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Pregnancy is likely nature’s most
elaborate model of dynamic adap-
tations occurring over a distinct
period of time at specific sites
of the maternal body. Spatially-
resolved transcriptomic analyses
now enable the comprehensive
decoding of these dynamic adapta-
tions during the early onset stages
of mammalian pregnancies and
throughout fetal development.

Successful embryo implantation at the
onset of pregnancy requires essential
adaptations of the uterine lining, the endo-
metrium. These adaptations, referred to as
decidualization, evolve from the cellular and
molecular reprogramming of endometrial
stromal cells (ESCs). Simultaneously, im-
mune cells residing in the decidualized
endometrium begin to adopt an altered,
immune tolerance-prone phenotype. This
local immune tolerance is expanded by
the targeted recruitment of tolerogenic cells
to the decidua [1,2]. Decidualization of
ESCs also encompasses the secretory
transformation of uterine glands and vascu-
lar remodeling of maternal arteries. Here,
placentation, which is a key requirement
for the vertical transfer of nutrients, oxygen,
cells and other factors to the fetus, can
progress. Hence, akin to Einstein’s definition
of the space-time continuum, the uterus
(space) and the early gestational period
(time) are inextricably merged into a tran-
sient single continuum that spans multiple
dimensions: decidualized ESCs, tissue-
resident and emigrated immune cells, the
vascular system, and the implanting embryo
(Figure 1).

Despite its importance, decidualization of
ESCs has not yet been systematically
investigated. This gap in knowledge can
be explained by the unavailability of tools
allowing to decode such intricate spatial
adaptations over a period of weeks
or months (dependent on the species).
However, spatial technologies have now
emerged to enable high-resolution tran-
scriptomic profiling at the single-cell level.
In this context, Yang et al. recently used
single-cell Stereo-sequencing (scStereo-
seq) technology combined with single-
cell RNA sequencing (scRNA-seq) to
create a spatiotemporal atlas of implan-
tation sites during distinct periods of
early and mid-pregnancy decidualization
in mice [3]. Hereby, functional hubs at
implantation sites could be visualized at
the single-cell level and tracked over
time. The insights arising from these
unbiased analyses confirm pathways un-
derlying successful embryo implantation,
for example, leukocyte-driven decidual
angiogenesis or the suppressive function
of galectin-9, which were previously identi-
fied using hypothesis-driven, traditional
molecular or cellular approaches [4,5].
Additionally, the study by Yang et al.
amends our understanding of how suc-
cessful embryo implantation is achieved
and places endometrial and decidual
adaptations to the implating embryo into
spatiotemporal trajectories. In this regard,
the authors could categorize subclusters
of decidual stromal cells (DSCs) according
to distinct molecular features and along
transdifferentiation processes. The im-
mune functions of DSCs were decoded
and categorized into three functional
subclusters, termed iDSC0, iDSC1, and
iDSC2. iDSC0 and iDSC1 promoted the
recruitment of immune cells in synergy
with endometrial stromal fibroblasts, as
well as angiogenic sprouting and vascular
maturation, while iDSC2 activated apoptotic
signaling. The functional role of these sub-
clusters could be confirmed in an abortion-
prone mouse model [6], where dysfunc-
tional and spatially disordered iDSCs were

identified, along with an enhanced recruit-
ment of immune cells and the disruption
of vascular maturation. The availability of
this spatiotemporal decidualization atlas in
mice now advances our understanding of
the complexity around embryo implantation
in mouse pregnancies and highlights what
needs to be addressed next in research
objectives, such as the confirmation of the
observed mRNA expression changes at
the protein level [7].

Interestingly, Chen et al. developed a simi-
lar approach as Yang et al. by using spatial
enhanced resolution omics-sequencing
(Stereo-seq) combining DNA nanoball-
patterned arrays and in situ RNA capture
to exemplify embryogenesis and organo-
genesis in fetal mice at mid to late gestation
[8]. Here, cell type-specific transcriptional
visualization in whole embryo sections
generated a mouse organogenesis spatio-
temporal transcriptomic atlas. Such an ap-
proach may revolutionize the investigation
of mammalian genetic diseases that are
often complex and affect multiple organ
systems. Hence, screening the develop-
mental origin of tissue- and area-specific
transcription factors across different stages
of embryogenesis might contribute to
unearth the pathogenesis of diseases. One
example is the functional connection be-
tween Wnt5a and Msx1 gene expression,
especially in mesenchymal cells that differ
in maxilla and limb, which might help to
explain the skeletal phenotypic features of
Robinow syndrome by different disease
mechanisms) [9].

Embryo implantation and decidualization
are pivotal milestones during early preg-
nancy. These are followed by the mainte-
nance of immune tolerance toward the
embryo throughout gestation, which en-
sures adequate embryogenesis, organo-
genesis, and fetal development. Lastly,
mounting a surge of inflammation is the
last milestone to be completed during
pregnancy, as it is required to induce
labor. While these milestones have been
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described in a number of mammalian
species, considerable species differences
need to be considered. For example, in
contrast to mice, humans regularly shed
the endometrium during menstruation.
Also, placental cells show a greater inva-
siveness into the human decidua. Humans
also have a higher risk for infertility and preg-
nancy complications, such as spontaneous
abortion or preterm birth. Thus, genes
underlying such milestones (i.e., as seen
by the decidualization analyses by Yang
et al. in mice [3]) may differ between euthe-
rian mammals. This is especially relevant
for species with highly divergent gestational
lengths, such as mice with rather short
pregnancies, opposed to humans, which
have a relatively long gestational period.
Marinić et al. addressed this aspect by
using evolutionary methods to identify
changes in endometrial gene expression

during pregnancy in eutherian mammals.
Here, the heart- and neural crest
derivatives-expressed protein 2 (HAND2)
expression in ESCs in the eutherian
stem lineage was documented to critically
regulate gestation length [10]. Of note,
the spatiotemporal atlas on implantation
in mice described by Yang and col-
leagues also identified iDSCs coexpressing
HAND2 [3]. These HAND2+ iDCSs were
detectable among the vascular and im-
mune cell-assembling hubs of early to
mid-gestational implantation sites. To un-
derstand the translational relevance of
HAND2 and other endothelial markers iden-
tified during decidualization in mice, endo-
metrial organoids models may be helpful.
Organoids derived from human endome-
trium fromwomenwith normal fertility or im-
paired endometrial receptivity have been
established. Until now, this model was

mostly used to understand endometrial re-
ceptivity uponmodulation using steroid hor-
mones [11]. Here, analyses also included
single-cell and spatial transcriptional profil-
ing of the endometrial organoids, allowing
the spatial localization of ESCs during the
menstrual cycle of women to be decoded.

Taken together, tools such as scStereo-
seq technology combined with scRNA-
seq are now available for decoding the
space-time continuum of pregnancy by
comprehensively dissecting the dynamic
adaptations of ESCs during the early
onset stages of mammalian pregnancies,
as recently shown in mice [3]. This spatio-
temporal atlas of implantation sites now
offers an important source of information,
which will aid to improve our understand-
ing of normal and impaired uterine receptiv-
ity in humans, as well as the risk for adverse

TrendsTrends inin ImmunologyImmunology

Figure 1. Space-time continuum of mammalian pregnancy. The uterus (space) and the early gestational period (time) are inextricably merged into a transient single
continuum that spans multiple dimensions: decidualized endometrial stromal cells (ESCs), tissue-resident and emigrated immune cells, including uterine NK cells,
CD4+ regulatory T cells (including a memory subset), tolerogenic dendritic cells (sketched by the colours green, blue and purple), the growing vascular system, and the
implanting and developing embryo (the latter created with BioRender.com).
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pregnancy outcomes and transmission
of pathogens from mother to fetus. In the
future, technical prerequisites will have
to be advanced (e.g., enlarging Stereo-
seq chips,) to control for species-specific
differences.
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