derived embryos

To rigorously assess the developmental potential and transcrip-
tional ability of sperm and spermatids, and to eliminate the risk

of any potential interference from the maternal nucleus, we used
haploid, paternally derived embryos generated by injection of per-
meabilized sperm or spermatids into enucleated eggs (Fig. 3A;
Supplemental Fig. S2; Narbonne et al. 2011). We first confirmed
that haploid, sperm-derived embryos developed significantly bet-
ter to the swimming tadpole stage than haploid, spermatid-de-
rived embryos (P-value <0.05) (Fig. 3B), recapitulating the results
from diploid embryos (Fig. 1E). Previous mammalian experiments
comparing developmental potential of sperm and spermatids used
diploid biparental embryos (Kimura and Yanagimachi 1995;
Kishigami et al. 2004). Our results with paternal haploid embryos
directly demonstrate that the sperm nucleus supports better devel-
opment than the spermatid nucleus, with or without the maternal
genome. Furthermore, this experimental set-up allows a specific
assessment of transcription originating exclusively from sperm-
or spermatid-derived chromatin at the time of embryonic gene
activation.

Developmentally important genes are misregulated
in spermatid-derived embryos

Since experiments in the mouse suggested that sperm might be
better than other cell types at supporting mRNA transcription
(Ziyyat and Lefevre 2001; Vassena et al. 2007; Ihara et al. 2014),
we tested this hypothesis using haploid, sperm- and spermatid-de-
rived embryos. Embryos were rigorously staged (see Supplemental
Experimental Procedures) and collected at gastrulation, before the
onset of developmental defects. Gene expression was then ana-
lyzed by RNA-seq, using a set of 34,373 transcripts (provided as
Supplemental Gene Annotation). Out of 18,340 expressed genes,
255 were differentially expressed in spermatid-derived embryos
compared to sperm-derived embryos (FDR < 0.05) (Supplemental
Table S1). One hundred of these transcripts showed consistent
changes in at least six out of seven experiments, and we will refer
to them as “misregulated” (Fig. 3C; Supplemental Table S1). The
majority (82/100) were up-regulated in spermatid-derived embry-
os, and they include transcriptional regulators (e.g., gata2, gata3,
hes1, and fos) as well as morphogens (e.g., bmp2, bmp7, or dhh) es-
sential for embryonic development. Accordingly, gene enrich-
ment analysis revealed that several development-related terms
were significantly enriched in the list of misregulated genes (P-val-
ue<0.05) (Fig. 3D).

The fact that most of the misregulated genes were up-regulat-
ed in spermatid-derived embryos raised the possibility that these
genes were actively transcribed in spermatids and continued to
be transcribed in embryos. Indeed, the spermatid, as opposed to
the sperm, is a transcriptionally active cell, and this difference
might explain why genes are up-regulated in embryos originating
from spermatids rather than sperm. To test this possibility, we
compared the expression level of genes in spermatids and in sper-
matid-derived embryos. We did not observe any correlation be-
tween the expression of misregulated genes in spermatid-derived
embryos and their expression in spermatids (r=-0.17, P-value <
0.05) (Fig. 3E). This suggests that the up-regulation of these
genes in spermatid-derived embryos is not the result of transcript
carry-over (or ongoing transcription) from spermatid chromatin.
Because permeabilized spermatids used to generate embryos are
likely to contain additional RNAs, we performed an additional
control for the potential effect of spermatid-derived RNAs on em-
bryonic development. We purified total RNA from testis and in-
jected a quantity corresponding to the amount found in one
spermatid (50 pg) to embryos generated with sperm. TRIzol was
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Figure 1. Xenopus sperm is better at supporting development than a spermatid or a somatic cell. (A) Experimental design for the generation of cloned
embryos. The somatic nucleus of a gastrula cell is transplanted to a UV-enucleated egg. The resulting embryos are scored at the gastrulation and tadpole
stage. (B) Scoring of embryos as % of gastrulae and as % of swimming tadpoles to the total number of cleaved embryos. Average of n= 6 independent
experiments (sperm ICSI), and n=3 independent experiments (embryo cell NT). The total number of embryos analyzed is shown above the graph.
Error bars: SEM. (*) P-value < 0.05 (32 test). (C) Experimental design for the generation of sperm- and spermatid-derived embryos. Permeabilized sperm
or spermatids are injected to the cytoplasm (ICSl) of an unfertilized egg. The resulting embryos are scored at the gastrulation and tadpole stage. (D)
Representative images of sperm- and spermatid-embryos. Scale bars=1 mm. (E) Scoring of embryos as % of gastrula and as % of swimming tadpoles
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Figure 2. Spermatids are as good as sperm at DNA replication. (A)
Sperm and spermatids are separately incubated with egg extracts supple-
mented with biotin-dUTP. Subsequently, DNA fibers are isolated and sub-
jected to molecular combing, which reveals replication on single DNA
fibers. (B) Examples of DNA fibers after immunostaining procedure.
Antibody staining against DNA reveals the total length of the fiber (green)
and antibody staining against biotin reveals the replicated DNA (red). The
bottom panels show representative examples of replication staining from
sperm and from spermatids incubated in egg extracts. (C) Replication ex-
tent measured as the proportion of DNA that incorporated biotin-dUTP to
the total fiber length. Results are from at least 125 independent DNA fibers
(22,000 kb of DNA for each sample). Error bars: SEM. Samples were not
significantly different (P-value =0.41, KS-test).

used to isolate RNA as it allows the recovery of RNA in a broad
range of sizes (El-Khoury et al. 2016). All embryos generated in
that way developed normally, indicating that testicular RNAs are
not detrimental to embryonic development (Supplemental Fig.
S3). Lastly, we have verified that the synthesis of rRNAs is not af-
fected in spermatid-derived embryos. Indeed, in mouse, defect in
rRNA synthesis has been proposed to explain the developmental
defect of nuclear transfer embryos (Suzuki et al. 2007; Zheng
et al. 2012) and could explain the difference in the bulk of RNA
synthesis observed between sperm- and spermatid-derived embry-
os (Bui et al. 2011). We observed that newly synthesized 18S and

28S rRNAs are equally well produced in sperm- and spermatid-de-
rived embryos (Supplemental Fig. $4).

We conclude that the developmental failure of spermatid-de-
rived embryos is not associated with carried over spermatid RNAs
or with defects in rTRNA expression. Rather, we observe a correla-
tion between developmental defects and misexpression of a set
of developmentally important genes in spermatid-derived embry-
os. We hypothesized that differences in gene expression between
sperm- and spermatid-derived embryos might result from epige-
netic differences of sperm/spermatid chromatin.

Epigenetic differences between sperm and spermatid
chromatin

To investigate potential links between the epigenetic marking of
paternal chromatin and embryonic gene expression, we carried
out epigenetic profiling of mononucleosomal chromatin from
sperm and spermatid using an extensive MNase digestion protocol
applied by others to probe for histones stably associated with chro-
matin in mature sperm in mouse and human (Supplemental
Tables S2, S3; Supplemental Fig. S5; Hammoud et al. 2009;
Brykczynska et al. 2010). In Xenopus, the transition from spermatid
to sperm is characterized by histone H3 and H4 retention and par-
tial loss of H2A and H2B (Risley and Eckhardt 1981). We first com-
pared nucleosome occupancy profiles in sperm and spermatids.
Similarly to what was observed in other vertebrates (Hammoud
et al. 2009; Brykczynska et al. 2010), we observed higher nucleoso-
mal occupancy (MNase-seq) (Fig. 4A) around TSSs (transcriptional
start sites) in sperm when compared to spermatids. In this con-
text, the positioned nucleosomes show a similar distribution in
sperm and spermatids (Supplemental Fig. S6). Secondly, we ana-
lyzed DNA methylation profiles in sperm and spermatids by
MBD-seq. DNA methylation was higher around sperm TSSs than
spermatid TSSs (Fig. 4B). These differences were observed at the ge-
nome-wide level between sperm and spermatids, as well as on the
set of misregulated genes (Supplemental Figs. S6, S7). A lower level
of nucleosome occupancy and DNA methylation in spermatids
compared to sperm could therefore explain the up-regulation of
genes in spermatid- compared to sperm-derived embryos.

To further characterize sperm and spermatid chromatin, we
performed ChIP-seq analysis of histone marks associated with
activation (H3K4me2, H3K4me3) or repression (H3K27me3,
H3K9me3) of transcription. We looked for peaks (Fig. 4C; Supple-
mental Table S4) as well as for the overall methylation levels (Fig.
4D; Supplemental Fig. S8; Supplemental Table S5) around TSSs
for each of these modifications. When compared to all genes,
the set of misregulated genes was significantly enriched for
H3K27me3 in both sperm and spermatids (Fig. 4C). However,
since H3K27me3 was present in both sperm and spermatids, it
suggests that this repressive mark alone cannot explain the differ-
ence in gene expression observed in sperm- and spermatid-derived
embryos.

Interestingly, histone marks associated with active transcrip-
tion (H3K4me2/3) showed an enrichment at promoters of mis-
regulated genes in spermatids but not in sperm (Fig. 4C,D),
providing a plausible explanation for the up-regulation of these
genes in spermatid-derived embryos.

Coexistence of H3K4me2/3 and H3K27me3 in spermatids
correlates with embryonic gene up-regulation

The epigenetic features analyzed (histone marks, DNA methyla-
tion, and nucleosome occupancy) can individually provide a
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Figure 3. Transcription of developmentally important genes is misregulated in spermatid-derived embryos compared to sperm-derived embryos. (A)
Schematic representation of paternally derived haploid embryos generated by UV enucleation of eggs followed by intra-cytoplasmic sperm injection
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ulated) in spermatid-derived embryos. Heat map representing log fold-change in expression levels of the 100 genes (rows) misregulated in spermatid ver-
sus sperm gastrula embryos (FDR < 0.05; red: up-regulated; blue: down-regulated in spermatid) across seven independent experiments (columns). (D)
Developmentally important gene ontology terms enriched in the list of misregulated genes (P-value < 0.05). (E) Up-regulation of genes in spermatid-de-
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Figure 4. Genes that are misregulated in spermatid-derived embryos have different epigenetic features in sperm and spermatid. (A) Genome-wide av-
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nome-wide (GW) and at misregulated genes (Mis). (*) P-value <0.05 (x? test). (D) Heat maps representing H3K27me3, H3K4me3, H3K4me2, and
H3K9me3 overall levels (see Supplemental Material and Supplemental Fig. S8) at misregulated genes in sperm (first column) and spermatid (second col-
umn). Each map is sorted according to the signal in spermatid. Boxplots show the distribution of methylation levels across misregulated genes. (*) P-value <
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possible explanation for the observed differences in expression der to identify such interactions, we have performed a partial cor-
in sperm- and spermatid-derived embryos. However, complex relation analysis. In this analysis, all the measured parameters
interactions involving more than one epigenetic feature might are assessed simultaneously to produce maps indicating the way
better explain this differential embryonic gene expression. In or- epigenetic features associate with each other and with gene
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expression. The aim of such analysis is to extract more general
principles describing the paternal epigenetic program underlying
gene expression and identify which epigenetic features are likely
to have the strongest contribution to embryonic gene expression.
We applied the partial correlation analysis to identify links be-
tween the measured epigenetic features in sperm and the expres-
sion of the misregulated genes in sperm-derived embryos (Fig.
5A), or between the measured epigenetic features in spermatid
and their expression in spermatid-derived embryos (Fig. 5SB). We
observed that sperm H3K4me2/3 and embryonic gene expression
were positively associated, whereas sperm H3K27me3, H3K9me3,
and DNA methylation are negatively linked to embryonic gene ex-
pression (Fig. 5A). Interestingly, activating H3K4me2/3 and repres-
sive H3K27me3 marks in spermatids were positively linked to gene
expression in spermatid-derived embryos, and at the same time
they were also strongly associated with each other (Fig. 5B).
These associations were also observed when performing a similar
analysis using an extended set of misregulated genes obtained
by relaxing the selection parameters from FDR < 0.05 (255 genes)
to FDR<0.4 and |logFC|>0.2 (1116 genes). The use of this ex-
tended set increased the predictive power of the analysis and
showed stronger links between the features tested within an overall
similar network (Supplemental Fig. S9). Therefore, the difference
between sperm- and spermatid-derived embryos is best explained
by the fact that, in contrast to sperm, where H3K27me3 is overrep-
resented at genes differentially expressed in haploid embryos, in
spermatids H3K27me3 coexists with H3K4me2/3 on these genes,

A sperm

// -

Nucl.Occup.

DNAmeth.

Expr.Embryo

thereby contributing to their up-regulation in spermatid-derived
embryos.

We checked whether the observed distribution of H3K4me2/
3 and H3K27me3 on the misregulated genes of Xenopus sperm was
a conserved feature across species. For that purpose, we investigat-
ed how these histone marks were distributed in human sperm
(Hammoud et al. 2009) on human orthologs of the Xenopus mis-
regulated genes. We observed that, similarly to Xenopus sperm,
human sperm showed an enrichment for H3K27me3 on misregu-
lated genes (Fig. 5C). Additionally, misregulated genes did not
exhibit any enrichment over the genome-wide distribution for
H3K4me2 in both species. This indicates a conservation of sperm
epigenetic features on these genes in the two species.

We next tested if paternally derived H3K4me2/3 and
H3K27me3 were indeed involved in patterning embryonic gene
expression.

Paternal H3K4me2/3 and H3K27me3 influence
embryonic gene expression

To test the function of epigenetic marks from sperm or spermatid
chromatin on the regulation of embryonic transcription, we exper-
imentally removed these marks in embryos (Fig. 6A; Supplemental
Fig. S10). mRNAs encoding histone demethylases or control
mRNAs were first injected into immature oocytes. After allowing
24 h for the enzymes to be expressed, the oocytes were in vitro-ma-
tured into eggs (IVM) and injected with sperm or spermatids

B spermatid

RN

H3KSme3

H3K27me3 [amra

DNAmeth.

\,/ —
\

C
Number of X. laevis orthologs of human genes with H3K27me3 and H3K4me2 marks in sperm
Number Number (%) of Number (%) of
of genes H3K27me3-positive genes H3K4me2-positive genes
All orthologs o o
(X. Iaevis to human) 8812 1140 (13%) 2469 (28%)
Misregulated genes 54 18 (33%) * 12 (22%)

orthologs

Figure 5. H3K27me3 target genes that lose H3K4me2/3 in sperm compared to spermatids are misregulated in spermatid-derived embryos. (4,B)
Differential gene expression between sperm- and spermatid-derived embryos best correlates with differential H3K4me2/3 and H3K27me3 marking in
sperm and spermatids. Partial correlation network between all tested epigenetic features of the paternal chromatin (4, sperm; B, spermatid) and gene ex-
pression in the corresponding embryos. Edges (lines) represent positive (red) or negative (blue) partial correlations. Edges thickness: strength of the partial
correlations. (C) H3K4me2 and H3K27me3 marking on misregulated genes is conserved between Xenopus and human sperm. As compared to all ortho-
logs, the misregulated orthologs are enriched for H3K27me3 marks over the genome-wide average in human sperm (x? test, [*] P-value < 0.05). No sta-
tistical enrichment for H3K4me2 on misregulated genes as compared to the genome-wide average is observed in human sperm.
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Figure 6.

Paternal genome marking by H3K4me2/3 and H3K27me3 is required for gene expression in the embryos. (A) Histone demethylase expression

assay. (B) MA plot showing log fold-change (logFC, y-axis) in gene expression between Kdm5b (H3K4me2/3 demethylase)- versus control mRNA-injected
embryos, against log counts per million (logCPM, x- axis) Red dots: genes differentially expressed (FDR < 0.05); N =4 independent experiments. (C) Venn
diagram of down-regulated genes upon KDM5B expression in sperm- (blue) and spermatid-derived (green) embryos. (D) Percentages of genes down-reg-
ulated upon KDMS5B expression in embryos that show H3K4me2/3 and H3K27me3 promoter peaks in the paternal cell. () P-value < 0.05 (3 test); 1: over-
represented when compared to genome-wide distribution. (E) Proportion of misregulated genes affected in each demethylase expression assay. (*) P-value
<0.05 (? test). (F) Same as Bfor KDM6B (H3K27me3 demethylase) expression. (G) Same as C with genes up-regulated upon KDM6B expression. (H) Same
as D for genes up-regulated upon KDM6B expression. (/) Model of epigenetic programming of sperm for the regulation of embryonic transcription.
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(ICSI). The resulting embryos were collected at the gastrulation
stage for RNA-seq analysis. In this protocol, histones from both
maternal and paternal chromatin are demethylated when the em-
bryo is generated. By comparing embryos produced with different
paternal chromatin (sperm or spermatid), we can evaluate the
effect of paternal epigenetic mark removal on embryonic gene
expression.

We first expressed the H3K4me2/3 demethylase, KDMS5B. As
expected, removal of the activating H3K4me2/3 marks led to gene
down-regulation: 68% (1893 genes) and 80% (1392 genes) of all
differentially expressed (FDR<0.05) genes were down-regulated
in sperm- and spermatid-derived embryos, respectively (Fig. 6B;
Supplemental Table S6). Importantly, genes down-regulated in
sperm-derived embryos showed only limited overlap with those
down-regulated in spermatid-derived embryos (Fig. 6C). This indi-
cates a paternal chromatin-dependent effect of H3K4me2/3 re-
moval on embryonic gene expression. Additionally, among the
genes affected by H3K4me2/3 removal in sperm- and spermatid-
derived embryos, the misregulated genes are overrepresented, indi-
cating that paternal H3K4me2/3 specifically regulates this set of
genes (Fig. 6E). Interestingly, the genes down-regulated in sperma-
tid-derived embryos are enriched for H3K4me2/3 in spermatids
(Fig. 6D). These observations are in agreement with the hypothesis
that the loss of H3K4me2/3 from H3K27me3 marked genes during
the spermatid to sperm maturation is necessary for their proper ex-
pression in embryos.

To further validate this hypothesis, we tested the influence of
paternal H3K27me3 by overexpressing the H3K27me3 demethy-
lase KDM6B (Fig. 6A). In accordance with its repressive function,
removal of H3K27me3 at fertilization led to up-regulation of genes
at gastrulation in both sperm- and spermatid-derived embryos.
Eighty-seven percent (487 genes) and 76% (173 genes) of differen-
tially expressed genes (FDR<0.05) were up-regulated in sperm-
and spermatid-derived embryos, respectively (Fig. 6F; Supplemen-
tal Table S6). Again, there was only a partial overlap between genes
affected by KDM6B in sperm- and spermatid-derived embryos
(Fig. 6G), indicating that this effect is paternal chromatin-depen-
dent. The affected genes were marked by H3K27me3 in the corre-
sponding paternal cells (Fig. 6H). Additionally, upon H3K27me3
demethylation, about five times more genes were specifically up-
regulated in sperm- than in spermatid-derived embryos (402 ver-
sus 88 genes). This suggests that the programming of genes for em-
bryonic expression in the paternal chromatin relies on the
establishment of an effective H3K27me3-mediated repression at
the spermatid to sperm transition. Lastly, the misregulated genes
are enriched among the genes affected by the H3K27me3 removal,
indicating that paternal H3K27me3 specifically regulates this set of
genes (Fig. 6E).

Discussion

Previous work characterizing the epigenetic features of sperm in
zebrafish, mouse, and human has revealed the presence of modi-
fied histones around genes involved in embryonic development
(Hammoud et al. 2009; Brykczynska et al. 2010; Wu et al. 2011).
In these species, the presence of activating (H3K4me3) and repres-
sive (H3K27me3) histone marks in sperm correlated with gene ex-
pression in the early embryos (Hammoud et al. 2009; Brykczynska
et al. 2010; Wu et al. 2011). In this work, we have used a compar-
ison of sperm and its immediate precursor, the spermatid, to inves-
tigate the functional relationship between histone marks and gene
expression.

Our analysis shows that, similar to what has been observed in
mouse (Kimura and Yanagimachi 1995; Kishigami et al. 2004),
spermatids are not as good at supporting development as sperm.
Second, we tested several hypotheses proposed to explain the
developmental advantage of sperm over spermatids. We have
ruled out the hypothesis that spermatids are less efficient than
sperm at supporting replication. Instead, we found evidence sup-
porting the hypothesis that sperm is programmed to support prop-
er embryonic expression of genes encoding important embryonic
regulators (Fig. 3). Importantly, overexpression and knockdown
studies of several of these genes have shown embryonic develop-
mental defects reminiscent of what is observed in spermatid-de-
rived embryos (sfrp2 [Lee et al. 2006]; thx3 [Weidgang et al.
2013]; foxa2 [Suri et al. 2004]; otx2 [Yasuoka et al. 2014]). These ob-
servations suggest that misexpression of this set of genes is the
cause of the developmental defect observed in spermatid-derived
embryos. We also showed that the developmental advantage of
sperm over spermatids is maintained in haploid, paternally de-
rived embryos, indicating that the effect observed is independent
of the presence of the maternal genome. To our knowledge, this is
the first time that these two hypotheses, developmental advantage
related to ability to support replication versus transcription, have
been rigorously tested.

These analyses allowed us to conclude that sperm is not mere-
ly a carrier of DNA, but that it also contributes epigenetic informa-
tion required for proper embryonic gene expression. We then
focused our analysis on the sperm chromatin as it represents the
most likely vector of such epigenetic information.

During spermiogenesis in Xenopus laevis, core histones H3 and
H4 are retained, whereas ~90% of core histones H2A and H2B are
lost (Risley and Eckhardt 1981). This leaves Xenopus sperm with
~10% of the amount of nucleosomal content of a spermatid. This
level of histone retention in sperm is higher than that of mouse
(~1%) (Brykczynska et al. 2010), lower than that of zebrafish
(~100%) (Wu et al. 2011), and similar to that of human (~10%)
(Brykczynska et al. 2010). Nucleosome retention in vertebrates
therefore seems to show a degree of variation among species. The
epigenetic analysis of Xenopus sperm provided here extends the rep-
ertoire of characterized higher vertebrate sperm chromatin and
identifies conserved chromatin features relevant to developmental
programming. In that respect, we observed that the programm-
ing of sperm for embryonic gene expression entails a loss of
H3K4me2/3 marking at H3K27me3 target genes during spermatid
to sperm maturation (Fig. 6I). We showed that the set of genes
programmed for embryonic expression during Xenopus sperm
maturation had similar epigenetic features in Xenopus and human
sperm (Figs. 4C, 5C). So, despite the existence of a hugely variable
degree of histone retention in sperm among species, this points
toward the existence of universal mechanisms preparing sperm
for participation in the normal development of vertebrate embryos.

To functionally test the role of sperm epigenetic marks on em-
bryonic gene expression, one would ideally like to erase these marks
from the sperm nucleus immediately prior to the generation of em-
bryos. Chromatin of mature sperm is highly condensed and inac-
cessible, making enzymatic treatments to alter the epigenetic
marks inefficient. Alternative strategies have been developed to
use such enzymes either during the process of spermiogenesis,
prior to full maturation of sperm (Siklenka et al. 2015), or at fertil-
ization when the sperm chromatin becomes accessible again
(used in this study). In mouse, the former strategy has been used
to overexpress the H3K4/H3K9 demethylase KDMIA in germ
cells. Embryos generated with sperm from animals overexpressing
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KDM1A exhibited developmental defects which were transmitted
for several generations in the absence of exogenous KDM1A. This
analysis demonstrated the existence of epigenetic instruction de-
livered by sperm to the embryos and transmitted through several
generations. However, the overexpression of KDM1A very early
in the process of sperm differentiation leads to numerous ab-
normalities in sperm—for example, the presence of additional
mRNAs (Siklenka et al. 2015). These abnormalities are indirect ef-
fects of the overexpression of KDM1A early in the process of sperm
differentiation. For that reason, it has been difficult to link the dif-
ference in gene expression and associated developmental defects to
particular epigenetic changes in sperm. The approach we describe
here complements and extends previous analyses. First, by compar-
ing the epigenetic profiles of sperm and spermatids to differential
gene expression in sperm- and spermatid-derived embryos, we
identified H3K4me2/3 and H3K27me3 as candidate marks respon-
sible for the programming of genes. We then tested this hypothesis
by demethylating the chromatin using KDM6B (H3K27 demethy-
lase) or KDMSB (H3K4 demethylase) in embryos generated with
sperm or spermatids. Importantly, in our experimental setup,
both sperm and spermatids used had been through a normal differ-
entiation process. Removal of H3K4me2/3 at fertilization affects
different sets of genes in sperm- and spermatid-derived embryos.
Genes affected in sperm-derived embryos are enriched for
H3K27me3, whereas genes affected in spermatid-derived embryos
are enriched for H3K4me2/3. This indicates the importance of
H3K4me2/3 dynamics at the transition from spermatid to sperm
for patterning of the future embryonic gene expression. One hy-
pothesis to explain the sensitivity of sperm H3K27me3-marked
genes to H3K4me2/3 removal would be that these genes acquire
H3K4 methylation following fertilization. Our analysis also sug-
gests a conserved role for these marks in Xenopus and mouse
(Siklenka et al. 2015). Additionally, we also demonstrated that
removal of H3K27me3 at fertilization affects the embryonic expres-
sion of genes that are marked by H3K27me3 in sperm/spermatids.
Recent reports probing histone modifications distribution in
mouse and human sperm suggested that these epigenetic marks oc-
curred mostly on repetitive regions of the genome rather than
genes (Carone et al. 2014; Samans et al. 2014). These observations
put into question the possibility that such marks would influence
gene expression in embryos. By providing a functional test of the
need for histone modifications for embryonic gene expression,
our analysis, together with that of Siklenka et al., clearly shows
that, regardless of their genomic location, sperm-delivered modi-
fied histones are important regulators of expression in future em-
bryos (Siklenka et al. 2015).

Further investigations into the nature of sperm program-
ming, especially the requirement of other epigenetic marks and
their cross-talk in the patterning of embryonic expression, will pro-
vide a better understanding of the transgenerational inheritance of
epigenetic traits via gametes and could shed light on the mecha-
nisms underlying male infertility and other diseases in humans.

Methods

All the experiments involving the use of animals were conducted
according to the regulatory standards of the funding bodies.

Separation of sperm and spermatids

For each round of sperm and spermatid purification, testes from six
adult Xenopus laevis males were isolated and manually cleaned
from blood vessels and fat bodies in 1 x MMR (100 mM NacCl, 2

mM KCl, 2 mM CacCl,, 1 mM MgCl,, 5 mM HEPES, pH 7.4) using
forceps and paper tissues. It is crucial to clean the testes well from
any nontesticular tissues, as otherwise the cells released from the
tissues may negatively affect the final purity of isolated cells.
Subsequently, testes were torn into small pieces with forceps and
homogenized with 2-3 strokes of a Dounce homogenizer (tissue
from one testis at a time). The cell suspension was then filtered
to remove tissue debris and cell clumps (CellTrics, cat. 04-0042-
2317) and spun down at 800 rcf, 4°C, for 20 min. Supernatant
was discarded and the cell pellet was resuspended in 12 mL of 1 x
MMR. If any red blood cells were visible at the bottom of the pellet
(a result of incomplete removal of blood vessels), only the uncon-
taminated part of the pellet was recovered, taking extreme care
not to disturb the red blood cells. Subsequently, step gradients of
iodixanol (Optiprep; Sigma, D1556; 60% iodixanol in water) in
1xMMR final were manually prepared in prechilled 14 mL ultra-
clear centrifuge tubes (Beckman Coulter, #344060) in the following
order from the bottom to the top of the tube: 4 mL of 30% iodixa-
nol, 1 mL of 20% iodixanol, 5 mL of 12% iodixanol (all in 1 x
MMR), and 2 mL of cell suspension in 1 x MMR on top. Gradients
were spun down in a prechilled SW40Ti rotor at 7500 rpm
(10,000g), 4°C, for 15 min, deceleration without brake (Beckman
Coulter Ultracentrifuge, Optima L-100XP). The top interface frac-
tion (between 1 x MMR and 12% iodixanol), containing sperma-
tids, and the pelleted fraction, containing mature sperm, were
collected. Collected fractions were diluted six times with 1 x
MMR and collected by spinning first at 805 rcf, 4°C, for 20 min
andrespinning at 3220 rcf, 4°C, for 20 min to pellet remaining cells.
Pelleted cells were subjected to nuclei preparation (see below).

Sperm and spermatid nuclei preparation, intra-cytoplasmic
sperm injections to nonenucleated and to enucleated eggs
and embryo culture

Sperm and spermatid nuclei were permeabilized as described be-
fore (Smith et al. 2006) and stored at —80°C. Injections were per-
formed using a Drummond Nanoject microinjector (Nanojectll
Auto Nanolitre Injector, Biohit, 3-00-206A) and glass capillaries
(Biohit, 3-00-203-G/XL) pulled using a Flaming-Brown micropi-
pette puller (settings: heat 700, pull 100, velocity 100, time 10).
The cell suspension was sucked into the injection needle filled
with mineral oil. Cells were injected in sperm dilution buffer
(SDB) (Smith et al. 2006), and cell concentration was adjusted by
doing mock injections on a microscope slide to deliver one cell
per 4.6 nL injection. The eggs were placed in batches of 20-25
on a blotting paper. If they were to be enucleated, they were placed
with the animal pole facing upward, whereas if they were not sub-
jected to enucleation, they were placed on a side (with the margin-
al zone upward). For enucleation, eggs were treated for 30 sec with
a UV mineralite lamp (Gurdon 1960) (this step was omitted for
nonenucleated eggs). Jelly was removed by a 5-sec Hanovia lamp
treatment. The eggs were immediately injected with sperm or
spermatid solution and moved to 1 x MBS (Gurdon 1976) supple-
mented with 0.2% bovine serum albumin (BSA). The cell sus-
pension in the needle was replaced every 20-25 batches of eggs
injected. At the four-cell stage, embryos were sorted (all the non-
cleaved embryos or those with irregular cleavage furrows were
discarded) and the culture media replaced with 0.1 x MBS, 0.2%
BSA. Embryos were cultured in 0.1 x MBS, 0.2% BSA (changed dai-
ly) in a 16°C-18°C incubator. Assessment of developmental stages
was performed according to Nieuwkoop and Faber (Nieuwkoop
and Faber 1994). Using this table, matching gastrula embryos
from the various experimental groups were collected at stage
10'/2-11 and processed for gene expression analysis (see Supple-
mental Data procedures for details).
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Interphase egg extract preparation

Eggs were collected in 1 x MMR, de-jellied with 0.2 x MBS, 2% cys-
teine (pH 7.8-7.9) (Sigma, #W326305) and washed with 0.2 x
MMR. Subsequently, eggs were activated for 3 min at room temper-
ature (RT) with 0.2 x MMR supplemented with 0.2 pg/mL calcium
ionophore (Sigma, #C7522). Eggs were rinsed with 0.2 x MMR,
and subsequently all abnormal or not activated eggs were re-
moved. Eggs were washed with 50 mL of ice-cold extraction buffer
(EB) (5 mM KCI, 0.5 mM MgCl,, 0.2 mM DTT, 5 mM HEPES,
pH 7.5) supplemented with protease inhibitors (PI) (Roche,
#11873580001), transferred into centrifugation tubes (Thinwall,
Ultra-Clear, 5 mL, 13 x 51-mm tubes, Beckman, #344057), sup-
plemented with 1 mL of EB buffer with PI and 100 pg/mL of
cytochalasin B (Sigma, #C2743), and placed on ice for 10 min.
Subsequently, eggs were spun briefly at 350¢ for 1 min at 4°C
(SWSSTi rotor, Beckman Coulter Ultracentrifuge, Optima L-
100XP), and excess buffer was discarded. Eggs were then spun at
18,000¢ for 10 min at 1°C, the extract was collected with a needle,
transferred to a fresh, prechilled tube, supplemented with PI and
10 pg/mL of cytochalasin B, and respun using the same condi-
tions. Extract was collected with a needle and used fresh for the
replication assay (see below).

Replication in egg extracts and sample preparation
for analysis of DNA fibers

Replication on single DNA fibers was performed as described
before (Gaggioli et al. 2013) with slight modifications. Freshly pre-
pared egg extracts were supplemented with 20x energy regenera-
tion mix: 2 mg/mL creatine kinase (Roche, #10127566001), 150
mM creatine phosphate (Roche, #10621714001), 20 mM ATP
(Roche, #10519979001), 2 mM EGTA, 20 mM MgCl,, and with
20 uM biotin-16-dUTP (Roche, #11093070910). Permeabilized
cells were added to a final concentration of 200 nuclei/pL of ex-
tract and incubated at RT for 2 h (tapping every 10 min). The reac-
tion was stopped by adding 10 volumes of ice-cold 1 xPBS
(phosphate buffer saline: 137 mM NacCl, 2.7 mM KCI, 10 mM
Na,HPO,4 x 2H,0, 2 mM KH,POy), and cells were spun down at
1000g, 4°C, for 7 min. Cells were resuspended in 50 pL of 1 x PBS
and mixed immediately with 50 pL of melted (at 65°C) 2% low
melting point agarose (Invitrogen, #16520050) in 1 x PBS. After
solidification, the agarose plug was incubated overnight (O/N) at
50°C with 1 mL 0.5M EDTA, pH 8, 100 pL 10% sarkosyl (Sigma,
#L5125), 1 mg/mL Proteinase K (New England Biolabs,
#P8102S), followed by three washes in TE pH 6.5. Subsequently,
the plug was incubated twice in TE supplemented with 0.1 mM
PMSEF (Sigma, #93482) for 30 min at 50°C and washed four times
with 1 mL of 50 mM MES (Sigma, #69889), pH 6.35, 1 mM
EDTA (1 h at RT each wash). Then, the solution was removed;
the plug was melted in 400 puL of MES pH 6.35, 1 mM EDTA at
68°C for 20 min, and the agarose was digested with 2 units of B-
agarase (New England Biolabs, #M0392S) O/N at 42°C.

Analysis of replication on single DNA fibers

Silanized coverslips were prepared as described before (Labit et al.
2008). Thirty microliters of replicated DNA solution was pipetted
onto a silanized coverslip, covered with a nonsilanized coverslip,
and incubated for 5 min at RT. Subsequently, the top coverslip
was slid away to stretch DNA fibers and the silanized coverslip
with stretched fibers was fixed in a 3:1 solution of methanol:g
lacial acetic acid for 10 min, RT. The fibers were then denatured
with 2.5 M HCI (1 h, RT) and dehydrated by washes in 70% etha-
nol, 90% ethanol, and 100% ethanol (1 min for each wash).
Subsequently, the coverslip was dried, washed three times in

PBS, 0.1% Tween (Sigma, #P5927) (S min for each wash) and
blocked in 3% BSA in PBS (1 h, RT). All antibodies were diluted
in PBS, 3% BSA, 0.1% Tween. Total DNA was detected simultane-
ously with replicated DNA with primary antibodies: anti-DNA an-
tibody (Millipore, #MAB3034) 1:300 dilution, and streptavidin-
Alexa 594 antibody 1:50 to detect biotin (Invitrogen, #S-11227)
for 30 min at 37°C. Primary antibodies were washed away with
PBS, 0.1% Tween (four washes) and detected with secondary anti-
bodies diluted 1:50: chicken anti-mouse Alexa 488 (Invitrogen,
#A-21200) and biotinylated antibody anti-streptavidin (Vector
Labs, #BA-0500) for 30 min, 37°C. After four washes in PBS,
0.1% Tween, a tertiary detection was performed with antibodies
diluted 1:50: goat anti-chicken Alexa 488 (Invitrogen, #A-11039)
and streptavidin-Alexa 594 for 30 min, 37°C. The coverslip was
washed three times with PBS, 0.1% Tween, three times in PBS,
mounted on a microscope slide with a mounting medium (50%
glycerol in PBS), and sealed with nail polish. Images were acquired
with a Zeiss 510 META confocal LSM microscope. Image analysis
was performed in ImageJ; the amount of replicated DNA and total
DNA was measured individually on single DNA fibers.

RNA extraction and preparation of cDNA library for sequencing

Spermatid (1 million) or a pool of five stage 10.5-11.5 embryos
were collected and frozen at —80°C. RNA extractions were per-
formed using a Qiagen RNeasy Mini Kit according to the manufac-
turer’s protocol. RNA was eluted in 50 pL of DEPC H,O and used to
generate cDNA sequencing libraries using an Illumina TruSeq Kit
(#RS-122-2001), according to the manufacturer’s protocol.

mRNA injection to one-cell embryos

Mouse KDM6B (aa1025-1642) or KDMS5B (aal-770) were cloned
using the p-Entry cloning system (Invitrogen, #K2400-20 and
11791-020) into a pCS2+ plasmid with a C-terminal HA-tag and
NLS-tag. mRNA was synthesized in vitro using a MEGAscript
SP6 Kit (Ambion, AM1330M) following the manufacturer’s in-
structions. Eggs were in vitro—fertilized and de-jellied using a 2%
cysteine solution in 0.1 x MMR. Injections into one-cell stage em-
bryos were performed in injection solution (Smith et al. 2006) us-
ing a Drummond Nanoject microinjector, delivering 9.2 ng of
mRNA per injection (mRNA at 1 mg/mL in DEPC H,0O). Embryos
were cultured at 18°C and collected for Western blot analysis at
stage 21 (Nieuwkoop and Faber 1994). Western blot analyses
were performed on 12% polyacrylamide gels using antibodies
against H3K27me3 (Cell Signalling, #9733), H3K9me2/3 (Cell
Signalling, #5327), H3K4me2/3 (Abcam, #8580), H4 (Abcam,
#31830), and against H3 (Abcam, #18521)

Preparation of ChIP-seq samples

Sperm and spermatids were separated as described above.
Chromatin fractionation and chromatin immunoprecipitation
(ChIP) were performed as described before (Erkek et al. 2013;
Hisano et al. 2013) with slight modifications. Pretreatment of
sperm cells with DTT was omitted, and chromatin was digested
with 2.5 U of MNase/1 million of cells (Roche, #12533700)
for 30 min at 37°C. The following antibodies against histone
marks were used in the study: anti-H3K4me2 (Millipore,
#07-030), anti-H3K4me3 (Abcam, #ab8580), anti-H3K4me3
(Millipore, #CS200580), anti-H3K27me3 (Millipore, #07-449),
anti-H3K27me3 (kind gift from Dr. Thomas Jenuwein), and anti-
H3K9me3 (Abcam, #ab8898). Before ChIP, primary antibodies
were bound to magnetic beads conjugated with secondary anti-
body (Invitrogen, #11204D) according to the manufacturer’s pro-
tocol, and all wash steps in the protocol were carried out with a
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magnet, instead of centrifugation. Bound DNA was isolated, sepa-
rated by electrophoresis, and mononucleosomal bands from
sperm and spermatids were excised and subjected to library prepa-
ration with a TruSeq DNA Kit (Illumina, #FC-121-2001). For the
generation of the input sample, 5%-10% of the MNase-digested
chromatin was collected, and the same purification scheme
was followed as with the immunoprecipitated chromatin prior
to library preparation with a TruSeq DNA Kit (Illumina, #FC-121-
2001).

Preparation of MBD-seq samples

Sperm and spermatid chromatin were separated as described
above, and 200 ng of digested genomic DNA were used to purify
methylated DNA using the Methyl Collector TM Ultra Kit
(Active Motif, #55005). The purification was carried out according
to the manufacturer’s instructions, using the low salt buffer to
wash the bead-methyl DNA complexes. The purified methylated
DNA and the input DNA were then subjected to library preparation
with the TruSeq DNA Kit (Illumina, #FC-121-2001).

Sequencing data analysis

Details of the sequencing data analysis methods used in this study
are described in the Supplemental Material.

Data access

All ChIP-seq, RNA-seq, MBD-seq, and MNase-seq data sets from
this study have been submitted to the NCBI Gene Expression
Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo/) under acces-
sion number GSE75164.
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Abstract

Precise cell-specific spatio-temporal molecular
signaling cascades regulate the establishment
and maintenance of pregnancy. Importantly,
the mechanisms regulating uterine receptivity,
conceptus apposition and adhesion to the
uterine luminal epithelia/superficial glandular

successful pregnancy in humans, rodents,
sheep, and pigs. Improving understanding of
the molecular mechanisms governing these
processes is critical to enhancing the fertility
and reproductive health of humans and live-
stock species.
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epithelia and, in some species, invasion into
the endometrial stroma and decidualization of
stromal cells, are critical prerequisite events
for placentation which is essential for the
appropriate regulation of feto-placental growth
for the remainder of pregnancy. Dysregulation
of these signaling cascades during this critical
stage of pregnancy can lead to pregnancy loss, BH4
impaired growth and development of the CE
conceptus, and alterations in the transplacental CGB
exchange of gasses and nutrients. While many CL
of these processes are conserved across CST3
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placentation exist. This review addresses the
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2.1 Introduction

The establishment and maintenance of pregnancy
requires a series of complex and concerted events
to maximize the likelihood of a successful out-
come of pregnancy (Bazer et al. 2011). This
intricate process is reliant upon precise cell-
specific spatio-temporal molecular signaling
between the developing conceptus (embryo and
associated placental membranes) and the uterine
endometrium during conceptus elongation,
adhesion, apposition, attachment, and formation
of a functional placenta. While many of these
processes are conserved across species, signifi-
cant variations in the molecular mechanisms
governing maternal recognition of pregnancy,
conceptus implantation, and placentation exist.
Dysregulation of these signaling cascades during
this critical stage of pregnancy can lead to
pregnancy loss, impaired growth and develop-
ment of the conceptus, and alterations in the
transplacental exchange of gasses and nutrients
(Bazer and Johnson 2014; Wu 2022). This
review addresses the complexity of key mecha-
nisms that are critical for the establishment and
maintenance of a successful pregnancy in
humans, rodents, sheep, and pigs. Improving
understanding of the molecular mechanisms
governing these processes is critical to enhancing
the fertility and reproductive health of humans
and livestock species.
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2.2 Fertilization and Embryonic
Development to the Blastocyst
Stage in Mammals

In all mammals, fertilization occurs in the oviduct
when oocytes from the mammalian ovary fuse
with sperm from the male to produce a one-cell
embryo (the zygote) with a diploid (maternal and
paternal) set of chromosomes. The zygote and
embryo in the early stages of development are
within the zona pellucida; a protective membrane
composed mostly of glycoproteins (Wassarman
1988). The zygote goes through rapid cell divi-
sion to the 2-cell, 4-cell, 8-cell, and so on to form
a 32- to 64-cell stage embryo known as a morula.
Thereafter, in addition to continued proliferation
of cells, the cells segregate and differentiate to
form either the embryonic disc (also known as the
inner cell mass) or trophectoderm, and those
entities surround a blastocoel into which nutrients
are transported. The free-floating blastocyst must
emerge, a process known as “hatching” from the
zona pellucida (Wassarman and Litscher 2008).
This involves proteases and glycosidases that
allow rupture of the zona pellucida and emer-
gence of the blastocyst so that it can expand in
preparation for implantation on the epithelial
lining of the uterine lumen.

Here, we will discuss this process in more
detail for humans and rodents in which the blas-
tocyst, in a spherical form, invades into the uter-
ine endometrium to gain access to maternal blood
for the exchange of nutrients and gases, i.e., car-
bon dioxide and oxygen. In contrast, blastocysts
of sheep and pigs undergo a rapid and unique
transformation from a spherical form to a tubular
form and then a greatly elongated filamentous
form without invading into the endometrium.
Blastocysts elongate from 10 mm spheres to
250 mm filamentous forms in sheep and up to
1,000 mm elongated forms in pigs (Bazer 2013).
Elongation of the trophectoderm is essential for
creating a large surface area for uptake of nutri-
ents and exchange of gases. The following sec-
tions will provide details of species-specific
mechanisms for pregnancy recognition signaling,
conceptus development, and implantation.

2.3 Pre-Implantation Conceptus
Development in Humans,
Sheep, Pigs, and Rodents

2.3.1 Pregnancy Recognition

Signaling

For pregnancy to be established and maintained,
the conceptus (embryo and its extra-embryonic
membranes) must provide a hormonal signal for
maternal recognition of pregnancy (Spencer and
Bazer 2004). The estrous cycle of subprimate
species is uterine-dependent because the uterus is
the source of prostaglandin F,, (PGF), the lute-
olytic hormone responsible for functional and
structural regression of the ovarian corpus luteum
(CL) (Stouffer 1988). With regression of the CL
and decreasing concentrations of progesterone
(P4) in the circulation, the estrous or menstrual
cycle begins anew. In primates, however, the
menstrual cycle is uterine-independent as lute-
olytic PGF is from an intra-ovarian source
(Stouffer et al. 2014). While differences in the
maternal recognition of pregnancy signals exist
among species, they are from conceptus tro-
phectoderm to maternal uterus or ovarian corpora
lutea (CL). These signals from the conceptus are
either anti-luteolytic, i.e., they prevent the release
of luteolytic PGF from the uterus, or they are
luteotrophic and act directly on the CL to prevent
luteolysis (Spencer and Bazer 2004).

2.3.2 Pregnancy Recognition
Signaling in Humans

Pregnancy recognition signals are required to
extend the lifespan of the CL that produces P4,
the hormone required for the establishment and
maintenance of pregnancy. For primates, the CL
is the sole source of P4 until the time of the
luteal-placental shift when production of P4 by
the placenta is sufficient to support pregnancy
(Stouffer and Hearn 1998; Fazleabas et al. 2004).
Three to four days following ovulation in pri-
mates, morula stage embryos enter the uterus,
hatch from the zona pellucida, and initiate
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implantation, with trophectoderm cells attaching
to uterine luminal epithelium (LE) 7-9 Days
post-ovulation in humans. In primates, the pro-
duction of chorionic gonadotrophin beta
(CGB) by trophectoderm of blastocyst signals
maternal recognition of pregnancy and acts via
the receptor for Luteinizing Hormone (LHCGR)
(Srisuparp et al. 2001). In all primates, CGB is
detectable in maternal blood around the time of
implantation, with a peak in, concentrations
during the first trimester, before decreasing dur-
ing late gestation. The expression of CGB
mRNA has been detected in both 8-cell embryos
and hatched blastocysts from women (Bonduelle
et al. 1988; Syrkasheva et al. 2017).

In the human trophoblast, gonadotropin-
releasing hormone 1 (luteinizing-releasing hor-
mone) (GNRHI1) from the uterus is believed to
regulate the production of CGB, as receptors for
GNRHI1 (GNRHR) are expressed by trophecto-
derm. GNRH agonists and antagonists enhance
and suppress secretion of CGB, respectively,
suggesting a pivotal regulatory role of GNRH in
the production of CGB. Additionally, inhibin,
activin, steroids, and P4, from the ovary and/or
placenta, may regulate production of CGB. The
secretion of CGB is critical for CL. maintenance
in early pregnancy; however, around the time of
the luteal-placental shift in P4 production, the
production of CGB decreases. Immunization of
primates with modified forms of CGB results in
infertility, but the immunized animals continue to
exhibit normal menstrual cycles. Further,
administration of exogenous CGB increases the
production of P4 while extending the lifespan of
the CL in women.

2.3.3 Pregnancy Recognition
Signaling in Rodents

Laboratory rodents are spontaneously ovulating,
non-seasonal, polyestrous mammals, with short-
generation intervals, making them valuable and
extensively utilized animal models for studies of
conceptus growth and development. Rodents
have estrous cycles of 4-5 days in length that
include proestrus (12—14 h), estrus (25-27 h),
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metestrus (6-8 h), and diestrus (55-57 h) (Free-
man et al. 1974; Soares et al. 2007). The CL of
cyclic rats and mice, initially secrete P4 for two
days. Pulses of prolactin from the anterior pitu-
itary gland are produced following vaginal
stimulation to allow the CL to become fully
functional and produce P4. Newly formed CL are
maintained in rats through metestrus of the fol-
lowing cycle, after which time the luteal cells
undergo apoptosis, blood vessels degenerate, and
leukocytes infiltrate the CL to remove cellular
debris. In cyclic rodents, P4 secreted by the CL is
metabolized by aldo—keto reductase family 1
member Cl1 (AKRI1CI; also known as 20a-
hydroxysteroid dehydrogenase [200-HSD]) to
200-hydroxyprogesterone (200-OHP). The uter-
ine decidual reaction required for the establish-
ment of pregnancy is not induced by 20a-OHP.
The secretion of 20a-OHP by the CL declines
during diestrus, until the onset of proestrus when
estrus and ovulation begin a new cycle.

The CL must continue to produce P4 until
Day 17 of the 20-22 Days gestation period in
rats, mice, and hamsters. The production of P4 is
necessary for implantation, induction of the
uterine decidual reaction, placentation, and a
successful pregnancy (Soares et al. 2007). Two
endocrine events are critical for the establishment
and maintenance of pregnancy. Mating induces
diurnal and nocturnal surges the secretion of
prolactin (PRL) from lactotroph cells in the
anterior pituitary. This increases the expression
of LHCGR on Iluteal cells and suppresses
AKRIC1 (200-HSD) activity in the CL that
prevents the conversion of P4 to 200-OHP
(Gunnet and Freeman 1983; Soares et al.
2007). Second, maintenance of pregnancy
beyond Day 12 in rodents is reliant upon
implantation, conceptus development, and the
production of lactogenic hormones by both the
uterine decidua and placenta (Soares 2004).
Prolactin and placental lactogen are members of
the lactogenic family of hormones, which act in a
luteotrophic manner in mice and rats to ensure
CL maintenance and its continued secretion of
P4 required for the establishment and mainte-
nance of pregnancy to full term (Soares et al.
2006, 2007).
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2.3.4 Pregnancy Recognition
Signaling in Sheep

In sheep, regulation of the estrous cycle is
dependent upon the production of PGF by the
uterine epithelia (Bazer et al. 1994; Thatcher
et al. 1995). P4 acts upon the uterine epithelia
during diestrus to increase phospholipid stores
and expression of prostaglandin synthase 2
(PTGS2), both of which are necessary for
mobilization of arachidonic acid by phospholi-
pase A2 and conversion of arachidonic acid by
PTGS2 to PGF. Importantly, P4 acts upon the
uterus to down-regulate the expression of the
progesterone receptors (PGR) which increases
the expression of receptors for estradiol (ESR1)
and oxytocin (OXTR) in uterine LE and super-
ficial glandular epithelia (sGE) initially, and later
in glandular epithelia (GE) and stromal cells
(Spencer and Bazer 2004). These alterations in
uterine epithelial gene expression are critical
events in activation of the luteolytic mechanism
for the production of luteolytic pulses of PGF by
the uterus in sheep. Estradiol (E2), acting via
ESRI1, induces expression of phospholipase A2
that mobilizes arachidonic acid for conversion to
PGF. The posterior pituitary and CL release
pulses of OXT which binds to the OXTR to
induce the pulsatile release of PGF. The pulsatile
production of PGF induces regression of CL by
Day 16 of the estrous cycle.

In ruminants, the signal for maternal recog-
nition of pregnancy is interferon tau (IFNT)
(Bazer 2013). IFNT, a Type I interferon, is pro-
duced by the mononuclear trophectoderm cells of
the conceptus during the peri-implantation period
of pregnancy as the conceptus undergoes mor-
phological transition from spherical, to tubular,
and filamentous forms (Bazer et al. 2018).
Secretion of ovine IFNT begins on about Day 10
and increases to Day 16, then decreases to Day
21 after which production ceases and the IFNT
gene is no longer expressed by the conceptus. In
summation, IFNT silences transcription of ESR1
to preclude estrogen receptor o interactions with
SP1 and/or AP-1 that otherwise stimulate oxy-
tocin receptor expression in uterine LE/sGE to

abrogate the oxytocin-dependent pulsatile release
of luteolytic PGF (Fig. 2.1) [reviewed by (Bazer
et al. 2015b)]. Thus, the CL is maintained to
produce P4, the hormone of pregnancy (Fleming
et al. 2006). Interferon tau also has potent
antiviral, antiproliferative, and immunomodula-
tory activities characteristic of other Type I
interferons (Bazer et al. 2015b).

The loss of expression of PGR in uterine
epithelia cells on Days 12-13 of pregnancy is
essential for activation of key events required for
the establishment of pregnancy (Bazer et al.
2009). The loss of PGR by endometrial epithelia
is required for implantation that is dependent on
the loss of expression of some genes, such as
mucin 1 (MUC1), on the surface of uterine LE,
that would otherwise block implantation. In
addition to down-regulation of expression of
PGR and ESR1 by uterine epithelia being a
prerequisite for uterine receptivity to conceptus
implantation, this is also critical for up-regulation
of the expression of many genes including those
for secretory proteins and nutrient transporters
for transport of glucose and amino acids into the
uterine lumen to support growth and develop-
ment of the conceptus. Down-regulation of PGR
in uterine epithelia allows P4 to act on PGR-
positive uterine stromal cells, upregulating the
expression of progestamedins, i.e., fibroblast
growth factor 7 (FGF7) and -10 (FGF10), and
hepatocyte growth factor (HGF). The proges-
tamedins exert paracrine effects on uterine
epithelia and conceptus trophectoderm which
express receptors for FGF7 and FGFI10
(FGFR2IIIb) and HGF (MET; protooncogene
MET) (Igarashi et al. 1998; Chen et al. 2000a, b).
Whilst the expression of many IFNT-stimulated
genes (ISGs) are known to be induced by P4 and
stimulated by IFNs (Bazer et al. 2008), it is not
known if progestamedins and IFNs act on uterine
epithelial cells via non-classical cell signaling
pathways, independent of PGR and signal
transducer and activator of transcription 1
(STATI1) to alter gene expression and uterine
receptivity to implantation [reviewed by (Bazer
et al. 2015b)]. Type I IFNs may bind to the same
receptor, but activate unique cell-specific
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IFNT and Pregnancy Recognition
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Fig. 2.1 Interferon tau (IFNT) is the pregnancy recog-
nition hormone in sheep and other ruminants. It acts to
silence expression of estrogen receptor alpha (ESR1) and,
in turn, oxytocin receptor (OXTR) to prevent develop-
ment of the luteolytic mechanism which requires oxytocin
(OXT) from the corpus luteum (CL) and posterior

signaling pathways that differentially effect gene
expression in uterine LE, sGE, GE, and stromal
cells [reviewed by (Bazer et al. 2015b)].

In sheep, IFNT up-regulates IRF2 in uterine
LE and sGE and this inhibits expression of
classical ISGs such as STATI! and interferon
regulatory factor 9 (IRF9) in those cells (Choi
et al. 2001; Bazer et al. 2015b). However, there is
a growing number of P4-induced and IFNT-
stimulated genes being discovered to be expres-
sed uterine LE/sGE that lack both PGR and
STATI1 and are critical for implantation and
conceptus development. Those genes include
wingless-type MMTYV integration site family
member 7A (WNT7A), galectin 15 (LGALS1S5),

CONCEPTUS

pituitary to induce luteolytic pulses of prostaglandin F,,
(PGF). Thus, IFNT blocks the ability of the uterus to
develop the luteolytic mechanism but does not inhibit
prostaglandin synthase 2 (PTGS2) or the basal production
of PGF during pregnancy. Adapted from the Open Access
article of Bazer (2013)

cathepsin L (CTSL), cystatin C (CST3), solute
carrier family 2 member 1 (SLC2A1), solute
carrier family 7 member 1 (SLC7A1l), solute
carrier family 7 member 2 (SLC7A2), and
hypoxia inducible factor 2 o (HIF2A).

2.3.5 Pregnancy Recognition
Signaling in Pigs

After stimulation of the uterine endometrium by
P4 for 10-12 days, luteolysis occurs during late
diestrus and early proestrus, there is an accu-
mulation of phospholipids and necessary
enzymes for production of PGF in a pulsatile



2 Insights into the Regulation of Implantation and Placentation in ... 31

manner (Bazer 1989). It is not until Days 12-13
of the estrous cycle that porcine CL are suffi-
ciently responsive to luteolytic PGF because
until that time they express few receptors for
PGF (PTGFR). The posterior pituitary and CL
produce OXT which binds to uterine OXTR to
elicit pulsatile release of PGF. In contrast to other
species, the porcine CL has a very low abun-
dance of both OXT and vasopressin; therefore,
the role(s), if any, of these neuropeptides in
luteolysis in pigs is not known. Further, the
uterine endometrium is a source of OXT in pigs,
although its potential roles in regulating the
estrous cycle or aspects of pregnancy are not
known. However, administration of exogenous
OXT to gilts decreases the inter-estrous interval
if administered between Days 10 and 16 post-
estrus. This finding is not observed when OXT is
administered to hysterectomized gilts with intact
ovaries, suggesting that any effect of OXT on
length of the estrous cycle is uterine-dependent.
Both OXTR and lysine vasopressin receptors are
expressed by cells of the porcine endometrium,
but the endometrium only responds to OXT with
increased secretion of PGF. Further, both OXT
and vasopressin stimulate calcium-calmodulin
kinase and protein kinase C signaling pathways
in the porcine endometrium. Increased pulsatile
secretion of PGF occurs between Days 14 and 18
of the estrous cycle as OXT increases the activity
of phospholipase C and the hydrolysis of phos-
phatidylinositol (Bazer et al. 1984). Increases in
intracellular calcium and diacylglycerol activate
protein kinase C and calcium-calmodulin kinase
which, in turn, activate phospholipase A, and the
release of arachidonic acid, ultimately leading to
the pulsatile production of PGF. During luteol-
ysis, concentrations of OXT increase in maternal
blood. Interestingly, the OXT-induced increases
in circulating concentrations of prostaglandin
F2a metabolite (PGFM) are lower in pregnant
than cyclic gilts or gilts induced into pseudo-
pregnancy by injection of exogenous E2 from
Day 11 to Day 15 post-estrus. Concentrations of
PGFM in blood of pregnant gilts increase
beginning on Day 12. In addition, inhibition of
prostaglandin synthesis results in pregnancy
failure. Collectively these findings suggest an

important role of prostaglandins in the estab-
lishment of pregnancy in pigs.

Porcine blastocysts hatch from the zona pel-
lucida and expand before undergoing a rapid
morphological transition to large spherical,
tubular, and filamentous forms between Days 10
and 12 of pregnancy as they become concep-
tuses. These rapidly elongating conceptuses
achieve a length of 800-1000 mm between Days
12 and 15 of pregnancy (Bazer and Johnson
2014), with the trophectoderm secreting many
critical molecules for the establishment of preg-
nancy including estrogens, interleukin 1B,
interferon gamma (IFNG), and interferon delta
(IFND). In the absence of a conceptus, the uter-
ine endometrium secretes PGF in an endocrine
manner into its venous drainage to be transported
through the maternal vasculature to the ovary
where it can exert its Iuteolytic effect on the CL.
In contrast, in pregnant gilts, the conceptus pro-
duces E2 from around Days 11-12 until Day 15
of pregnancy that is the maternal recognition
signal. E2 acts on uterine epithelia to direct
secretion of PGF away from the uterine vascu-
lature and into the uterine lumen (exocrine
secretion) where it is sequestered and metabo-
lized, thereby preventing luteolysis (Fig. 2.2).

The conceptus estrogens not only act as the
signal for maternal recognition in pigs, but also
modulate uterine gene expression responsible for
endometrial remodeling for implantation between
Days 13 and 25 of gestation (Johnson et al. 2009).
There is a report (Meyer et al. 2019) that silencing
expression of the aromatase (CYP19A1) gene,
utilizing CRISPR/Cas9 genome editing technol-
ogy, did not prevent elongation and implantation
of pig conceptuses or maintenance of CL through
the peri-implantation period, but the pregnancies
failed around Day 30 of gestation. Therefore,
further investigation to ascertain the regulatory
role of estrogens in the establishment of preg-
nancy in the pig should be performed.

The following critical events must be tightly
regulated to allow the establishment and main-
tenance of pregnancy in the pig: (i) the conceptus
must secrete estrogens to act as the maternal
recognition of pregnancy signal; (ii) the uterine
LE and GE must provide, through nutrient
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Fig. 2.2 The theory of pregnancy recognition in the pig
is based on evidence that estradiol (E2), as the pregnancy
recognition signal, which redirects secretion of prosta-
glandin F,, (PGF) away from endocrine secretion into the
uterine vasculature and into exocrine secretion into the
uterine lumen, allowing metabolism to PGE or its inactive
metabolite. The roles of interferon delta and gamma in

transport and secretions, nutrient rich histotroph
to support attachment, development, and growth
of the conceptus; and (iii) cellular remodeling at
the uterine LE:trophectoderm required for
implantation and the initiation of placentation. In
addition to the critical role of P4 and E2, the
spatio-temporal changes in gene expression in
both the trophectoderm and endometrium are
regulated by interleukin-1 beta (IL1B), the
interferons (IFND and IFNG), transforming
growth factor beta (TGFB) and fibroblast growth

early pregnancy are not yet fully understood. This figure
also illustrates that there is down-regulation of expression
of receptors for progesterone (PR) in uterine epithelia;
therefore, progesterone (P4) acts on uterine stromal cells
to regulate expression of genes associated with the
secretion of histotroph into the uterine lumen. Adapted
from Bazer and Johnson (2014)

factor 7 (FGF7). Interferons appear to have a
crucial role in the establishment of pregnancy
across mammalian species, with reports of up-
regulation of interferon stimulated gene expres-
sion in response to conceptus secreted IFNs in
many species. Significant antiviral activity is
present in Day 14 uterine flushings from preg-
nancy pigs, with IFNG accounting for approxi-
mately 75% of this activity, suggesting a pivotal
role for this interferon in the establishment of
pregnancy. The pig is unique in that conceptus
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produced estrogens induce expression of IRF2
only in uterine LE (Joyce et al. 2007). Consid-
ering this, it could be speculated that IFND and
IFNG work synergistically to induce classical
interferon responsive genes only in uterine GE
and stromal cells which do not express IRF2,
while uterine LE in direct contact with conceptus
trophectoderm is induced to express novel genes,
e.g., nutrient transporters for glucose and amino
acids that enhance conceptus development.
Uterine histotroph in pigs is composed of
secretions from uterine epithelia and molecules
that are selectively transported into the uterine
lumen (Bazer et al. 2018). In addition to glucose,
fructose, amino acids, and other micromolecules,
it contains a very complex mixture of peptides that
proteins that include: uteroferrin, now known as
ACPS5 (phosphatase, acid, type 5, tartrate resistant)
which transports iron to the conceptus for ery-
thropoiesis and stimulates hematopoiesis; retinol
binding protein, plasmin/trypsin inhibitor, leucine
aminopeptidase, glucose phosphate isomerase,
serine protease inhibitors, lysozyme, various pro-
teases, hexosaminadase, phospholipases, pros-
taglandin synthases, insulin-like growth factors 1
and 2, insulin-like growth factor binding proteins,
high molecular weight glycoproteins, colony
stimulating factor 1, secreted phosphoprotein 1
(SPP1), integrins, FGF7, FGF10, HGF, stanio-
calcins, and transforming growth factors beta-1, -2
and -3, nitric oxide synthase, GTP cyclohydrolase
1 (GCH1), tetrahydrobiopterin (BH4), and inter-
leukins 1 and 4. The roles of many of these proteins
remain to be determined. Nevertheless, they con-
tribute to a uterine microenvironment that supports
growth and development of the conceptus.

2.4 Implantation of Blastocysts
in Humans, Sheep, Pigs,
and Rodents

2.4.1 Implantation of Blastocysts

in Mammals

Implantation of the blastocyst in mammals is the
process of attachment of trophectoderm to uter-
ine luminal epithelium (LE) and, in some

species, invasion of the blastocyst into the uterine
endometrium. Implantation is a prerequisite for
placentation that begins later in gestation
(McGowen et al. 2014). The two primary clas-
sifications of implantation in mammals are based
on the extent to which the blastocyst invades into
the uterine endometrium. Central-type or super-
ficial implantation (pig, horse, sheep, and cow)
does involve attachment of trophectoderm to the
uterine LE, but not invasion into the endome-
trium. Interstitial attachment involves invasion
and embedding of the blastocyst entirely within
the uterine endometrium (rodents and primates).
The implantation cascade has up to five stages:
(1) shedding of the zona pellucida from the
blastocyst; (2) pre-contact and orientation of the
blastocyst; (3) apposition of trophectoderm and
uterine LE; (4) adhesion of trophectoderm to
uterine LE; and (5) invasion of the blastocyst into
the endometrium in species with interstitial
implantation.

24.2 Implantation in Humans

There is a well-defined “window of implanta-
tion” in women during which the uterus is
receptive to the blastocyst for the initiation of
implantation (Su and Fazleabas 2015; Kim and
Kim 2017). That window of implantation is
during the mid-secretory phase of the menstrual
cycle, specifically cycle Days 20-24 (610 Days
after ovulation). Markers of uterine receptivity to
implantation in humans include: (1) pinopods or
uterodomes that are hairlike microvilli of
epithelial cells which transiently fuse to form a
single flowerlike membrane projection only on
the luminal surface of endometrial epithelial cells
during the window of implantation; (2) epithelial
plaques that are an endometrial response in pri-
mates to implantation of the blastocyst involving
transformation of uterine LE and sGE epithelia as
they undergo hypertrophy, hyperplasia, and form
a rounded acinar multicellular pad; (3) down-
regulation of expression of receptors for estradiol
(ESR1) and progesterone (PGR) in uterine
epithelia; (4) decrease in expression of MUC1 by
uterine LE; (5) expression of the integrins ol 1,
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04Pl, and avB3 by uterine LE/sGE; (6) in-
creased expression and secretion of SPP1 by
uterine epithelia; and (7) expression of heparin-
binding epidermal growth factor (HBEGF) by
uterine LE and the surface of pinopods.
Implantation occurs in three stages. First, the
blastocyst comes into apposition with the uterine
LE, then trophectoderm attaches to the uterine
LE, and finally the invasive trophoblast cells
cross the endometrial epithelial basement mem-
brane and invade into the uterine endometrium.

Trophoblast cells penetrate the uterine LE via
gaps between cells to reach the basement mem-
brane, but without destroying the uterine LE
(Carson et al. 2000). Formation of thin folds of
trophoblast cells between uterine LE is followed
by degradation of the basement membrane and
extracellular matrix (ECM), allowing trophoblast
cells to be in close contact with the endometrial
stromal cells. Activated matrix metallopro-
teinases (MMPs) play a primary role in degrad-
ing matrices during this process, and various
integrins guide the invading trophoblast through
different layers of cells and matrices within the
endometrium. Next, trophoblast cells that
migrate into the endometrium and continue to
proliferate, differentiate, and fuse to become the
multinucleated syncytiotrophoblasts (STB). The
other trophoblast cells, those that surround the
inner cell mass, are mononuclear cytotro-
phoblasts (CTB). STB cells guide invasion of the
blastocyst into the endometrium until it is com-
pletely embedded within the endometrial stroma,
8 days after ovulation. The site of entry of the
invading blastocyst is covered by fibrin that also
supports growth of endometrial epithelial cells to
cover the site of implantation.

The STB layer has fluid-filled spaces known
as lacunae separated by trabeculae, resembling a
sponge. As the STB contacts maternal blood
vessels, maternal blood is trapped within the
lacunae for transfer of oxygen and nutrients to
the developing conceptus. CTB grow into the
trabeculae formed by invading STB to form
primary chorionic villi that initiate placentation.
The uterine stroma at the site of implantation
undergoes decidualization to form three areas of
the decidua in humans during pregnancy. The
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area of decidua directly beneath the site of
implantation is the decidua basalis, the region
that overlies the developing conceptus and sep-
arates it from the uterine cavity is the decidua
capsularis, and the remaining decidua is the
decidua parietalis. The decidua basalis and the
decidua capsularis are invaded by trophoblast
cells and chorionic villi of the conceptus, but
only the decidua basalis supports formation of
the discoid placenta in mid- to late-pregnancy as
the rest of the decidua degenerates later in
pregnancy.

24.3 Implantation in Rodents

As for humans, there is a “window of implanta-
tion” in mice when the uterus is receptive to
supporting growth, attachment, and implantation
of the blastocyst. P4 and E2 are critical for
implantation in mice as they regulate prolifera-
tion and/or differentiation of uterine cells in a
time and cell-specific manner that is required for
uterine receptivity to implantation of the blasto-
cyst (Cockburn and Rossant 2010; McGowen
et al. 2014; Aplin and Ruane 2017; Matsumoto
2017). E2 from preovulatory follicles induces
proliferation of uterine epithelial cells and then,
post-ovulation, P4 from the CL induces prolif-
eration of stromal cells from Day 3. The uterus
becomes receptive to implantation on Day 4 in
response to an acute increase in E2. Attachment
of blastocyst trophectoderm to uterine LE on Day
4 of pregnancy results in proliferation of stromal
cells surrounding the implanting blastocyst and
then the stromal cells undergo full decidualiza-
tion. The receptive phase of the uterus for
implantation is only approximately 24 h, there-
fore the processes governing implantation must
be tightly regulated to ensure implantation occurs
during this short time.

Blastocysts are found in uterine crypts on the
anti-mesometrial side of the uterine lumen, and
the uterine lumen then closes to confine the
blastocyst to a limited space within the uterine
lumen called the implantation chamber
(Fig. 2.3). The tight space formed by the
implantation chamber restricts  blastocyst
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Fig. 2.3 Attachment of the mouse blastocyst to the
uterine luminal epithelium (LE). Shown are mouse
blastocysts within implantation chambers at the initiation
of implantation. Closure of the uterine lumen at inter-
implantation sites brings the blastocyst into close appo-
sition to the uterine LE, and interaction of the blastocyst
with the LE elicits the beginning of a decidual response
within the uterine stroma. Decidualization begins

following blastocyst adhesion, but prior to LE degradation
for implantation into the uterine wall. Pregnancies were
produced using delayed implantation so that the presence
of implantation chambers could be accurately predicted.
Unpublished work of Kramer AC, Erikson DW, McLen-
don BA, Seo H, Hyashi K, Spencer TE, Bazer FW,
Burghardt RC, Johnson GA
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movement and facilitates close apposition of the
apical surfaces of trophoblast cells to endometrial
LE cells. The integrity of the implantation
chamber is maintained via closure of the lumen
surrounding the chamber. The mechanisms reg-
ulating the closure of the uterine lumen at inter-
implantation sites in mice are not completely
understood, but likely involve absorption of fluid
within the uterine lumen, mediated by aquaporins
expressed by the endometrium (Richard et al.
2003; Beall et al. 2007; Chan et al. 2009; De
Oliveira et al. 2020). The next phase involves
invasion of the blastocyst into the uterine endo-
metrium, which is mediated by expression of
genes required for remodeling the endometrium.
MMPs are zinc-dependent endopeptidases that
breakdown ECM proteins. The MMPs most
important to invasion are those with gelatinase
activity (MMP2 and MMP9). MMP9 breaks
down collagen type IV of the endometrial basal
membrane.  Serine  proteases,  including
urokinase-type plasminogen activator (UPA) and
tissue-type plasminogen activator (TPA) convert
plasminogen to plasmin that accounts for prote-
olytic degradation of the ECM during implanta-
tion. During the invasion phase of blastocyst
implantation, uterine decidual cells express
transforming growth factor beta (TGFB) that
plays a key regulatory role to limit the extent of
invasion by increasing expression of tissue
inhibitors of MMPs (TIMPs) and plasminogen
activator inhibitor (PAI). Decorin, a TGFB
binding proteoglycan, inhibits proliferation,
migration, and invasiveness of human extravil-
lous trophoblast cells and limits migration of
mouse trophoblast cells via a mechanism that
appears to be inhibitory to plasminogen activator
activity (Strickland et al. 1976).

244 Implantation in Sheep

After fertilization of a sheep oocyte within the
oviduct, the resulting one-cell zygote undergoes
cleavage divisions to the 8-16 cell stage when
activation of the embryonic transcriptome occurs
(Johnson et al. 2018). The 32- to 64-cell morula
remains enclosed in the zona pellucida and
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leaves the oviduct to enter the uterus on Day 3 or
4 of pregnancy to continue to develop to a
blastocyst by Day 6 of gestation. The blastocyst
includes the embryonic disc that will give rise to
the embryo/fetus with ectoderm, endoderm, and
mesoderm, trophectoderm that will form the
chorion of the placenta, a blastocoel or primitive
gut, and extra-embryonic endoderm and meso-
derm. The sheep blastocyst hatches from the
zona pellucida between Days 8 and 9 of gestation
and expands to 400-900 um in diameter (Spen-
cer et al. 2004). The hatched blastocyst then
undergoes a rapid morphological transition called
elongation to first a tubular form (10-22 mm) on
Day 12, followed by rapid growth and elongation
to filamentous forms of 100 mm in length on
Day 14, and 250 mm in length on Day 16 before
trophectoderm extends into the contralateral
uterine horn between Days 18 and 20 of preg-
nancy (Spencer et al. 2004). Prior to conceptus
attachment, the conceptus is reliant entirely on
the secretions of water, amino acids, hexose
sugars, ions, growth factors, hormones, enzymes,
cytokines, mitogens, and vitamins (collectively
referred to as histotroph) by the uterine LE, sGE,
and GE (Bazer et al. 2015a). Conceptus elonga-
tion rapidly increases the surface area of contact
between trophectoderm and uterine LE for
exchange of nutrients and gasses, maximizing
paracrine effects of the conceptus to prevent
regression of the CL (luteolysis), and signaling
pregnancy recognition via IFNT.

Implantation in sheep occurs as the trophec-
toderm of the filamentous conceptus apposes and
then adheres to uterine LE by Day 14 of preg-
nancy (Johnson et al. 2018). Apposition begins
near the inner cell mass and moves toward the
ends of the elongated conceptus. By Day 16, the
conceptus trophectoderm is firmly attached to
uterine LE with significant interdigitation
between microvilli on uterine LE, and conceptus
trophectoderm cells. There are also papillae of
trophectoderm that extend into the mouths of
uterine glands to take up nutrients and exchange
gases, e.g., oxygen and carbon dioxide. Attach-
ment of the conceptus to both the caruncular and
intercaruncular regions of the endometrium is
complete by Day 22 of pregnancy. Attachment
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Fig. 2.4 The initial stages of implantation are common
across species and are characterized as the “Adhesion
Cascade for Implantation”. The phases of this adhesion
cascade in pigs include (1) elongation of the conceptus
trophectoderm and shedding of the zona pellucida;
(2) down-regulation of MUC1 at the apical surface of
uterine LE to expose potential, but not yet identified, low
affinity carbohydrate-lectin binding molecules to mediate
pre-contact and conceptus trophectoderm orientation to
the uterine LE; (3) low affinity contacts are then replaced
by a more stable and extensive repertoire of adhesive
interactions between integrins and maternal ECM to

and the adhesion cascade for implantation in
sheep involves down-regulation of MUCI1 across
the entire endometrial surface to unmask glyco-
sylation dependent cell adhesion molecule 1
(GLYCAM1), LGALSI15, and SPP1 for interac-
tions with lectins and integrins (Fig. 2.4). Initial
attachment is likely mediated by GLYCAMI and
LGALSI1S, and firm attachment is likely mediated
by SPPI1. Integrins are constitutively present on
uterine LE and conceptus trophectoderm during
the peri-implantation period when expression of
LGALSIS is induced by P4 and further increased
by IFNT, and expression of SPP1 is induced by
P4 (Johnson et al. 2000, 2014).

2.4.5 Implantation in Pigs

Pig embryos enter the uterus at the four-cell
stage, reach the blastocyst stage by Day 5 of
pregnancy, hatch from the zona pellucida
between Days 6 and 7, and expand to 2—-6 mm

(3) Apposition

Ligand (mestly ECM)-Integrin
Interactions

(4) Adhesion

mediate apposition of trophectoderm to LE; and (4) inte-
grin receptors expressed at the apical surface of uterine
LE cells bind to Arg-Gly-Asp (RGD) and non-RGD
amino acid sequence-containing ECM molecules and
bridge to another complement of potential integrin
receptors expressed at the apical surface of conceptus
trophectoderm cells to mediate conceptus trophectoderm
adhesion. Immunofluorescence staining for PCNA (red) il-
lustrates that the conceptus trophectoderm (Tr) prolifer-
ates, but the uterine luminal epithelium (LE) does not
proliferate during the peri-implantation period of sheep

diameter spherical embryo by Day 10 of gesta-
tion (Fig. 2.5) (Bazer and Johnson 2014). Pig
blastocysts then undergo rapid morphological
transition from spherical to tubular and elongated
filamentous forms between Days 10 and 12 of
pregnancy at a rate of about 0.25 mm/h between
the early spherical blastocyst stage and 4-9 mm
diameter spherical blastocyst stage. The rate of
conceptus elongation significantly increases to
30-45 mm/h from the 10 mm blastocyst to the
200 mm long filamentous conceptus due to
increased cellular hypertrophy. As the mitotic
index of spherical blastocysts is greater than for
tubular blastocysts, but cellular hyperplasia does
not account for initial elongation of pig blasto-
cysts. Once the blastocyst reaches 10 mm in
diameter, the conceptus begins to undergo the
rapid morphological changes in both trophecto-
derm and extra-embryonic endoderm. A dense
band of cells (the elongation zone) containing
both endoderm and trophectoderm extends from
the inner cell mass (ICM) to the tip of the ovoid
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Fig. 2.5 Pig embryos undergo cell divisions, enter the
uterus at about the 4-cell stage, hatch from the zona
pellucida around Day 7, reach the expanded blastocyst
stage around Day 10 and then change rapidly in
morphology from spherical to tubular to filamentous
forms to achieve maximum area of surface contact
between the trophectoderm and uterine luminal epithe-
lium. The insets are of spherical blastocysts from Day 10
and filamentous conceptuses on Day 16 of pregnancy. As

blastocyst. Following formation of the elongation
zone, additional rapid elongation of the 100—
200 mm long pig conceptus occurs to form a
conceptus of 800—1,000 mm in length by Day 16
of pregnancy. These morphological changes
primarily occur due to alterations in microfila-
ments and junctional complexes of trophecto-
derm cells and formation of filapodia by
endodermal cells. The second period of elonga-
tion involves cellular hyperplasia and each con-
ceptus within the litter achieves maximum
surface area for contact between trophectoderm
and uterine LE to facilitate uptake of nutrients
from uterine LE and GE. Increasing surface area
of the conceptus;uterine interface is a critical
adaptation in the pig, which exhibits a minimally
invasive epithelochorial placentation, to maxi-
mize nutrient and oxygen transport to the fetal-
placental tissues.

spherical pig blastocysts expand there are increases in
proliferation and migration of trophectoderm and extra-
embryonic endoderm cells toward the inner cell mass
(ICM). This process of elongation of the conceptus results
in central-type implantation initially and then the devel-
opment of true epitheliochorial placenta later in gestation.
Reprinted from the freely available article of Johnson
et al. (2018)

Increased cellular density of both extra-
embryonic endoderm and trophectoderm in
tubular blastocysts results in the formation of a
thin cell-dense band approximately 1-2 mm
wide extending from and in the same plane as the
embryonic disc to the end of the trophectoderm.
The endoderm cells outside this thin band are
sparsely populated and make cellular contact
only through filapodia. The dense band of extra-
embryonic endoderm and trophectoderm forms
the elongation zone that decreases in width as
elongation progresses but continues to extend
along the entire length of the conceptus tro-
phectoderm. Histologically, it has been demon-
strated that the trophectoderm cells present in the
elongation zone are columnar in shape as com-
pared to cuboidal trophectoderm cells in areas
peripheral to the elongation zone. This structural
modification is associated with changes in length
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and orientation of microfilaments as early as the
10 mm stage of blastocyst development. Within
the elongation zone, extension of filopodia from
extra-embryonic endodermal cells in conjunction
with alterations in microfilaments and junctional
complexes of trophectoderm cells allows the
movement and redistribution of cells toward the
ends of tubular blastocysts. While the actin
cytoskeleton initially exhibits a pericellular dis-
tribution, this later becomes a continuous actin-
rich lateral border with stress fibers along the
basal surface in the filamentous conceptus. The
actin cytoskeleton, in association with myosin II,
has a crucial function in generating the force
required for conceptus elongation as constricted
regions along the length of filamentous concep-
tuses contain polarized trophectoderm cells with
a distinct F-actin array. The orientation of
microfilaments within the trophectoderm changes
from horizontal to parallel relative to the lateral
cell borders likely due to a complex cellular
response to torsional forces generated by the
elongation process and mediated through trans-
membrane integrin receptors and the focal
adhesions they assemble. Heterodimeric trans-
membrane integrin receptors [e.g., ITGAV:
ITGB3 (avpB3), ITGAS:ITGB1 (a5B1)] are the
major components of focal adhesions. They
transmit diverse signals between the ECM com-
ponents, such as SPP1 and the actin cytoskele-
ton, to regulate cellular growth, proliferation,
survival, and migration. Additionally, these focal
adhesions alter gene expression and the mor-
phology of trophectoderm and extra-embryonic
endoderm in elongating pig conceptuses. The
process of conceptus elongation likely involves
several cell signaling pathways with serine-
threonine kinases such as insulin growth factor
2 acting via receptor tyrosine kinases, integrin
heterodimer-ECM  complexes (e.g., SPPI-
ITGAV:ITGB3 and/or SPPI-ITGAS:ITGB1),
and arginine acting simultaneously and inde-
pendently to stimulate mechanistic target of
rapamycin 1 (mTORC1) and/or mTORC2)
required for proliferation, migration, cytoskeletal
reorganization, and adhesion of trophectoderm
cells to uterine LE.

2.5 Overview
of Placentation/Placental
Growth and Function
in Humans, Sheep, Pigs,
and Rodents

The primary functions of the placenta are
transplacental exchange of gases, micronutrients
(amino acids, glucose) and macromolecules
(proteins), production of hormones, and produc-
tion of cytokines and other regulatory molecules
that affect growth and development of the con-
ceptus. Placental efficiency is achieved as
maternal and fetal-placental vasculatures are
brought into close apposition to allow for
transplacental exchange of molecules while
maintaining separation of the maternal and fetal
circulatory systems. Endometrial and placental
tissues are remodeled to achieve areas with
reduced interhaemal distances regardless of
whether the placenta is epitheliochorial, synep-
itheliochorial, endotheliochorial, or hemochorial
to maximize transplacental exchange of gasses,
micronutrients, and macronutrients.

2.5.1 Placentation in Humans

Following implantation of the human blastocyst,
the primary syncytium invades into the uterine
stroma and forms fluid-filled spaces called lacu-
nae that enlarge and merge to form a system of
trabeculae (Soares et al. 2018; Turco and Moffett
2019). The syncytium erodes into the uterine
glands to become bathed in their secretions.
Trophoblast cells beneath the syncytium are CTB
cells that proliferate and form villi that penetrate
through the STB to form primary villi with a
CTB core and outer STB. The villi undergo
further proliferation and branching, and the
lacunae become the intervillous space. CTB cells
penetrate through the primary syncytium and
merge laterally to surround the conceptus in a
continuous CTB shell between the villi and the
decidua. The blastocyst then has three layers:
inner chorionic plate in contact with the inter-
villous space; villi separated by the intervillous
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space; and the CTB shell in contact with the
decidua. On Days 17-18 of pregnancy, extra-
embryonic mesenchymal cells penetrate through
the villous core to form secondary villi and soon
thereafter fetal capillaries develop within the core
of tertiary villi. The villous tree continues to
enlarge through branching from the chorionic
plate to form a system of vascularized villous
trees. The CTB shell is in contact with uterine
decidual cells and individual CTB cells invade
into decidua as extravillous trophoblast via a
process similar to that for an epithelial-
mesenchymal transition.

The STB of placental villi are in direct contact
with uterine gland secretions and maternal blood
flowing into the intervillous space for
maternal/fetal exchange of gases and nutrients
supporting growth of the conceptus. The STB
microvilli express receptors for growth factors
and hormones and transporters for amino acids
and glucose. They also secrete hormones and
proteins into the maternal circulation to influence
physiological and metabolic adaptations to
pregnancy. The STB provides a protective
immunological barrier as it does not express
human leukocyte antigen (HLA) molecules that
would otherwise subject it to immunological
rejection.

With advancing development of the placenta,
the CTB shell becomes discontinuous and CTB
cells form columns that emerge from the
anchoring villi in contact with the decidua. These
extravillous trophoblast (EVT) cells migrate into
the decidua along two differentiation pathways:
the interstitial EVT (iIEVT) cells migrate through
the decidual stroma toward the maternal spiral
arteries, while the endovascular trophoblast EVT
(eEVT) cells migrate into the spiral arteries to
displace endothelial cells and ensure maximum
dilation and blood flow. The iEVT invade as far
as the inner one-third of the myometrium and
fuse to form a bed of placental giant cells. After
the arterial transformation occurs, the eEVT
move in a retrograde manner down the artery to
form a plug that prevents blood flow into the
intervillous space until the full hemochorial cir-
culation is established. As a result of trophoblast
plug, the placenta develops in a low oxygen

C. Stenhouse et al.

environment during the first trimester. In
humans, the yolk and allantoic sacs undergo
regression. Therefore, the chorioamniotic pla-
centa contains an abundance of amniotic fluid in
which the fetus develops. The human placenta is
hemochorial as the chorion is in direct contact
with maternal blood for transplacental transport
of nutrients and exchange of oxygen and carbon
dioxide.

2.5.2 Placentation in Rodents

During implantation, trophectoderm attachment
to uterine LE induces differentiation of uterine
stromal cells into decidual cells followed by
complete penetration of the blastocyst into the
decidualized uterine stroma (Picut et al. 2009;
Soares et al. 2018; Furukawa et al. 2019). As
hemochorial placentation progresses in rodents,
there is the maternal interface and the fetal
interface determined by the extent to which
extra-embryonic mesenchyme and associated
vasculature penetrate into the trophoblast com-
partment. The region that includes trophoblast
and extra-embryonic mesenchyme forms the
labyrinth zone of the placenta in mice and rats.
Labyrinth and villous trophoblast compartments
include layers of STB. Trophoblast cells extend
beyond the trophoblast-extra-embryonic mes-
enchyme admixture are at the maternal boundary
and arranged into the junctional zone and
extravillous trophoblast columns, respectively.
As gestation advances, invasive trophoblast cells
arise from the junctional zone to form extravil-
lous trophoblast columns that migrate into the
uterine parenchyma. There are two types of
invasive trophoblast cells, interstitial and
endovascular. Interstitial invasive trophoblast
cells coalesce between the uterine vasculature,
whereas endovascular invasive trophoblasts
infiltrate uterine blood vessels, especially
arteries/arterioles, and replace the vascular
endothelium as in humans. During invasive tro-
phoblast cell differentiation, there are changes in
expression of integrins that alter interactions with
surrounding ECM. As endovascular invasive
trophoblast cells differentiate, they acquire an
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endothelial cell phenotype. For rats, there is deep
intrauterine trophoblast cell invasion, but it is
nominal for trophoblast cells migrating into the
mouse uterine parenchyma. Cellular constituents
of the maternal uterine interface, including
decidual cells, endometrial glands, and
immune/inflammatory cell populations, influence
behavior of trophoblast cells.

Rodents have a chorioallantoic placenta and
its formation is highly dependent of the ecto-
placental cone that is a critical generative zone.
The ectoplacental cone trophoblast is considered
cytotrophoblastic and develops from the polar
trophoblast covering the embryonic disc. Mes-
enchyme invades the ectoplacental cone leading
to a division between the main functional
exchange area, the labyrinth, and the superficial
zone, the remnant of the ectoplacental cone, and
the trophospongium or basal zone. There is
maternal blood flow through the ectoplacental
area before the labyrinth is formed to derive
nutrition from the maternal circulation. During
and after labyrinth formation, the trophos-
pongium undergoes differentiation into sec-
ondary giant cell formation (primary giant cells
are derived from the mural trophoblast develop-
ing in relation to the yolk sac) and are restricted
to the zone immediately facing maternal tissues.
Most of the trophospongium differentiates into
islands of glycogen cells surrounded by baso-
philic trophoblast in contact with maternal blood.

The fully formed placenta includes the tran-
sient yolk sac, amnion, and chorioallantois with
functions described previously. In addition, out-
side the placental membranes and between the
chorion and metrial gland, there is the labyrinth,
trophospongiosum or basal zone, and uterine
decidua. The labyrinth is the largest layer of the
placenta and the site for most, if not all, nutrient
and gas exchange between the maternal and
fetal-placental vasculatures. The basal zone
forms just below the labyrinth zone and is
composed of spongiotrophoblasts, glycogen
cells, and (secondary) trophoblastic giant cells.
The primary trophoblastic giant cells derive from
the mural trophectoderm and are important for
implantation. The secondary trophoblastic giant
cells form from the ectoplacental cone and

represent the main components of the basal zone.
The basal zone is a site of production of steroids
and peptide hormones required for the mainte-
nance of pregnancy, storage of glycogen, and
establishment of an immunological barrier to the
maternal immune system. Metrial glands are
located in the mesometrial triangle of the preg-
nant uterus from gestational Day 8 to parturition.

The uterine metrial gland is a distinct structure
in the uterus that is composed of granulated
metrial gland cells, endometrial stromal cells,
trophoblast cells, blood vessels, and fibroblasts.
Granulated metrial gland cells are hallmark cells
of the metrial gland derived from bone marrow.
They are perforin-positive, natural killer cells
that proliferate in the pregnant uterus and encir-
cle newly formed blood vessels in the mesome-
trial triangle, producing proteases that destroy
basement membranes and vascular endothelial
growth factor to stimulate endothelial cell pro-
liferation. The metrial gland cells promote
angiogenesis and remodel the uterine vasculature
at the point of entry of blood vessels into the
uterus.

2.5.3 Placentation in Sheep

Implantation is a prerequisite for placentation, and
both are critical for a successful pregnancy. Con-
ceptus attachment and adhesion to uterine LE/sGE
first requires removal of large mucins from the
glycocalyx that block direct physical interactions
between carbohydrates and lectins at the apical
surfaces of the opposing uterine LE and conceptus
trophectoderm (Bazer et al. 2012; Johnson et al.
2018). These low affinity contacts are replaced by
firm focal adhesions between integrins and ECM
proteins like SPP1. Sheep have a synepithelio-
chorial placenta in which fusion of conceptus
trophectoderm with uterine LE occurs and then the
uterine LE is degraded. Both mononuclear tro-
phectoderm cells and multinucleated trophoblast
giant cells (TGCs) are present in the trophecto-
derm of ruminant placentae. The mononuclear
cells constitute the majority of the trophectoderm
cells and TGCs differentiate from the mononu-
clear trophectoderm cells in concert with
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trophectoderm outgrowth during conceptus elon-
gation (Seo et al. 2019; Seo et al. 2020a). TGCs
first appear between Days 14 and 16 of gestation in
sheep conceptuses and comprise 15-20% of the
trophectoderm during the apposition and attach-
ment phases of implantation. TGCs migrate to LE
and remove LE cells that are undergoing apoptosis
to form multinucleated syncytia. The syncytia of
sheep subsequently enlarge through continued
TGC migration and fusion to form syncytial pla-
ques. The syncytial plaques form the epithelial
interface between endometrial caruncles and pla-
cental cotyledons that comprise the placentomes.
Syncytial plaques are a consistent feature in pla-
centomes throughout pregnancy in sheep.

Fetal fluids (allantoic and amniotic fluids) are
of maternal origin via active transport of water,
as well as other molecules, across the placenta
and into the allantoic sac for distribution to other
components of the conceptus including the fetus
and amniotic sac. The driving force for expan-
sion of the allantois, and in turn the chorioal-
lantois, is the rapid accumulation of water in the
allantoic sac from about 1 ml on Day 18 to 90 ml
on Day 40 and then from Day 70 (32 ml) to Day

Vasculature

140 (438 ml) of the 147 day period of gestation.
Similarly, amniotic fluid volume increases
throughout gestation in sheep from 2 ml on Day
30 to over 700 ml on Day 140 of gestation.
Amniotic fluid buoys the fetus to allow it to
develop symmetrically, prevents fetal skin from
adhering to the amnion and it is swallowed by
the fetus in the last one-third of gestation to
provide water, minerals, and other nutrients.
Development of placentomes begins to occur
Days 25-30 of gestation (Fig. 2.6). The highly
branched villous placental structures termed
cotyledons protrude into crypts in the maternal
endometrial caruncles (aglandular areas of
endometrium consisting of stroma covered by a
single layer of epithelium). As the cotyledonary
chorioallantoic villi interdigitate extensively with
endometrial caruncles there is, within the pla-
centomes, opposing vascular beds that provide a
large surface area for active transfer of nutrients
and gases from maternal blood to the fetal-
placental vasculature. Consequently, there is a
high correlation between the placentomal mass
and fetal weight at birth. In contrast, there is
epitheliochorial attachment to uterine LE in inter-

Fig. 2.6 Overview of placental development in the
sheep. Illustration describing placentome structure that
indicates the uterine caruncle in blue, placental cotyledon
in green, and the network of blood vessels in red.
Collectively, this is the placentome that provides sites for
the exchange of gases and micronutrients such as glucose

Syncytial
Epithelium

and amino acids between the vascular systems of the fetal-
placental tissues and maternal vascular system. The figure
on the right is a histological section of a placentome with
the various cellular components of the placentome.
Reprinted from the freely available article of Johnson
et al. (2018)
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placentomal regions of the placenta. The inter-
placentomal chorioallantois contains areolae that
are in direct apposition to openings of the mouths
of uterine glands for direct uptake of components
of histotroph secreted by or transported by uter-
ine GE. The components of histotroph are
transported across the areolae and into the fetal-
placental vasculature via fluid-phase pinocytosis.

2.5.4 Placentation in Pigs

The elongated conceptuses in pigs expand
through the accumulation of water initially
within the yolk sac and then the allantois of the
chorioallantoic placenta as described for sheep
(Knight et al. 1977; Bazer and Johnson 2014).
The yolk sac derives from an evagination of the
embryonic foregut and accumulates fluid that
first brings the trophectoderm into apposition
with the uterine wall (between Days 17 and 22 of
gestation in pigs) for absorption of nutrients.
After Day 22, the yolk sac becomes a vestigial
structure. The allantoic sac forms as an evagi-
nation of the hindgut and expands rapidly as it
fills with allantoic fluid between Days 18 (1 ml)
and 30 (250 to 300 ml) of gestation to fill the
extra-embryonic coelom and establish the
chorioallantoic placenta. Allantoic fluid then
decreases to about 50 ml on Day 40 of gestation
and then increases again to around 450 ml on
Day 55 of gestation. By Day 70 of gestation in
pigs, development of the epitheliochorial pla-
centa is considered complete based on placental
weight, surface area, and numbers of placental
areolae. Amniotic fluid serves the protective
roles for the embryo/fetus in pigs as described for
sheep. Amniotic fluid volume increases from
around 2 ml on Day 20 to 200 ml on Day 70 of
gestation and then decreases to term.

The chorioallantoic placenta attaches directly
to uterine LE for hematrophic and histotrophic
support of conceptus growth and development.
Given the non-invasive nature of the pig placenta,
itis critical to increase the surface area available at
the uterine (endometrial)-placental (chorioallan-
toic) interface to minimize the distance between
maternal and placental micro-vasculatures,

thereby optimizing the transport of nutrients and
gasses from maternal to placental blood vessels for
eventual utilization by the embryo/fetus. To do
this, extensive remodeling occurs at the uterine-
placental interface by the formation of chorionic
(placental) ridges that correspond with endome-
trial invaginations that result in extensive folding
(Fig. 2.7). The interface between the endome-
trium and chorion in pigs begins to undergo
folding between Days 20 and Day 25 of preg-
nancy. By Day 30 of pregnancy the chorioallan-
toic and endometrial surfaces interlock into folds
composed of endometrial ridges and chorioallan-
toic troughs (Friess et al. 1980). These folds pro-
ceed to increase in length until Day 35 of
gestation, followed by a second increase in length
between Days 50 and 60 of gestation (Seo et al.
2020b). As the growth rate of the placenta
decreases, the fetus undergoes a period of expo-
nential growth (Marrable 1971). It is critical that
the depth of the folds increases between Days 65
and 105 of gestation, to increase the surface area
available for nutrient transport to accommodate
the high nutritional demands of the exponentially
growing fetus (Vallet and Freking 2007). The
morphological folding characteristic of the ep-
itheliochorial placentation in pigs is likely the
result of mechanotransduction and mechanosen-
sation at the interface between the endometrium
and the chorion. It has been proposed that dilation
of subepithelial uterine blood vessels delivers
increased blood flow that pushes upward on the
interface between the uterine LE and the placental
chorioallantois. These protrusive forces from
growing uterine blood vessels trigger integrin
adhesion complex assembly and actin polymer-
ization between the uterine LE and chorionic
epithelium (CE) at the bottoms of the chorioal-
lantoic troughs, and uterine fibroblasts differenti-
ate into contractile myofibroblasts that pull the
connective tissue downward and inward to sculpt
folds at the uterine-placental interface (Seo et al.
2020b). The folding increases the surface area of
the uterine-placental interface for each conceptus
in the litter of piglets. Indentation of uterine LE
and CE by underlying capillaries reduces the dif-
fusion distance between the maternal and fetal-
placental vasculatures. Indeed, placental and
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uterine capillaries lie immediately beneath the
uterine LE and the chorionic epithelium, mini-
mizing the distance between maternal and fetal
blood vessels (Dantzer and Leiser 1994). In
summary, the lateral sides and tops of the
chorioallantoic ridges are designed for gaseous
exchange, whereas the base of the chorioallantoic
troughs is designed for the transport of blood-
borne nutrients, i.e., hemotroph (Friess et al.
1980). The precise cell-specific spatio-temporal
regulation of nutrient transporters is essential for
the regulation of fetal growth and development.
For example, at Day 60 of gestation the glucose
transporter SLC2A1 is expressed by the uterine
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LE and in the CE but not by the tall columnar CE
cells at the tips of the uterine-placental folds and
the areolae (Kramer et al. 2020). In contrast, at
Day 60 of gestation, the glucose transporter
SLC2A3 is expressed by the CE of the areolae and
the LE cells in close proximity to the tall columnar
cells of the CE, and SLC2AS8, a glucose and
fructose transporter, is expressed by the tall
columnar cells of the CE and by the areolae.
Together, these findings suggest that differential
expression of transporters for glucose across the
uterine-chorionic folds is critical for the trans-
portation of glucose from maternal circulation to
the fetus.

Heterogeneity of Chorionic Epithelium

Trophectoderm
(Chorionic epithelium

Tall columnar
(Top)

Cuboidal
(side and bottom)

Fig. 2.7 Overview of placental development in the pig.
An illustration depicting the uterine-placental interface
during implantation (top left panel) and placentation (top
right panel). Green and red colors indicate heterogeneity
of gene expression within the chorionic epithelium.
Immunofluorescence staining for a2f1 integrin by uterine

epithelia on Day 60 of pregnancy is shown (bottom
panel). The asterisk indicates a fold or villus with the
apposition of uterine luminal epithelium (LE) and chori-
onic epithelium (CE) that significantly increases the
surface area for exchange of nutrients and gases between
the fetal-placental and maternal vascular systems
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Progressive interdigitation of microvilli on
trophectoderm and uterine LE eventually occurs
over the entire uterine-placental interface, except
at the openings of uterine glands. At openings of
the mouths of uterine glands, the CE forms are-
olae to transport components of histotroph into
the fetal-placental vasculature via fluid-phase
pinocytosis. Areolae are initially observed as
small white circular discs with a prominent
peripheral thickening of 1 mm in diameter
(Friess et al. 1981), but quickly develop to cover
the openings of the uterine gland(s). The cavity
that forms collects the secretions of the uterine
glands, and the columnar chorionic epithelial
cells that line the placental border of this cavity
form a seal between the uterine LE and the walls
of the placental areola to prevent dissipation of
histotroph into inter-areolar regions of the pla-
centa (Fig. 2.8). The allantoic vasculature that
receives the histotroph is clearly discernable
from the vasculature that supplies inter-areolar

Luminal
Epithelium
(LE)

Glandular Epithelium (GE)

Uterine
Vasculature

Fig. 2.8 Areolae structure in the pig. Illustration depict-
ing an areola that exists in placentae of species such as
pigs, horses, sheep, cattle, and goats for the transport of
secretions from uterine glands into the fetal-placental
vasculature via fluid-phase pinocytosis. Nutrients and
gases are transported from the maternal capillaries into the
placental capillaries. The hematoxylin and eosin stained

regions of the placenta (Leiser and Dantzer
1994). The endometrial vasculature that supplies
the areola develops more slowly than the
endometrial vasculature of inter-areolar regions,
presumably due to a less intimate association
with the trophectoderm. This prevents direct
physical interaction between the trophectoderm
and endometrium and decreases the influence of
paracrine products that are secreted by the tro-
phectoderm. As the placenta grows, areolar
diameter increases and a stretching of the areolar
capillary network leads to a progressively
widening size. During the early stages of pla-
centation, the placental surface of the areolae is
flat, but as placentation progresses the flat surface
becomes more complex with formation of ridges
and papilla-like structures lined by a columnar
chorionic epithelium (Amoroso 1952). The bal-
loon shape of the areola implies that there is an
interior pressure against the chorioallantoic sur-
face of the areola delivered by the continuous

Placental
Vasculature

Chorionic
Epithelium
(CE)

image in the right panel illustrates the uterine-placental
interface of mature placentation in the pig, with the areola
having a critical function for histotrophic support of the
fetus. The red staining indicates the synthesis, secretion,
and transport of histotroph by the glands and into the
lumen of the areola
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accumulation of histotroph from the uterine
glands. Indeed, the cavity of an areola is a small
reservoir for the histotroph that is potentially
secreted by the much larger uterine glands (Lei-
ser and Dantzer 1994). There are some 2,500
areolae per placenta in pigs and a correlation
between areolar number and fetal weight has
been suggested.

Uteroferrin (UF, also known as acid phos-
phatase 5, tartrate resistant, ACP5) secreted by
uterine GE is taken up by placental areolae by
fluid-phase pinocytosis and released into the
fetal-placental circulation. UF transports iron
required for the synthesis of hemoglobin in the
fetal liver, and it is a hematopoietic growth fac-
tor, regulating both the differentiation and pro-
liferation of hematopoietic stem cells and their
colonization in the yolk sac, liver, spleen, and
bone marrow (Bazer et al. 1991; Ying et al.
2014).

2.6 Summary and Conclusions

In this review, we have summarized some of the
critical molecular signaling and morphological
events that are crucial for the establishment of a
successful pregnancy. Whilst many of these
processes are conserved, there are key differences
across species. It is important to consider these
species-specific differences when designing an
experiment to investigate the mechanisms con-
trolling implantation and placentation, placental
transport of minerals and nutrients, and when
extrapolating the findings from studies of one
species to another species. While each animal
model has its own merits, it is important to note
that no animal model truly recapitulates human
pregnancy. Comparative studies of the mecha-
nisms governing implantation and placentation
across species are critical for the discovery of
improved strategies to enhance reproductive
health and fertility in both humans and livestock
species.
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During early human pregnancy the uterine mucosa transforms into the decidua, into which the fetal placenta implants and
where placental trophoblast cells intermingle and communicate with maternal cells. Trophoblast-decidual interactions
underlie common diseases of pregnancy, including pre-eclampsia and stillbirth. Here we profile the transcriptomes of
about 70,000 single cells from first-trimester placentas with matched maternal blood and decidual cells. The cellular
composition of human decidua reveals subsets of perivascular and stromal cells that are located in distinct decidual layers.
There are three major subsets of decidual natural killer cells that have distinctive immunomodulatory and chemokine
profiles. We develop a repository of ligand-receptor complexes and a statistical tool to predict the cell-type specificity of
cell-cell communication via these molecular interactions. Our data identify many regulatory interactions that prevent
harmful innate or adaptive immune responses in this environment. Our single-cell atlas of the maternal-fetal interface
reveals the cellular organization of the decidua and placenta, and the interactions that are critical for placentation and

reproductive success.

During early pregnancy, the uterine mucosal lining—the endometrium—
is transformed into the decidua under the influence of progesterone.
Decidualization results from a complex and well-orchestrated differ-
entiation program that involves all cellular elements of the mucosa:
stromal, glandular and immune cells, the last of which include the
distinctive decidual natural killer (ANK) cells"2. The blastocyst
implants into the decidua, and initially—before arterial connections
are established—uterine glands are the source of histotrophic nutrition
in the placenta®*. After implantation, placental extravillous trophoblast
cells (EVT) invade through the decidua and move towards the spiral
arteries, where they destroy the smooth muscle media and transform
the arteries into high conductance vessels®. Balanced regulation of EVT
invasion is critical to pregnancy success: to ensure correct allocation of
resources to mother and baby, arteries must be sufficiently transformed
but excessive invasion must be prevented®. The pivotal regulatory role
of the decidua is obvious from the life-threatening, uncontrolled troph-
oblast invasion that occurs when the decidua is absent, as when the
placenta implants on a previous Caesarean section scar”’.

EVT have a unique human leukocyte antigen (HLA) profile: they
do not express the dominant T cell ligands, class  HLA-A and HLA-B,
or class IT molecules®® but do express HLA-G and HLA-E and poly-
morphic HLA-C class I molecules. These trophoblast HLA ligands
have receptors that are expressed by the dominant decidual immune
cells (that is, dNKs), including maternal killer immunoglobulin-like
receptors (KIRs) some of which bind to HLA-C molecules'®!!, Certain
combinations of maternal KIRs and fetal HLA-C genetic variants are

associated with pregnancy disorders such as pre-eclampsia, in which
trophoblast invasion is deficient'?. However, detailed understanding
of the cellular interactions in the decidua that support early pregnancy
is lacking.

In this study, we used single-cell transcriptomics to comprehen-
sively resolve the cell states that are involved in maternal-fetal com-
munication in the decidua, during early pregnancy when the placenta
is established. We then used a computational framework to predict
cell-type-specific ligand-receptor complexes and present a new data-
base of the curated complexes (www.CellPhoneDB.org/). By inte-
grating these predictions with spatial in situ analysis, we construct a
detailed molecular and cellular map of the human decidual-placental
interface.

Maternal and fetal cells in early pregnancy

We combined droplet-based encapsulation (using the 10x Genomics
Chromium system)'® and plate-based Smart-seq2'* single-cell tran-
scriptome profiles from the maternal-fetal interface (11 deciduas and
5 placentas from 6-14 gestational weeks) and six matched periph-
eral blood mononuclear cells (Fig. 1a, b, Supplementary Tables 1, 2,
Extended Data Fig. 1). After computational quality control and integra-
tion of transcriptomes from both technologies, we performed graph-
based clustering (see Methods) of the combined dataset and used
cluster-specific marker genes to annotate the clusters (Fig. 1¢, Extended
Data Figs. 2, 3a-d, Supplementary Table 2). We studied T cell com-
position and clonal expansion using full-length transcriptomes from
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Fig. 1 | Identification of cell types at the maternal-fetal interface.

a, Diagram illustrating the decidual-placental interface in early pregnancy.
DC, dendritic cells; dM, decidual macrophages; dS, decidual stromal cells;
Endo, endothelial cells; Epi, epithelial glandular cells; F, fibroblasts; HB,
Hofbauer cells; PV, perivascular cells; SCT, syncytiotrophoblast; VCT,
villous cytotrophoblast; EVT, extravillous trophoblast. b, Workflow for
single-cell transcriptome profiling of decidua, placenta and maternal
peripheral blood mononuclear cells. Numbers in parentheses indicate
number of individuals analysed. ¢, Placental and decidual cell clusters

Smart-seq2 and reconstructed the T cell receptor sequences from this
data, which showed expansion of CD8 T cells in the decidua (Fig. 1d).

We aligned single-cell RNA-sequencing (scRNA-seq) reads from
each cell with overlapping single nucleotide polymorphisms called
from maternal and fetal genomic DNA to assign cells as fetal or mater-
nal (Fig. le, Extended Data Fig. 3e). As expected, decidual samples
contained mostly maternal cells with a few fetal HLA-G* EVT. Fetal
cells dominate the placental samples, with the exception of maternal
macrophages (M3 cluster) that express CD14, SI00A9, CD163, CD68
and CSFIR (Extended Data Fig. 3f). These are probably derived from
blood monocytes incorporated into the syncytium'.

Cell communication predicted by CellPhoneDB

To systematically study the interactions between fetal and maternal cells
in the decidual-placental interface, we developed a repository (www.
CellPhoneDB.org) of ligand-receptor interacting pairs that accounts
for their subunit architecture, representing heteromeric complexes
accurately (Extended Data Fig. 4a). Both secreted and cell-surface mol-
ecules are considered; the repository therefore encompasses ligand-
receptor interactions mediated by the diffusion of secreted molecules.
Our repository forms the basis of a computational approach to iden-
tify biologically relevant ligand-receptor complexes. We consider the
expression levels of ligands and receptors within each cell type, and use
empirical shuffling to calculate which ligand-receptor pairs display
significant cell-type specificity (Extended Data Fig. 4b, see Methods).
This predicts molecular interactions between cell populations via spe-
cific protein complexes, and generates a potential cell-cell communi-
cation network in the decidua and placenta (Extended Data Fig. 4c-e,
Supplementary Tables 3, 4).

N AT UR E | www.nature.com/nature

26 Plasma cells

M Fetal Maternal M Unassigned

from 10x Genomics and Smart-seq2 (SS2) scRNA-seq analysis visualized
by UMAP. Colours indicate cell type or state. n =11 deciduas, n=5
placentas and n =6 blood samples. f, fetal; ILC, innate lymphocyte cells;

1, lymphatic; m, maternal; p, proliferative; M3, maternal macrophages.

d, UMAP visualization of T cell clonal expansion and clusters by
integrating Smart-seq2 and 10x Genomics T cell data from clusters 4, 8, 10
and 15 from c. TCR, T cell receptor. MAIT, mucosal-associated invariant
T cell. e, Origin of droplet cells in ¢ by tissue (above) or genotype (below).
Purple circle, maternal cells in placenta; green circle, fetal cells in decidua.

Trophoblast differentiation by scRNA-seq

To investigate maternal—fetal interactions at the decidual-placental
interface, we first analysed fetal trophoblast cells isolated from placen-
tal and decidual samples: the latter contain invasive EVT (Extended
Data Fig. 5a, b). Consistent with previous results'®!’, we resolved two
distinct trophoblast differentiation pathways (Fig. 2a). As expected,
decidual EVT are at the end of the trajectory, have high levels of expres-
sion of HLA-G and no longer express cell-cycle genes (Extended Data
Fig. 5¢). For villous cytotrophoblast cells, CellPhoneDB predicts inter-
actions of receptors involved in cellular proliferation and differentiation
(EGFR, NRP2 and MET) with their corresponding ligands expressed by
other cells in the placenta. HBEGF, potentially interacting with EGFR,
is expressed by Hofbauer cells, and PGF and HGF—the respective lig-
ands of NRP2 and MET—are expressed by different placental fibroblast
subsets (Fig. 2b, Supplementary Table 5).

By contrast, during EVT differentiation there is upregulation of
receptors involved in immunomodulation, cellular adhesion and inva-
sion, the ligands of which are expressed by decidual cells (Fig. 2b). For
example, ACKR2 is a decoy receptor for inflammatory cytokines that
are produced by maternal immune cells!® and CXCRG6 is a chemokine
receptor that binds to CXCL16 expressed by the maternal macrophages.
Expression of TGFB1—the function of which is to suppress immune
responses'? and activate epithelial-mesenchymal transitions—and its
receptor increases as EVT differentiate. Components involved in the
epithelial-mesenchymal-transition program are upregulated at the
end of the trajectory®® (Extended Data Fig. 5d); these include PAPPA
and PAPPA2, which encode metalloproteinases that are known to be
involved in cellular invasion. In pregnancy, a decreased level of PAPPA
is a biomarker for pre-eclampsia and fetal growth restriction, which are

associated with defective EVT invasion?®!.

© 2018 Springer Nature Limited. All rights reserved.
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isolates are included. n=11 deciduas and n =5 placentas. b, Violin plots from Fig. 1c are used for the violin plots.
showing log-transformed, normalized expression levels for selected
Stromal cells in the two decidual layers PV2, and lacks expression of the classical decidual markers prolactin
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Fig. 4 | Three dNK populations. a, Heat map showing relative expression
(z-score) of markers defining the three dNK subsets (n =11 deciduas;
percentage 1 > 10%, percentage 2 < 60%; refers to the percentage of

cells with expression above 0 in the corresponding cluster and all other
clusters; P value < 0.1 after Bonferroni correction, Wilcoxon rank-sum
test). b, Workflow for KIRid method (see https://github.com/Teichlab/
KIRid). IPD-KIR, database for human KIR (available at https://www.ebi.
ac.uk/ipd/kir/). ¢, z-scores of KIR receptors (mean expression levels).
Expression values were generated using Smart-seq2 data and the KIRid
approach (n =5 deciduas). d, FACS gating strategy to identify dNK subsets

present, which demonstrates that both PV1 and PV2 are perivascular
(Fig. 3b). ACTA2" dS1 cells are present between glands in the decidua
spongiosa, whereas IGFBPI™ and PRL™ dS2 and dS3 cells are located
in decidua compacta (Fig. 3¢, d, Extended Data Fig. 7). CYPI1AI is
also expressed more abundantly in decidua compacta than in decidua
spongiosa (Extended Data Fig. 6b).

Our CellPhoneDB tool predicts that the cognate receptors for
angiogenic factors that are expressed by PV1 and PV2 (for example,
ANGPTI and VEGFA) are located in the endothelium (Fig. 3e). EVT
first invade the decidua compacta, where dS2 and dS3 express high
levels of LGALS9 and CLEC2D. These molecules could interact with
their respective inhibitory receptors TIM3 (also known as HAVCR2)
and KLRBI—which are expressed by subsets of dNKs—enabling the
stroma to suppress inflammatory reactions in the decidua.

Three decidual NK cell states

We identified three main dNK subsets (ANK1, dNK2 and dNK3),
which all co-express the tissue-resident markers CD49A (also known
as ITGAI) and CD9 (Extended Data Fig. 8a). dNK1 cells express CD39
(also known as ENTPD1), CYP26A1 and B4GALNT1I, whereas the
defining markers of ANK2 cells are ANXAI and ITGB2; the latter is
shared with dNK3 cells (Fig. 4a, Supplementary Table 7). dNK3 cells
express CD160, KLRBI and CD103 (also known as ITGAE), but not the
innate lymphocyte cell marker CD127 (also known as IL7R) (Extended
Data Fig. 8a).

Genes of the KIR family are polymorphic and highly homologous,
which makes the quantification of mRNA expression of individual
KIR genes challenging'?. We therefore developed ‘KIRid, a method
that uses full-length transcript Smart-seq2 data to map the single-cell
reads of each donor to the corresponding donor-specific reference of
KIR alleles (Fig. 4b, see Methods). We find that dNK1 cells express
higher levels of KIRs that can bind to HLA-C molecules: inhibi-
tory KIR2DL1, KIR2DL2 and KIR2DL3 and activating KIR2DS1 and
KIR2DS4 (Fig. 4c, Supplementary Table 8). LILRBI, the receptor
with high affinity for the dimeric form of HLA-G molecules, is
expressed only by the dNK1 subset. Both dNK1 and dNK2—but
not dNK3—express activating NKG2C (also known as KLRC2) and
NKG2E (also known as KLRC3) as well as inhibitory NKG2A (also
known as KLRC1) receptors for HLA-E molecules (Fig. 4c). These
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(representative sample from » = 6 individuals; Supplementary Table 9).

e, z-scores of expression of granule molecules PRF1, GNL1, GZMA and
GZMB in dNK subsets (n =11 individuals). f, Flow cytometry to compare
staining of granule components in NKG2ATKIR" versus NKG2ATKIR ™
dNK cells (PRF1 n =09 individuals; GNLY n =7 individuals; GZMA n=38
individuals; GZMB #n =10 individuals; Supplementary Table 9). Non-
parametric paired Wilcoxon test. *P < 0.05, **P < 0.01. g, Right, z-scores
of glycolysis enzymes (mean mRNA expression). Left, only differentially
expressed enzymes are shown in the glycolysis pathway (n =11 deciduas;
Pvalue < 0.1 after Bonferroni correction, Wilcoxon rank-sum test).

results predict a likely function of dNK1 in the recognition and
response to EVT.

To investigate these three dNK populations further, we analysed
six decidual samples by flow cytometry using CD49a (expressed by
resident dNKs), combined with markers for each dNK subset predicted
from our transcriptomics data (CD39, ITGB2, CD103 and KIR2DL1)
(Fig. 4d, Extended Data Fig. 8b). We confirmed the presence of the
three dNK populations by flow cytometry and the preferential expres-
sion of KIR2DLI in dNK1 (Fig. 4d, Supplementary Table 9). We
analysed the morphology of dNK subsets by Giemsa staining of cells
isolated by flow cytometric sorting (Extended Data Fig. 8c). dNK1
contains more cytoplasmic granules than dNK2 and dNK3, which is
consistent with our scRNA-seq data that show higher levels of expres-
sion of PRF1, GNLY, GZMA and GZMB RNA in this subset (Fig. 4e).
Higher levels of expression of the granule proteins (PRF1, GNLY,
GZMA and GZMB) are found in KIR" compared to KIR™ dNK cells
by flow cytometry (Fig. 4f). dNK1 cells also express high levels of
enzymes involved in glycolysis (Fig. 4g). Thus, dNK1 cells are charac-
terized by active glycolytic metabolism, and show higher expression of
KIR genes (KIR2DS1, KIR2DS4, KIR2DL1, KIR2DL2 and KIR2DL3),
LILRBI and cytoplasmic granule proteins, suggesting that it is ANK1
cells that particularly interact with EVT.

First pregnancies are associated with lower proportions of dNK cells
that express LILRB1?, lower birth weights and increased occurrence
of disorders such as pre-eclampsia®. Metabolomic programming of
mature ‘memory’ natural killer cells also occurs in chronic human
cytomegalovirus infection?®. Together, these findings are consistent
with the ‘priming’ of dNK1 cells during a first pregnancy so they can
respond more effectively to the implanting placenta in subsequent
pregnancies.

Immunomodulation during early pregnancy

We next used CellPhoneDB to identify the expression of cytokines
and chemokines by dNKs, and to predict their interactions with other
cells at the maternal-fetal interface (Fig. 5a, Extended Data Fig. 9a).
However, contrary to previous studies*#*’, we find no evidence for
substantial VEGFA or IFNG expression by dNKs in vivo—probably
because these studies used dNK cells cultured with IL-2 or IL-15
in vitro.
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dNK1 cells express higher levels of CSF1, the receptor of which
(CSFIR) is expressed by EVT and macrophages (Fig. 5a, b). Secretion
of CSF1 by dNK cells and interaction with the CSF1R on EVT have
previously been described?®?, and we now pinpoint this interaction
specifically to the dNKI1 subset. By contrast, ANK2 and dNK3 express
high levels of XCLI, and CCL5 is highly expressed by dNK3 (Fig. 5a, b,
Extended Data Fig. 9b). CCRI, the receptor for CCL5, is expressed by
EVT, which suggests a role for dNK3 in regulating EVT invasion®’.
The expression pattern of the XCL1-XCRI ligand-receptor complex
suggests functional interactions between dNK2 and dNK3 and both
EVT and conventional DCI1 (labelled as DC1). DCI recruitment,
which is mediated by natural killer cells, occurs in tumour microen-
vironments®!. We find an increased proportion of DC1 compared to
DC2—which possibly leads to the expansion of decidual CD8™ T cells
(Fig. 1d)—but co-expression of PD1 (also known as PDCD1) suggests
that local T cell activation is limited.

Our results collectively suggest that in the decidua microenviron-
ment all damaging maternal T or natural killer cell responses to fetal
trophoblast cells are prevented. There is high expression of PDLI
(also known as CD274) in EV'T, which we confirmed in situ by using
immunohistochemistry on serial sections of decidua basalis (the site
of trophoblast invasion) stained for PDL1 and HLA-G (Extended Data
Fig. 9¢). We also identified putative inhibitory interactions between
dNKs and EVT, in addition to the previously discussed receptor-ligand
complexes between KIR2DL1, KIR2DL2 or KIR2DL3 and HLA-C.
These include KLRBI and TIGIT, which are highly expressed by dNK3
cells, potentially binding CLEC2D and PVR, which are expressed by
EVT (Fig. 5a).

We predict that the immune microenvironment of the decidua pre-
vents inflammatory responses that could potentially be triggered by
trophoblast invasion and destruction of the smooth muscle media of the
spiral arteries by trophoblast (Fig. 5¢). Subsets of decidual macrophages

Fetal
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dM2 dS and dM S and dM dSanddM |
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Angio., angiogenesis. Assays were carried out at the mRNA level, but are
extrapolated to protein interactions. b, Diagram of the main receptors
and ligands expressed on the three dNK subsets that are involved in
adhesion and cellular recruitment. ¢, Diagram of the main receptors
and ligands expressed on the three dNK subsets that are involved in
immunomodulation.

express immunomodulatory molecules such as IL10, the receptor of
which is expressed by EVT and by maternal endothelial, stromal and
myeloid cells. ANKI1 cells express high levels of SPINK2, and dNK2
and dNK3 cells express high levels of ANXAI. Both of these genes
encode proteins that have anti-inflammatory roles, such as inhibiting
kallikreins®?. The dNK1 subset expresses CD39 (which is encoded by
ENTPD1), which—together with CD73 (which is encoded by NT5E)—
converts ATP to adenosine to prevent immune activation®® (Fig. 5c,
Extended Data Fig. 9b). Expression of CD73 is high in epithelial glands
and EVT, and the adenosine receptor (ADORA3) is present in mac-
rophages (Fig. 5¢, Extended Data Fig. 9b). KIR2DL1" dNK1 cells are
in close physical contact with HLA-G' EVT (Extended Data Fig. 9d),
which suggests that together they could convert extracellular ATP—an
inflammatory signal released upon cell death—to adenosine*.

Discussion

Reproductive success depends on events that occur during placentation
in the first-trimester decidua®®. Other scRNA-seq studies of uterine
cells in pregnancy have analysed cells at the end of gestation!'®¢ or
are restricted to fetal placental populations!”. To our knowledge, our
study is the first comprehensive single-cell transcriptomics atlas of the
maternal-fetal interface between 6-14 weeks of gestation (Extended
Data Fig. 10). Similar to previous scRNA-seq analyses®®~, we pre-
dict possible ligand-receptor interactions; we have developed an open
repository for this purpose (www.CellPhoneDB.org/). This database
accounts for the multimeric nature of ligands and receptors and is
integrated with a statistical framework that predicts enriched cellular
interactions between two cell types.

We show the differentiation trajectory of trophoblast cells to either
villous syncytiotrophoblast (which is involved in nutrient exchange) or
EVT (which invade and remodel the spiral arteries), and predict the
ligand-receptor interactions that are likely to control these processes.
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Our findings also suggest an environment in which any adaptive or
innate immune responses that are harmful to the placenta or to the
uterus are minimized. This is critical for the compromise that is needed
to define the territorial boundary between mother and fetus. This envi-
ronment has notable parallels with that around tumours, where inflam-
matory and adaptive immune responses are also dampened®’. dNK cells
comprise about 70% of immune cells in the first-trimester decidua"**:
we define three major subsets of ANK cells and predict that their likely
function is to mediate the extent of trophoblast invasion, in addition
to coordinating multiple immunomodulatory pathways that involve
myeloid cells, T cells and stromal cells. Maternal immune responses are
restrained by diverse classes of signalling molecules: cell-surface expres-
sion of checkpoint inhibitors such as PD1, PDLI or TIGIT, tethered
ligand-receptor complexes, secreted proteins, and small molecules
such as adenosine or steroid hormones. We also show that the dNK1
subset expresses receptors for trophoblast HLA-C, HLA-E and HLA-G
molecules, and can be primed metabolically through increased expres-
sion of glycolytic enzymes. The increased expression of glycolytic
enzymes in dNKI1 cells (which represents metabolic priming) sug-
gests that these cells could be responsible for the different reproductive
outcomes found in first compared to subsequent pregnancies.

In summary, we identify many molecular and cellular mechanisms
that operate to generate a physiologically peaceful decidual environ-
ment. This cell atlas of the early maternal-fetal interface provides
an essential resource for understanding normal and pathological
pregnancies.
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METHODS

No statistical methods were used to predetermine sample size. The experiments
were not randomized and investigators were not blinded to allocation during
experiments and outcome assessment.

Patient samples. All tissue samples used for this study were obtained with written
informed consent from all participants in accordance with the guidelines in The
Declaration of Helsinki 2000 from multiple centres.

Human embryo, fetal and decidual samples were obtained from the MRC and
Wellcome-funded Human Developmental Biology Resource (HDBR*, http://
www.hdbr.org), with appropriate maternal written consent and approval from the
Newcastle and North Tyneside NHS Health Authority Joint Ethics Committee
(08/H0906/21+-5). The HDBR is regulated by the UK Human Tissue Authority
(HTA; www.hta.gov.uk) and operates in accordance with the relevant HTA Codes
of Practice. Decidual tissue for smFISH (Extended Data Fig. 7c) was also covered
by this ethics protocol.

Peripheral blood from women undergoing elective terminations was collected
under appropriate maternal written consent and with approvals from the Newcastle
Academic Health Partners (reference NAHPB-093) and HRA NHS Research Ethics
committee North-East-Newcastle North Tyneside 1 (REC reference 12/NE/0395)

Decidual tissue for immunohistochemistry (Fig. 3b, ¢, Extended Data Figs. 7a,
9¢, d) and flow cytometry staining for granule proteins was obtained from elec-
tive terminations of normal pregnancies at Addenbrooke’s Hospital (Cambridge)
between 6 and 12 weeks gestation, under ethical approval from the Cambridge
Local Research Ethics Committee (04/Q0108/23).

Decidual tissue for smFISH (Fig. 3d, Extended Data Fig. 6b, 7b) was obtained
from the Newcastle Uteroplacental Tissue Bank. Ethics numbers are: Newcastle and
North Tyneside Research Ethics Committee 1 Ref:10/H0906/71 and 16/NE/0167.
Isolation of decidual, placental and blood cells. Decidual and placental tissue
was washed in Ham’s F12 medium, macroscopically separated and then washed
for at least 10 min in RPMI or Ham’s F12 medium, respectively, before processing.

Decidual tissues were chopped using scalpels into approximately 0.2-mm? cubes
and enzymatically digested in 15 ml 0.4 mg/ml collagenase V (Sigma, C-9263)
solution in RPMI 1640 medium (Thermo Fisher Scientific, 21875-034)/10% FCS
(Biosfera, FB-1001) at 37 °C for 45 min. The supernatant was diluted with medium
and passed through a 100-pm cell sieve (Corning, 431752) and then a 40-pm cell
sieve (Corning, 431750). The flow-through was centrifuged and resuspended in 5
ml of red blood cell lysis buffer (Invitrogen, 00-4300) for 10 min.

Each first-trimester placenta was placed in a Petri dish and the placental villi
were scraped from the chorionic membrane using a scalpel. The stripped mem-
brane was discarded and the resultant villous tissue was enzymatically digested in
70 ml 0.2% trypsin 250 (Pan Biotech P10-025100P)/0.02% EDTA (Sigma E9884) in
PBS with stirring at 37 °C for 9 min. The disaggregated cell suspension was passed
through sterile muslin gauze (Winware food grade) and washed through with
Ham’s F12 medium (Biosera SM-H0096) containing 20% FBS (Biosera FB-1001).
Cells were pelleted from the filtrate by centrifugation and resuspended in Ham’s
F12. The undigested gelatinous tissue remnant was retrieved from the gauze and
further digested with 10-15 ml collagenase V at 1.0 mg/ml (Sigma C9263) in Ham’s
F12 medium/10% FBS with gentle shaking at 37 °C for 10 min. The disaggregated
cell suspension from collagenase digestion was passed through sterile muslin gauze
and the cells pelleted from the filtrate as before. Cells obtained from both enzyme
digests were pooled together and passed through a 100-pum cell sieve (Corning,
431752) and washed in Ham’s F12. The flow-through was centrifuged and resus-
pended in 5 ml of red blood cell lysis buffer (Invitrogen, 00-4300) for 10 min.

Blood samples were carefully layered onto a Ficoll-Paque gradient (Amersham)
and centrifuged at 2,000 r.p.m. for 30 min without breaks. Peripheral blood mono-
nuclear cells from the interface between the plasma and the Ficoll-Paque gradient
were collected and washed in ice-cold phosphate-buffered saline (PBS), followed
by centrifugation at 2,000 r.p.m. for 5 min. The pellet was resuspended in 5 ml of
red blood cell lysis buffer (Invitrogen, 00-4300) for 10 min.

Assignment of fetal developmental stage. Up to eight post-conception weeks,
embryos are staged using the Carnegie staging method*!. At fetal stages beyond
eight post-conception weeks, age was estimated from measurements of foot length
and heel-to-knee length. These were compared with a standard growth chart*.

Flow cytometry staining, cell sorting and single-cell RNA-seq. Decidual and
blood cells were incubated at 4 °C with 2.5 pl of antibodies in 1% FBS in DPBS
without calcium and magnesium (Thermo Fisher Scientific, 14190136). DAPI was
used for live versus dead discrimination. We used an antibody panel designed to
enrich for certain populations for single-cell sorting and scRNA-seq. Cells were
sorted using a Becton Dickinson (BD) FACS Aria Fusion with 5 excitation lasers
(355 nm, 405 nm, 488 nm, 561 nm and 635 nm red), and 18 fluorescent detectors,
plus forward and side scatter. The sorter was controlled using BD FACS DIVA
software (version 7). The antibodies used are listed in Supplementary Table 10.

For single-cell RNA-seq using the plate-based Smart-seq2 protocol, we cre-
ated overlapping gates that comprehensively and evenly sampled all immune-cell

populations in the decidua (Extended Data Fig. 1). B cells (CD19" or CD20")
were excluded from our analysis, owing to their absence in decidua®. Single cells
were sorted into 96-well full-skirted Eppendorf plates chilled to 4°C, prepared
with lysis buffer consisting of 10 pl of TCL buffer (Qiagen) supplemented with
1% B-mercaptoethanol. Single-cell lysates were sealed, vortexed, spun down at
300g at 4°C for 1 min, immediately placed on dry ice and transferred for storage
at —80°C. The Smart-seq2 protocol was performed on single cells as previously
described! ", with some modifications*®. Libraries were sequenced, aiming at an
average depth of 1 million reads per cell, on an Illumina HiSeq 2000 with version 4
chemistry (paired-end, 75-bp reads).

For the droplet scRNA-seq methods, blood and decidual cells were sorted
into immune (CD45") and non-immune (CD45™) fractions. B cells (CD19™" or
CD20") were excluded from blood analysis, owing to their absence in decidua®.
Only viable cells were considered. Placental cells were stained for DAPI and only
viable cells were sorted. To improve trophoblast trajectories, an additional enrich-
ment of EPCAM " and HLA-G™ was performed for selected samples (Fig. 2 only).
Cells were sorted into an Eppendorf tube containing PBS with 0.04% BSA. Cells
were immediately counted using a Neubauer haemocytometer and loaded in the
10x-Genomics Chromium. The 10x-Genomics v2 libraries were prepared as per
the manufacturer’s instructions. Libraries were sequenced, aiming at a minimum
coverage of 50,000 raw reads per cell, on an Illumina HiSeq 4000 (paired-end; read
1: 26 cycles; i7 index: 8 cycles, i5 index: 0 cycles; read 2: 98 cycles).

Flow cytometry staining for granule proteins. For intracellular staining of gran-
ule proteins, dNKs were surface-stained for 30 min in FACS buffer with anti-
bodies (listed in Supplementary Table 10). Cells were washed with FACS buffer
followed by staining with dead cell marker (DCM Aqua) and streptavidin Qdot605.
dNKs were then treated with FIX & PERM (Thermo Fisher Scientific) and stained
for granule proteins. Samples were run on an LSRFortessa FACS analyser (BD
Biosciences) and data analysed using FlowJo (Tree Star). dNKs were gated as
CD3~CD14-CD19 live cells; CD56"NKG2A ™ and then KIR* and KIR ™ subsets
were generated using Boolean functions with the gates for all the different KIRs
stained (KIR™), and their inverse gates (KIR ). Wilcoxon test was used to compare
granule protein staining between paired dNK subsets from the same donor. A
Pvalue < 0.05 was considered to be statistically significant.
Immunohistochemistry. Four-micrometre tissue sections from formalin-fixed,
paraffin-wax-embedded human decidual and placental tissues were dewaxed with
Histoclear, cleared in 100% ethanol and rehydrated through gradients of ethanol
to PBS. Sections were blocked with 2% serum (of species in which the secondary
antibody was made) in PBS, incubated with primary antibody overnight at 4°C
and slides were washed in PBS. Biotinylated horse anti-mouse or goat anti-rab-
bit secondary antibodies were used, followed by Vectastain ABC-HRP reagent
(Vector, PK-6100) and developed with di-aminobenzidine (DAB) substrate (Sigma,
D4168). Sections were counterstained with Carazzi’s haematoxylin and mounted
in glycerol and gelatin mounting medium (Sigma, GG1-10). Primary antibody
was replaced with equivalent concentrations of mouse or rabbit IgG for negative
controls. See Supplementary Table 10 for antibody information. Tissue sections
were imaged using a Zeiss Axiovert Z1 microscope and Axiovision imaging soft-
ware SE64 version 4.8.

smFISH. Samples were fixed in 10% NBE, dehydrated through an ethanol series
and embedded in paraffin wax. Five-millimetre samples were cut, baked at
60°C for 1 h and processed using standard pre-treatment conditions, as per the
RNAScope multiplex fluorescent reagent kit version 2 assay protocol (manual)
or the RNAScope 2.5 LS fluorescent multiplex assay (automated). TSA-plus
fluorescein, Cy3 and Cy5 fluorophores were used at 1:1,500 dilution for the manual
assay or 1:300 dilution for the automated assay. Slides were imaged on different
microscopes: Hamamatsu Nanozoomer S60 (Extended Data Fig. 7c). Zeiss Cell
Discoverer 7 (Fig. 4d, Extended Data Figs. 6, 7¢). Filter details were as follows.
DAPI: excitation 370-400, BS 394, emission 460-500; FITC: excitation 450-488,
BS 490, emission 500-55; Cy3: excitation 540-570, BS 573, emission 540-570; Cy5:
excitation 615-648, BS 691, emission 662-756. The camera used was a Hamamatsu
ORCA-Flash4.0 V3 sCMOS camera.

Whole-genome sequencing. Tissue DNA and RNA were extracted from fresh-
frozen samples using the AllPrep DNA/RNA/miRNA kit (Qiagen), following
the manufacturer’s instructions. Short insert (500-bp) genomic libraries were
constructed, flowcells were prepared and 150-bp paired-end sequencing clusters
generated on the Illumina HiSeq X platform, according to Illumina no-PCR library
protocols, to an average of 30 x coverage. Genotype information is provided in
Supplementary Table 1.

Single cell RNA-seq data analysis. Droplet-based sequencing data were aligned
and quantified using the Cell Ranger Single-Cell Software Suite (version 2.0, 10x
Genomics)!? against the GRCh38 human reference genome provided by Cell
Ranger. Cells with fewer than 500 detected genes and for which the total mito-
chondrial gene expression exceeded 20% were removed. Mitochondrial genes and
genes that were expressed in fewer than three cells were also removed.
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SmartSeq2 sequencing data were aligned with HISAT2*, using the same
genome reference and annotation as the 10x Genomics data. Gene-specific read
counts were calculated using HTSeq-count®. Cells with fewer than 1,000 detected
genes and more than 20% mitochondrial gene expression content were removed.
Furthermore, mitochondrial genes and genes expressed in fewer than three cells
were also removed. To remove batch effects due to background contamination of
cell free RNA, we also removed a set of genes that had a tendency to be expressed
in ambient RNA (PAEP, HBGI, HBA1, HBA2, HBM, AHSP and HBG2).

Downstream analyses—such as normalization, shared nearest neighbour
graph-based clustering, differential expression analysis and visualization—were
performed using the R package Seurat® (version 2.3.3). Droplet-based and
SmartSeq2 data were integrated using canonical correlation analysis, implemented
in the Seurat alignment workflow®2. Cells, the expression profile of which could not
be well-explained by low-dimensional canonical correlation analysis compared to
low-dimensional principal component analysis, were discarded, as recommended
by the Seurat alignment tutorial. Clusters were identified using the community
identification algorithm as implemented in the Seurat ‘FindClusters’ function. The
shared nearest neighbour graph was constructed using between 5 and 40 canonical
correlation vectors as determined by the dataset variability; the resolution parame-
ter to find the resulting number of clusters was tuned so that it produced a number
of clusters large enough to capture most of the biological variability. UMAP analysis
was performed using the RunUMAP function with default parameters. Differential
expression analysis was performed based on the Wilcoxon rank-sum test. The P
values were adjusted for multiple testing using the Bonferroni correction. Clusters
were annotated using canonical cell-type markers. Two clusters of peripheral blood
monocytes represented the same cell type and were therefore merged.

We further removed contaminating cells: (i) maternal stromal cells that were
gathered in the placenta for one of the fetuses; (ii) a shared decidual-placental
cluster with fetal cells mainly present in two fetuses (which we think is likely to
be contaminating cells from other fetal tissues due to the surgical procedure).
This can occur owing to the source of the tissue and the trauma of surgery. We
also removed a cluster for which the top markers were genes associated with dis-
sociation-induced effects®. Each of the remaining clusters contained cells from
multiple different fetuses, indicating that the cell types and states we observed are
not affected by batch effects.

We found further diversity within the T cell clusters, as well as the clusters of
endothelial, epithelial and perivascular cells, which we then reanalysed and parti-
tioned separately, using the same alignment and clustering procedure.

The trophoblast clusters (clusters 1, 9, 20, 13 and 16 from Fig. 1d) were taken
from the initial analysis of all cells and merged with the enriched EPCAM ™ and
HLA-G™ cells. The droplet-based and Smart-seq2 datasets were integrated and
clustered using the same workflow as described above. Only cells that were iden-
tified as trophoblast were considered for trajectory analysis.

Trajectory modelling and pseudotemporal ordering of cells was performed with
the monocle 2 R package®* (version 2.8.0). The most highly variable genes were
used for ordering the cells. To account for the cell-cycle heterogeneity in the tropho-
blast subpopulations, we performed hierarchical clustering of the highly variable
genes and removed the set of genes that cluster with known cell-cycle genes such
as CDK1. Genes which changed along the identified trajectory were identified by
performing a likelihood ratio test using the function differentialGeneTest in the
monocle 2 package.

Network visualization was done using Cytoscape (version 3.5.1). The decidual
network was created considering only edges with more than 30 interactions. The
networks layout was set to force-directed layout.

KIR typing. Polymerase chain reaction sequence-specific primer was performed
to amplify the genomic DNA for presence or absence of 12 KIR genes (KIR2DL1,
KIR2DL2, KIR2DL3, KIR2DL5 (both KIR2DL5A and KIR2DL5B), KIR3DL1,
KIR2DS1, KIR2DS2, KIR2DS3, KIR2DS4, KIR2DS5 and KIR3DS1) and the pseudo-
gene KIR2DP1. KIR2DS4 alleles were also typed as being either full-length or
having the 22-bp deletion that prevents cell-surface expression. Two pairs of primers
were used for each gene, selected to give relatively short amplicons of 100-800 bp,
as previously described®®. Extra KIR primers were designed using sequence
information from the IPD-KIR database (release 2.4.0) to detect rare alleles of
KIR2DS5 and KIR2DL3 (KIR2DS5, 2DS5rev2: TCC AGA GGG TCA CTG GGA
and KIR2DL3, 2DL3rev3: AGA CTC TTG GTC CAT TAC CG)*. KIR haplotypes
were defined by matrix subtraction of gene copy numbers using previously charac-
terized common and contracted KIR haplotypes using the KIR Haplotype Identifier
software (www.bioinformatics.cimr.cam.ac.uk/haplotypes).

Inferring maternal or fetal origin of single cells from droplet-based scRNA-seq
using whole-genome sequencing variant calls. To match the processing of the
whole-genome sequencing datasets, droplet-based sequencing data from decidua
and placenta samples were realigned and quantified against the GRCh37 human
reference genome using the Cell Ranger Single-Cell Software Suite (version 2.0)".
The fetal or maternal origin of each barcoded cell was then determined using the

ARTICLE

tool demuxlet®. In brief, demuxlet can be used to deconvolve droplet-based scRNA-
seq experiments in which cells are pooled from multiple genetically distinct indi-
viduals. Given a set of genotypes corresponding to these individuals, demuxlet
infers the most likely genetic identity of each droplet by estimating the likelihood of
observing scRNA-seq reads from the droplet overlapping known single nucleotide
polymorphisms. Demuxlet inferred the identities of cells in this study by analysing
each Cell Ranger-aligned BAM file from decidua and placenta in conjunction with
a VCF file, containing the high-quality whole-genome-sequence variant calls from
the corresponding mother and fetus. Each droplet was assigned to be maternal,
fetal or unknown in origin (ambiguous or a potential doublet), and these identities
were then linked with the transcriptome-based cell clustering data to confirm the
maternal and fetal identity of each annotated cell type.

T cell receptor analysis by TraCeR. The T cell receptor sequences for each
single T cell were assembled using TraCeR®, which allowed the reconstruction of
the T cell receptors from scRNA-seq data and their expression abundance (tran-
scripts per million), as well as identification of the size, diversity and lineage relation
of clonal subpopulations. In total, we obtained the T cell receptor sequences for
1,482 T cells with at least one paired productive o3 or N6 chain. Cells for which
more than two recombinants were identified for a particular locus were excluded
from further analysis.

Whole-genome sequencing alignment and variant calling. Maternal and
fetal whole-genome sequencing data were mapped to the GRCh37.p13 refer-
ence genome using BWA-MEM version 0.7.15%°. The SAMtools® fixmate utility
(version 1.5) was used to update read-pairing information and mate-related flags.
Reads near known indels from the Mills®! and 1000G®* gold standard reference set
for hg19/GRCh37 were locally realigned using GATK IndelRealigner version 3.7°!.
Base-calling assessment and base-quality scores were adjusted with GATK
BaseRecalibrator and PrintReads version 3.76%*, PCR duplicates were identified
and removed using Picard MarkDuplicates version 2.14.15%%4, Finally, bcftools
mpileup and call version 1.6%° were used to produce genotype likelihoods and
output called variants at all known biallelic single nucleotide polymorphism sites
that overlap protein-coding genes. For each sample, variants called with phred-
scale quality score > 200, at least 20 supporting reads and mapping quality > 60
were retained as high-quality variants.

Quantification of KIR gene expression by KIRid. The KIR locus is highly
polymorphic in terms of both numbers of genes and alleles!!. Including a single
reference sequence for each gene can lead to reference bias for donors that happen
to better match the reference sequence. To address these issues, we used a
tailored approach in which we first built a total cDNA reference by concatenating
the Ensembl coding and non-coding transcript sequences, excluding transcripts
belonging to the KIR genes (GRCh38, version 90), and the full set of known KIR
cDNAs sequences from the IPD-KIR database® (release 2.7.0). For each donor,
we removed transcript sequences for KIR genes determined to be absent in that
individual, which decreases the extent of multi-mapping and quantification. The
single-cell reads of each donor were then mapped to the corresponding donor-
specific reference using Kallisto®” (version 0.43.0 with default options). Expression
levels were quantified using the multi-mapping deconvolution tool MMSEQ®,
and gene-level estimates were obtained by aggregating over different alleles for
each KIR gene.

Cell-cell communication analysis. To enable a systematic analysis of cell-cell
communication molecules, we developed CellPhoneDB, a public repository of
ligands, receptors and their interactions. Our repository relies on the use of public
resources to annotate receptors and ligands. We include subunit architecture for
both ligands and receptors, to accurately represent heteromeric complexes.

Ligand-receptor pairs are defined based on physical protein—protein inter-
actions (see sections of ‘CellPhoneDB annotations’). We provide CellPhoneDB
with a user-friendly web interface at www.CellPhoneDB.org, where the user can
search for ligand-receptor complexes and interrogate their own single-cell tran-
scriptomics data.

To assess cellular crosstalk between different cell types, we used our repository
in a statistical framework for inferring cell-cell communication networks from
single-cell transcriptome data. We derived enriched receptor-ligand interactions
between two cell types based on expression of a receptor by one cell type and a
ligand by another cell type, using the droplet-based data. To identify the most
relevant interactions between cell types, we looked for the cell-type specific inter-
actions between ligands and receptors. Only receptors and ligands expressed in
more than 10% of the cells in the specific cluster were considered.

We performed pairwise comparisons between all cell types. First, we randomly
permuted the cluster labels of all cells 1,000 times and determined the mean of the
average receptor expression level of a cluster and the average ligand expression level
of the interacting cluster. For each receptor-ligand pair in each pairwise comparison
between two cell types, this generated a null distribution. By calculating the propor-
tion of the means which are ‘as or more extreme’ than the actual mean, we obtained
a P value for the likelihood of cell-type specificity of a given receptor-ligand
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complex. We then prioritized interactions that are highly enriched between cell
types based on the number of significant pairs, and manually selected biologically
relevant ones. For the multi-subunit heteromeric complexes, we required that all
subunits of the complex are expressed (using a threshold of 10%), and therefore
we used the member of the complex with the minimum average expression to
perform the random shuffling.

CellPhoneDB annotations of membrane, secreted and peripheral proteins.
Secreted proteins were downloaded from Uniprot using KW-0964 (secreted).
Secreted proteins were annotated as cytokines (KW-0202), hormones (KW-0372),
growth factors (KW-0339) and immune-related using Uniprot keywords and man-
ual annotation. Cytokines, hormones, growth factors and other immune-related
proteins were annotated as ‘secreted highlight’ proteins in our lists.

Plasma membrane proteins were downloaded from Uniprot using KW-1003
(cell membrane). Peripheral proteins from the plasma membrane were annotated
using the Uniprot Keyword SL-9903, and the remaining proteins were annotated
as transmembrane proteins. We completed our lists of plasma transmembrane pro-
teins by doing an extensive manual curation using literature mining and Uniprot
description of proteins with transmembrane and immunoglobulin-like domains.

Plasma membrane proteins were annotated as receptors and transporters.
Transporters were defined by the Uniprot keyword KW-0813. Receptors were defined
by the Uniprot keyword KW-0675. The list of receptors was extensively reviewed and
new receptors were added based on Uniprot description and bibliography revision.
Receptors involved in immune-cell communication were carefully annotated.

Protein lists are available at https://www.cellphonedb.org/downloads. Three
columns indicate whether the protein has been manually curated: ‘tags, ‘tags_
description, ‘tags_reasor’.

The tags column is related to the manual curation of a protein, and contains
three options: (i) ‘N/A, which indicates that the protein has not been manually
curated; (ii) “To_add, which indicates that secreted and/or plasma membrane
protein annotation has been added; and (iii) “To_comment, which indicates that
the protein is either secreted (KW-0964) or membrane-associated (KW-1003) but
that we manually added a specific property of the protein (that is, the protein is
annotated as a receptor).

tags_reason is related to the protein properties, and contains five options: (i)
‘extracellular_add, which indicates that the protein is manually annotated as plasma
membrane; (ii) ‘peripheral_add, which indicates that the protein is manually anno-
tated as a peripheral protein instead of plasma membrane; (iii) ‘secreted_add, which
indicates that the protein is manually annotated as secreted; (iv) ‘secreted_high,
which indicates that the protein is manually annotated as secreted highlight. For
cytokines, hormones, growth factors and other immune-related proteins; option
(v) ‘receptor_add’ indicates that the protein is manually annotated as a receptor.

tags_description is a brief description of the protein, function or property
related to the manually curated protein.

CellPhoneDB annotations of heteromeric receptors and ligands. Heteromeric
receptors and ligands (that is, proteins that are complexes of multiple gene prod-
ucts) were annotated by reviewing the literature and Uniprot descriptions. Cytokine
complexes, TGF family complexes and integrin complexes were carefully annotated.

If heteromers are defined in the RCSB Protein Data Bank (http://www.rcsb.org/),

structural information is included in our CellPhoneDB annotation. Heteromeric
complex lists are available at www.CellPhoneDB.org.
CellPhoneDB annotations of interactions. The majority of ligand-receptor inter-
actions were manually curated by reviewing Uniprot descriptions and PubMed
information on membrane receptors. Cytokine and chemokine interactions are
annotated following the International Union of Pharmacology annotation®. Other
groups of cell-surface proteins the interactions of which were manually reviewed
include the TGF family, integrins, lymphocyte receptors, semaphorins, ephrins,
Notch and TNF receptors.

In addition, we considered interacting partners as: (i) binary interactions anno-
tated by TUPHAR (http://www.guidetopharmacology.org/) and (ii) cytokines,
hormones and growth factors interacting with receptors annotated by the iMEX
consortium (https://www.imexconsortium.org/)”’.

We excluded from our analysis transporters and a curated list of proteins including:
(i) co-receptors; (ii) nerve-specific receptors such as those related to ear-binding,
olfactory receptors, taste receptors and salivary receptors, (iii) small molecule
receptors, (iv) immunoglobulin chains, (v) pseudogenes and (vi) viral and retro-
viral proteins, pseudogenes, cancer antigens and photoreceptors. These proteins
are annotated as ‘others’ in the protein list. We also excluded from our analysis a
list of interacting partners not directly involved in cell-cell communication. The
‘remove_interactions’ list is available in https://www.cellphonedb.org/downloads.

Lists of interacting protein chains are available from https://www.cellphonedb.
org/downloads. The column labelled ‘source’ indicates the curation source.
Manually curated interactions are annotated as ‘curated, and the bibliography used
to annotate the interaction is stored in ‘comments_interaction. ‘Uniprot’ indicates
that the interaction has been annotated using UniProt descriptions.

Linking Ensembl and Uniprot identification. We assigned to the custom-curated
interaction list all the Ensembl gene identifications by matching information from
Uniprot and Ensembl by the gene name.

Database structure. Information is stored in a PostgreSQL relational database
(www.postgresql.org). SQLAlchemy (www.sqlalchemy.org) and Python 3 were
used to build the database structure and the query logic. All the code is open source
and uploaded to the webserver.

Code availability. CellPhoneDB code is available in https://github.com/Teichlab/
cellphonedb. The code can also be downloaded from https://cellphonedb.org/
downloads. KIRid can be downloaded from https://github.com/Teichlab/KIRid.
Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this paper.

Data availability

Our expression data for different tissues are also available for user-friendly inter-
active browsing online at http://data.teichlab.org (maternal-fetal interface). The
raw sequencing data, expression-count data with cell classifications and the whole-
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Extended Data Fig. 2 | Quality control of droplet and Smart-seq2
datasets. a, Histograms show the distribution of the cells from the Smart-
seq2 dataset ordered by number of detected genes and mitochondrial
gene expression content. b, Histograms show the distribution of the cells
from the droplet-based dataset ordered by number of detected genes and
mitochondrial gene expression content. ¢, Total numbers of cells that
passed the quality control, processed by Smart-seq2 and droplet scRNA-

seq. Each row is a separate donor. d, Canonical correlation vectors (CC1
and CC2) of integrated analysis of decidual and placental cells from the
Smart-seq2 (n =5 deciduas, n =2 peripheral blood samples) and droplet-
based datasets (n =5 placentas, n =6 deciduas and n =4 blood samples),
coloured on the basis of their assignment to clusters and the technology
that was used for scRNA-seq.
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Extended Data Fig. 3 | Overview of droplet and Smart-seq2 datasets.

a, UMAP plot showing the integration of the Smart-seq2 and droplet-
based dataset and the log-transformed expression of MKI67 (which
marks proliferating cells). b, UMAP plots showing the separate and more-
detailed integration analysis of the cells from cluster 14 (perivascular
cells), cluster 19 (endothelial cells) and cluster 25 (epithelial cells). Clusters
are labelled as in Fig. 1c. ¢, UMAP visualization of T cell clusters obtained
by integrating Smart-seq2 and droplet-based T cells subpopulations
(clusters 4, 8, 10 and 15) from Fig. 1c. Cells are coloured by the tissue of
origin (top) and the identified clusters (bottom). d, Heat map showing the
z-score of the mean log-transformed, normalized counts for each cluster
of selected marker genes used to annotate clusters. For a more extensive

set of genes, see Supplementary Table 2. Adjusted P value < 0.1; Wilcoxon
rank-sum test with Bonferroni correction. NK, natural killer cells; NKp,
proliferating natural killer cells; MO, monocytes; Granulo, granulocytes;
Treg, regulatory T cells; GD, 0 T cells; CD8c, cytotoxic CD8* T cells;
Plasma, plasma cells. e, log-likelihood differences between assignment to
fetal versus assignment to maternal origin of cells, on the basis of single
nucleotide polymorphism calling from the droplet RNA-seq data. Cells are
coloured by their assignment as determined by demuxlet. For this figure,
we used n =5 placentas, n =6 deciduas and n =4 blood individuals. f,
UMAP visualization of the log-transformed, normalized expression of
selected marker genes of the M3 subpopulation.
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Extended Data Fig. 4 | Cell-cell communication networks in the
maternal-fetal interface using CellPhoneDB. a, Information aggregated
within www.CellPhoneDB.org. b, Statistical framework used to infer
ligand-receptor complex specific to two cell types from single-cell
transcriptomics data. Predicted P values for a ligand-receptor complex
across two cell clusters are calculated using permutations, in which cells
are randomly re-assigned to clusters (see Methods) ¢, Networks visualizing
potential specific interactions in the decidua, in which nodes are clusters
(cell types) and edges represent the number of significant ligand-receptor
pairs. The network was created for edges with more than 30 interactions
and the network layout was set to force-directed layout. Only droplet

data were considered for the CellPhoneDB analysis (n = 6 deciduas).

d, Networks visualizing potential specific interactions in the placenta, in
which nodes are clusters and edges represent the number of significant
ligand-receptor pairs. The network layout was set to force-directed layout.
Only droplet data were considered for the analysis (n =5 placentas). e, An
example of significant interactions identified by CellPhoneDB. Violin plots
show log-transformed, normalized expression levels of the components of
the IL6-IL6R complex in placental cells. IL6 expression is enriched in the
fibroblast 2 cluster (F2; dark brown in d) and the two subunits of the IL6
receptors (IL6R and IL6ST) are co-expressed in Hofbauer cells.
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Extended Data Fig. 5 | Trophoblast analysis. a, UMAP visualization of
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cells (see Methods). Cells that were excluded from the pseudotime
analysis are coloured in grey (n =5 placentas, n =11 deciduas). b, UMAP
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canonical trophoblast marker genes (n=>5 placentas). ¢, Visualization of
log-transformed, normalized expression of HLA-G, MKI67 and LGALS13

across trophoblast differentiation. d, Heat map showing genes that are

involved in the epithelial-mesenchymal transition, identified as varying

significantly as EVT differentiate (q value < 0.1, likelihood ratio test,

P values were adjusted for the false discovery rate).
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Extended Data Fig. 6 | Steroid synthesis. a, Heat map showing relative an enrichment of CYP11A1 expression in the decidua compacta. Section
expression of enzymes involved in cholesterol and steroid synthesis in stained by CYP11A1, LDLR and DAPI. Images are shown at 40
the three stromal subsets (1 =11 deciduas). b, Multiplexed smFISH in magnification. A high resolution is needed to detect differences between
two decidua parietalis sections from two different individuals, showing the sections (n =2 individuals).
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Extended Data Fig. 7 | In situ staining for the different stromal cells. IGFBP1*. b, Multiplexed smFISH for a decidua parietalis section showing
a, Immunohistochemistry of decidual serial sections stained for the two decidual layers. ACTA2, dS1 population confined to decidua
cytokeratin (uterine glands), CD34 (endothelial cells), ACTA2 spongiosa; IGBPI and PRL, dS2 and dS3 populations confined to decidua
(perivascular populations and dS1) and IGFBP1 (stromal cells and compacta. Samples shown are from a different individual than samples
glandular secretions) (n =2 biological replicates). ACTA2" stromal cells shown in Fig. 4d (n =2 biological replicates). ¢, Multiplexed smFISH for a

are confined to the stromal cells of the deeper decidua spongiosa, whereas decidua parietalis section showing the two decidual layers. DKK1, decidual
stromal cells in the decidua compacta are ACTA2™. IGFBP1* stromal cells  stromal marker; ACTA2, dS1 population confined to decidua spongiosa;
are enriched in the decidua compacta, whereas stromal cells around the PRL, dS3 population confined to decidua compacta (n =1 biological
glands in the decidua spongiosa are IGFBP1~. Glandular secretions are replicate).
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Extended Data Fig. 8 | Lymphocyte populations in the decidua. for the sample shown in Fig. 5 (n =2 biological replicates). ¢, Morphology
a, Heat map showing z-scores of the mean log-transformed, normalized of dNK1, dNK2 and dNK3 subsets by Giemsa—Wright stain after cytospin
expression of selected genes in the lymphocyte populations. Proliferating (representative data from 1 of n=2 biological replicates are shown). Scale
dNK cells (ANKp) are excluded from the analysis (n =11 deciduas). bar, 10 pm.

b, FACS gating strategy in Fig. 5 applied in matched blood. Matched blood
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Extended Data Fig. 9 | Expression of ligands and receptors at the
maternal-fetal interface. a, Heat map showing z-scores of the mean
log-transformed, normalized expression of genes annotated as cytokines,
growth factors, hormones and angiogenic factors with a log-mean > 0.1

in the selected decidual immune populations (n=11 deciduas). b, Violin
plots showing log-transformed, normalized expression levels of selected
ligands expressed in the three dNK cells and their corresponding receptors
expressed on other decidual cells and EVT (CD39, CD73, ADORA3, CSF1,
CSFIR, CCL5, CCRI1, XCL1 and XCR1; n=11 deciduas, n=>5 placentas)

¢, Immunohistochemistry images of serial decidual sections stained for
the EVT marker HLA-G and the inhibitory ligand PDL1. Bottom panels

KIR2DL1 / NK cells

cells

shown the areas in white boxes in the top panels at higher power.

HLA-G™ cells are only present at the site of placentation (decidua basalis)
and are absent elsewhere (decidua parietalis). SpA, spiral arteries. The
EVT is strongly PDL1*. We show representative data from one individual
of n=>5 biological replicates. d, Inmunohistochemistry images of decidual
serial sections of the decidual implantation site (at 10 weeks of gestation),
stained for the trophoblast cell marker, cytokeratin-7 (red arrow) and the
inhibitory receptor KIR2DL1 on a natural killer cell (black arrow). The
asterisk marks the lumen of a spiral artery that supplies the conceptus. We
show representative data from one individual of n= 5 samples).
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Statistical parameters

When statistical analyses are reported, confirm that the following items are present in the relevant location (e.g. figure legend, table legend, main
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n/a | Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
An indication of whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name, describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistics including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) AND
variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Clearly defined error bars
State explicitly what error bars represent (e.g. SD, SE, Cl)

L XXX [ O] OIX ] O[]
X oo X X XO X XX

Our web collection on statistics for biologists may be useful.

Software and code

Policy information about availability of computer code

Data collection Software used include: R, Python 3, SQLAIchemy, PostgreSQL, HISAT2, 10X Genomics’ Cell Ranger, Seurat, Monocle 2, Cytoscape,
Demuxlet, HTSeqg-count, Samtools, GATK, BWA, Picard, bcftools, TraCeR, Kallisto, MMSEQ, BD FACS DIVA software, Axiovision and ZEN
software (zeiss), Graphpad, Photoshop, Illustrator. Detailed parameters of each of the methods are mentioned in relevant sections in
Methods.

Data analysis Software used include: R, Python 3, SQLAIchemy, PostgreSQL, HISAT2, 10X Genomics’ Cell Ranger, Seurat, Monocle 2, Cytoscape,
Demuxlet, HTSeqg-count, Samtools, GATK, BWA, Picard, bcftools, TraCeR, Kallisto, MMSEQ, Graphpad, Axiovision and ZEN software (zeiss),
FlowJo, Photoshop, Illustrator. Detailed parameters of each of the methods are mentioned in relevant sections in Methods.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers
upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
- Accession codes, unique identifiers, or web links for publicly available datasets
- A list of figures that have associated raw data
- A description of any restrictions on data availability

Data is uploaded to ArrayExpress:
Experiment: E-MTAB-6701, E-MTAB-6678, E-MTAB-7304

Field-specific reporting

Please select the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

PX] Life sciences [ ] Behavioural & social sciences | | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/authors/policies/ReportingSummary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to predetermine sample size. We followed standards in the field and Human Cell Atlas criteria.

Data exclusions  No exclusion was applied to the uploaded raw data in ArrayExpress. For the final count matrix, we excluded cells based on pre-established
criteria for single-cells: we excluded low quality samples and contaminating cells (i.e. - cells with low number of detected genes and high
mitochondria content) - exclusion criteria for each case are comprehensively detailed in the relevant Methods section.

Replication We did scRNAseq and flow cytometry analysis on 11 deciduas, 5 placentas and 6 matched peripheral blood from 6-14 gestational weeks.
Additional samples were used for the validation experiments: (a) Immunohistochemistry: staining of perivascular populations was performed
in two independent individuals (Fig. 3b); ACTA2 staining of decidual stromal cells was performed in three independent individuals (Fig. 3c;
Extended Data Figure 7a), staining of PDL1 was performed in five independent individuals (Extended Data Figure 9c); (b) smFISH: staining of
stromal populations was performed in two independent individuals (Fig. 3d, Extended Data Figure 6b, Extended Data Figure 7b), staining of
stromal population in Extended Data Figure 7c was performed in one individual; (c) Flow cytometry: flow cytometry for Figure 4d was
performed in 6 of the deciduas sequenced and dNK for two of them were isolated and stained with Giemsa-Wright stain after cytospin 8c ;
seven to ten independent individuals were additionally used for flow cytometry analysis on Figure 4f. Any replication experiment was
excluded.

Randomization  Only healthy individuals were considered in our analysis. Therefore, any further randomization protocol was required.

Blinding Only healthy individuals were considered in our analysis. Therefore, no blinding was performed

Reporting for specific materials, systems and methods

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
D Unigue biological materials X D ChlP-seq
X] Antibodies D E Flow cytometry
D Eukaryotic cell lines X D MRI-based neuroimaging

D Palaeontology

D Animals and other organisms

Human research participants

(IXXXOX &

Antibodies

Antibodies used Antibody Company Catalog number Clone Use Dilution (Supplementary table 10)
CD45-BUV395 BD Bioscience 563791 Clone HI30 (RUO) Flow cytometry - index data; Fig. 5d 2.5ul:100ul
CD94-BV421 BD Bioscience 743948 HP-3D9 (RUO) Flow cytometry - index data 2.5ul:100ul
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Validation

CD16-BV500 BD Bioscience 561394 3GH Flow cytometry - index data; Fig. 5d 2.5ul:100ul

CD3-BV605 Biolegend 344836 SK7 Flow cytometry - index data; Fig. 5d 2.5ul:100ul

CD4-BV711 Biolegend 300558 RPA-T4 Flow cytometry - index data 2.5ul:100ul

HLA-DR BV786 Biolegend 307642 L243 Flow cytometry - index data 2.5ul:100ul

HLA-G FITC BioRad MCA2044 MEM-G/9 Flow cytometry - index data 2.5ul:100ul

CD56-PE Miltenyi 130-100-622 REA196 Flow cytometry - index data; Fig 5d 2.5ul:100ul

CD14-PECF594 BD Bioscience 562334 PE-CF594 Flow cytometry - index data 2.5ul:100ul

CD9-APC BD Bioscience 341638 M-L13 Flow cytometry - index data 2.5ul:100ul

CD8-AF700 Biolegend 300920 HIT8a Flow cytometry - index data 2.5ul:100ul

CD19-APCCy7 BloLegend 302217 HIB19 Flow cytometry - index data 2.5ul:100ul

CD20-APCCy7 BloLegend 302313 2H7 Flow cytometry - index data 2.5ul:100ul

Cytokeratin 7 Dako MA5-11986 OV-TL 12/30 Immunochemistry Dilution:1:200; antigen retrieval buffer:Citrate
PD-L1 Cell Signaling Technology 13684 E13LN Immunochemistry Dilution:1:400; antigen retrieval buffer:TRIS/EDTA
HLA-G Biorad MCA2043 MEM-G1 Immunochemistry Dilution:1:25; antigen retrieval buffer:Citrate

CD146 / MCAM Abcam ab75769 EPR3208 Immunochemistry Dilution:1:2500; antigen retrieval buffer:Citrate
Smooth Muscle Actin Dako M0851 1A4 Immunochemistry Dilution:1:100 antigen retrieval buffer:TRIS/EDTA
NKG2A - Viobright Miltenyi 130-105-646 REA110 Flow cytometry - Fig 5f Dilution: 1:100 in cocktail
KIR2DL2/3/S2 - PE-Cy5.5 Beckman Coulter A66900 GL183 Flow cytometry - Fig 5f Dilution: 1:50 in cocktail
KIR2DS4 - APC Miltenyi 130-114-773 REA860 Flow cytometry - Fig 5f Dilution: 1:50 in cocktail

GzmB - AF700 BD Biosciences 560213 GB11 Flow cytometry - Fig 5f Dilution: 1:100 in intracellular cocktail
KIR2DL1 - APC-Vio770 Miltenyi 130-103-937 REA284 Flow cytometry - Fig 5f Dilution: 1:25 in cocktail
Perforin - BV421 Biolegend 308122 DG9 Flow cytometry - Fig 5f Dilution: 1:100 in intracellular cocktail

CD3 - BV510 Biolegend 317332 OKT3 Flow cytometry - Fig 5f Dilution: 1:100 in cocktail

CD14 - BV510 BiolLegend 301842 M5E2 Flow cytometry - Fig 5f Dilution: 1:100 in cocktail

CD19 - BV510 Biolegend 302242 HIB19 Flow cytometry - Fig 5f Dilution: 1:100 in cocktail

LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit Thermofisher L34957 N/A Flow cytometry - Fig 5f Dilution: 1:100 in secondary
cocktail (from 200ul dilution of stock powder)

KIR2DL3 biotin - biotin Miltenyi 130-100-126 REA147 Flow cytometry - Fig 5f Dilution: 1:100 in cocktail
streptavidin Qdot605 (detection of KIR2DL3)- Q605 Thermofisher Q10103MP N/A Flow cytometry - Fig 5f Dilution: 1:250 in
secondary cocktail

Granulysin - PE Biolegend 348003 DH2 Flow cytometry - Fig 5f Dilution: 1:200 in intracellular cocktail
CD56-PE-Dazzle BiolLegend 318348 HCD56 Flow cytometry - Fig 5f Dilution: 1:200 in intracellular cocktail
GzmA - PE-Cy7 ebioscience/Thermo Fischer 25-9177-42 CB9 Flow cytometry - Fig 5f Dilution: 1:100 in intracellular cocktail
CD49a-BV421 Bd Bioscience 742357 SR84 (RUO) Flow cytometry - Fig 5d 2.5ul:100ul

CD14- BV605 Bd Bioscience 564054 M5E2 (RUO) Flow cytometry - Fig 5d 2.5ul:100ul

CD19-BV605 Bd Bioscience 740394 HIB19 (RUO) Flow cytometry - Fig 5d 2.5ul:100ul

CD20-BV605 Bd Bioscience 747736 2H7 (RUO) Flow cytometry - Fig 5d 2.5ul:100ul

CD103-PerCP-Cy5.5 Biolegend 350225 Ber-ACT8 Flow cytometry - Fig 5d 2.5ul:100ul

KIR2DL1 - PeVio770 MACS - Miltenyi Biotec 130-103-936 REA284 Flow cytometry - Fig 5d 2.5ul:100ul

CD18 (ITGB2)- APC BioLegend 366307 CBR LFA-1/2 Flow cytometry - Fig 5d 2.5ul:100ul

CD39 -APC Cy7 BiolLegend 328225 Al Flow cytometry - Fig 5d 2.5ul:100ul

Antibody Validation (Supplementary table 10)

CD45-BUV395 Flow cytometry (Routinely Tested) . Flow cytometric analysis of CD45 expression on human peripheral blood
lymphocytes (website).

CD94-BV421 Flow cytometry (Qualified) (website)

CD16-BV500 Flow cytometry (Routinely Tested). Flow cytometric analysis of CD16 expression on human peripheral blood
lymphocytes. (Website)

CD3-BV605 Flow cytometry. Human peripheral blood lymphocytes were stained with CD3 (clone SK7) Brilliant Violet 605™
(website)

CD4-BV711 Flow cytometry. Human peripheral blood lymphocytes were stained with CD4 (clone RPA-T4) Brilliant Violet 7211™
(filled histogram) (website)

HLA-DR BV786 Flow cytometry. Human peripheral blood lymphocytes were stained with HLA-DR (clone L243) Brilliant Violet
785™. (website)

HLA-G FITC Evaluation of HLA-G expression on transfected cells by flow cytometry (website)

CD56-PE REAfinity clone is tested against different known clones, in a blocking experiment, to identify whether they recognize
completely overlapping (++), partially overlapping (+), or completely different epitopes (-). In a blocking experiment, cells are
incubated with an excess of purified unconjugated REAfinity clone followed by staining with conjugated form of the other known
clones (website).

CD14-PECF594 Flow cytometry (Routinely Tested). Flow cytometric analysis of CD14 expression on human peripheral blood
monocytes (webpage)

CD9-APC Flow cytometry (Routinely Tested) (website). ImmunogenHuman C-ALL Cells.

CD8-AF700 quality control tested by immunofluorescent staining with flow cytometric analysis (website)

CD19-APCCy7 quality tested by flow cytometry (website)

CD20-APCCy7 quality tested by flow cytometry (website)

Cytokeratin 7 Tested in Immunocytochemistry (ICC), Immunofluorescence (IF), Immunohistochemistry (Paraffin) (IHC (P)) and
Western Blot (WB)

PD-L1 Tested in Western Blotting, Immunoprecipitation, IHC-Leica® Bond™, Immunohistochemistry (Paraffin), Flow Cytometry
(website)

HLA-G Tested in Immunohistochemistry (Paraffin), Western Blotting (website)

CD146 / MCAM Tested in immunofluorescence, immunohistochemestry, Western Blotting, Flow Cytometry (website)

Smooth Muscle Actin Tested in Western Blotting, Immunofluorescence, ELISA, Immunohistochemestry (website)

NKG2A - Viobright Flow cytometry. Human peripheral blood and decidual NK cells used for titration.

KIR2DL2/3/S2 - PE-Cy5.5 Tested by FACS of cell line transfected with gene target

KIR2DS4 - APC  Flow cytometry. Human peripheral blood and decidual NK cells used for titration.
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GzmB - AF700 Flow cytometry. Human peripheral blood and decidual NK cells used for titration.

KIR2DL1 - APC-Vio770 Tested by FACS of cell line transfected with gene target

Perforin - BV421 Flow cytometry. Human peripheral blood and decidual NK cells used for titration.

CD3 - BV510 Flow cytometry. Human peripheral blood lymphocytes used for titration.

CD14 - BV510 Flow cytometry. Human peripheral blood lymphocytes used for titration.

CD19 - BV510 Flow cytometry. Human peripheral blood lymphocytes used for titration.

Amine reactive dye Flow cytometry. Human peripheral blood lymphocytes used for titration of each batch since diluted aliquotes
are stored frozen.

KIR2DL3 biotin - biotin REAfinity clone is tested against different known clones, in a blocking experiment, to identify whether
they recognize completely overlapping (++), partially overlapping (+), or completely different epitopes (-). In a blocking
experiment, cells are incubated with an excess of purified unconjugated REAfinity clone followed by staining with conjugated
form of the other known clones (website).

streptavidin Qdot605 (detection of KIR2DL3)- Q605 Flow cytometry. Human peripheral blood lymphocytes used for titration.
Granulysin - PE Flow cytometry. Human peripheral blood and decidual NK cells used for titration.

CD56-PE-Dazzle Flow cytometry. Human peripheral blood and decidual NK cells used for titration.

GzmA - PE-Cy7 Flow cytometry. Human peripheral blood and decidual NK cells used for titration.

CD49a-BV421 Flow cytometry (Qualified) (website)

CD14- BV605 Human (QC Testing). Flow cytometric analysis of CD14 expression on human peripheral blood monocytes (website)
CD19-BV605 Human (Tested in Development) (website)

CD20-BV605 Human (Tested in Development) (website)

CD103-PerCP-Cy5.5 Flow cytometry (Quality tested) (website)

KIR2DL1 - PeVio770 REAfinity clone is tested against different known clones, in a blocking experiment, to identify whether they
recognize completely overlapping (++), partially overlapping (+), or completely different epitopes (-). In a blocking experiment,
cells are incubated with an excess of purified unconjugated REAfinity clone followed by staining with conjugated form of the
other known clones (website).

CD18 (ITGB2)- APC Flow cytometry (Quality tested) (website)

CD39 -APC Cy7 Flow cytometry (Quality tested) (website)

Human research participants

Policy information about studies involving human research participants

Population characteristics

Recruitment

Flow Cytometry

Fetal, decidual samples and peripheral blood samples were collected from woman undergoing elective terminations. All
participants in the study were healthy pregnant woman (6-14 gestational weeks) without any exclusion.

Samples were taken in UK. Ethnicity was not recorded but is expected to be primary caucasian. This is not expected to affect the
composition of cells in the maternal—fetal interface during early pregnancy.

All tissue samples used for this study were obtained with written informed consent from all participants in accordance with the
guidelines in The Declaration of Helsinki 2000 from multiple centres.

Human embryo, fetal and decidual samples were obtained from the MRC/WellcomeTrust funded Human Developmental Biology
Resource (HDBR36, http://www.hdbr.org) with appropriate maternal written consent and approval from the Newcastle and
North Tyneside NHS Health Authority Joint Ethics Committee (08/H0906/21+5). HDBR is regulated by the UK Human Tissue
Authority (HTA; www.hta.gov.uk) and operates in accordance with the relevant HTA Codes of Practice. Decidual tissue for
smFISH (Extended Data Figure 7c-d) was also covered by this ethics.

Peripheral blood from woman undergoing elective terminations were under appropriate maternal written consent and approvals
from the Newcastle Academic Health Partners (reference NAHPB-093) and HRA NHS Research Ethics committee North-East-
Newcastle North Tyneside 1 (REC reference 12/NE/0395)

Decidual tissue for immunohistochemistry (Figure 3b,c and Extended Data Figure 9c) were obtained from elective terminations
of normal pregnancies at Addenbrooke’s Hospital between 6 and 12 weeks gestation, under ethical approval from the
Cambridge Local Research Ethics Committee (04/Q0108/23).

Decidual tissue for smFISH (Figure 3d and Extended Data Figure 6b and Extended Data Figure 7b) were obtained from the
Newcastle Uteroplacental Tissue Bank and Ethics numbers are Newcastle and North Tyneside Research Ethics Committee 1
Ref:10/H0906/71 and 16/NE/0167.

Plots

Confirm that:

E The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

E The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

E All plots are contour plots with outliers or pseudocolor plots.

E A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Decidual and blood cells were incubated at 4°C with 2.5ul of antibodies in 1% FBS in DPBS without Calcium and Magnesium
(ThermoFisher Scientific, 14190136). DAPI was used for live/dead discrimination.
For intracellular staining of granule proteins, dNK were surface stained for 30 mins in FACS buffer with antibodies. Cells were
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washed with FACS buffer followed by staining with dead cell marker (DCM Aqua) and strepavidinQ605. dNK were then treated
with FIX & PERM (Thermofisher) and stained for granule proteins.

Instrument Becton Dickinson (BD) FACS Aria Fusion. For granule experiment we used LSRFortessa FACS analyser (BD Biosciences)
Software Becton Dickinson (BD) FACS Aria Fusion was controlled using BD FACS DIVA software (version 7) and FlowJo v10.3 was used for
analysis.

Cell population abundance | Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the samples
and how it was determined.

Gating strategy Gating strategy for a panel of 14 antibodies to analyse immune cells in decidual samples by SS2 (CD3, CD4, CD8, CD9, CD14,
CD16, CD19, CD20, CD34, CD45, CD56, CD94, DAPI, HLA-DR, HLA-G). Cells isolated for SS2 data were gated on: live; CD19/20-ve,
singlets, and the following cell types sorted: i) CD45+, HLA-DR++; ii) CD45+, HLA-DR+; iii) CD45+, HLA-DR-, CD56-, CD3+, CD4+;
CD8- iv) CD45+, HLA-DR-, CD56-, CD3+, CD8+; v) CD45+, HLA-DR-, CD56-, CD3+, CD4-, CD8-; vi) CD45+, HLA-DR-, CD3-, CD56-,
CD94- (all -); vii) CD45+, HLA-DR-, CD3-, CD56+, CD94-; viii) CD45+, HLA-DR-, CD3, CD56+, CD94+, CD9-; ix) CD45+, HLA-DR-, CD3,
CD56+, CD94+, CD9+; x) CD45-, HLA-G+; xi) CD45-, HLA-G-.

For the isolation of the three dNK subsets, dNK cells were gated on live, single-cell, LIN- (CD3, CD14, CD19, CD20), CD56+, CD16-,
CD49a+. dNK3 were additionally gated on CD103 and ITGB2. dNK1 were additionally gated on CD39 and ITGB2. dNK2 were
additionally gated on CD103 and ITGB2.

For the detection of granule molecules dNK were gated as CD3-CD14-CD19-, live cells then CD56+NKG2A+ and then KIR+ and
KIR- subsets generated using Boolean functions with the gates for all the different KIRs stained (KIR+), and its inverse gate (KIR-).
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|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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