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Abstract

Embryo-maternal communication is a critical process that influences early embryonic development, implantation
success, and pregnancy outcomes across mammalian species. This review examines the diverse in vitro systems
developed to study this complex dialogue, highlighting their applications, advantages, and limitations. We explore
conventional approaches such as two-dimensional (2D) cell cultures, which despite their simplicity, face challenges
in replicating the three-dimensional (3D) architecture and cellular functions present in vivo. The review progresses
through increasingly sophisticated models, including fluid co-culture systems that incorporate bioactive molecules,
explant cultures that maintain tissue architecture, air-liquid interface systems that promote epithelial polarization
and differentiation, 3D organoid systems that recapitulate complex structural organization, and organ-on-a-chip
platforms that recreate mechanical forces and dynamic conditions. Special attention is given to the emerging role
of extracellular vesicles (EVs) as mediators of embryo-maternal communication, transporting crucial molecular
signals between the embryo and reproductive tract. By comparing these systems across species and
developmental stages, we provide a comprehensive framework for selecting appropriate models based on specific
research questions. The integration of these in vitro approaches with advanced analytical techniques offers
promising avenues for understanding embryo-maternal cross-talk, potentially leading to improved assisted
reproductive technologies and strategies to mitigate early pregnancy loss. As technology advances, the continued
refinement of these systems will further illuminate the intricate molecular and cellular mechanisms underlying
successful embryo development and implantation.

Keywords: embryo-maternal communication, in vitro systems, extracellular vesicles, reproductive
biology.

Introduction

Pregnancy loss affects all mammalian species, particularly during early embryo
development. In cattle, early gestational losses are a significant challenge, with approximately
30% of pregnancies failing before day 7. In beef cattle, about 28% of losses occur by day 7,
followed by an additional 15.6% later (Reese et al., 2020). In high-producing dairy cows, 20-50%
of pregnancies are lost within the first week, with further losses (~30%) reported between days
8 and 27 (Wiltbank et al., 2016). In seasonally bred grazing dairy cows, ~29% of pregnancies fail
by day 7, with a cumulative loss of 40.9% by day 15 and minimal losses beyond that point
(Berg et al., 2022). In humans, up to 60% are lost in the early stages (Reese et al., 2020; Ealy and
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Advanced in vitro models of embryo-maternal dialog

Seekford, 2019; Larsenetal., 2013). A critical factor contributing to these losses is the
disruption in embryo-maternal communication (Rizos et al., 2002). Although embryos can
develop in vitro, disruptions to this early dialogue can lead to poor pregnancy outcomes,
including low blastocyst formation rates (30-40%), altered gene expression patterns,
imbalances in the ratio between the inner cell mass (ICM) and the trophectoderm (TE), and
lower pregnancy rates (Pontes et al., 2009; Lonergan et al., 2003; Rizos et al., 2002). Therefore,
understanding the mechanisms of embryo-maternal communication is essential for identifying
factors that influence embryonic development. However, ethical and practical considerations
have led to a growing emphasis on reducing the use of animals and humans in research
(Kiani et al., 2022). Much of our knowledge about early embryo-maternal communication
stems from in vivo studies, which underscores the need for developing technologies that can
effectively mimic these interactions. This review aims to contextualize the current knowledge
regarding embryo interactions within the oviduct and uterine environments, identify gaps in
technical approaches, and discuss emerging technologies (Figure 1) that may enhance our
understanding and mitigate losses during early embryonic development.
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Figure 1. Schematic representation of in vivo embryonic development, from the oviduct to the uterus, and
different in vitro approaches to mimic early embryo-maternal communication. In vivo, the zygote develops in the
oviduct, interacting with OECs and EVs. After reaching the uterus via the uterotubal junction, it communicates
with the endometrium to initiate implantation. In both environments, bidirectional communication is mediated
by EVs and other molecules present in the luminal fluid. Several in vitro models aim to mimic these interactions:
(A) 2D cultures with co-culture of OECs and embryos (16-cell or blastocyst stage), or with EVs derived from OECs,
endometrial epithelial cells (EECs), or embryos; (B) Embryo culture in OF, UF, or with EVs isolated from these
fluids; (C) Oviduct or uterine explants co-cultured with embryos at appropriate developmental stages; (D)
Advanced 3D systems, including uterine assembloids (epithelial + stromal cells), OECs grown at an air-liquid
interface to mimic the oviductal epithelium, and organ-on-a-chip platforms (e.g., uterus-on-a-chip) that recreate
physiological uterine microenvironments.
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Setting the stage: early embryo-maternal communication in vivo

In cattle and other mammals, the first stages of embryo development occurs in the oviduct
(Figure 1). During these initial days of development, the fertilized zygote undergoes a series of
specialized divisions and metabolic changes that culminate in embryo genome activation (EGA),
which typically begins at the 2-cell stage in mice, 4-cell to 8-cell in humans and 4-cell to 16-cell
stages in bovine (Lonergan and Fair, 2014; Graf et al., 2014; Vassena et al., 2011; Taylor et al.,
1997; Flach et al., 1982). Over the course of three and a half to four days in the oviduct, the
embryo is supported by ciliated and secretory cells, as well as oviductal fluid (OF). These
components play key roles by secreting substances, growth factors, and extracellular vesicles
(EVs), while also creating a directed flow that facilitates embryo transport to the uterus via the
utero-tubal junction (as revised by Bastos et al., 2022; Ghersevich et al., 2015). Once the
embryo reaches the uterus at the morula stage, it continues to develop through the blastocyst,
which consists of a fluid-filled cavity called the blastocele, a smaller compact inner cell mass
(ICM: which forms the fetus), and an outer epithelial layer, the trophectoderm (TE: which forms
the extraembryonic membranes). By day 9 in cattle, the blastocyst will hatch out of the zona
pellucida, interact with the endometrium, and implantation begins around days 16-20
(Spencer, 2013). This differs from humans, where the implantation begins immediately after
hatching during the processes of apposition (Kim and Kim, 2017). Throughout this period, the
uterine environment-comprising endometrial cells and uterine fluid (UF) provides nutrients
and molecular signals, including EVs, that are essential not only for embryonic growth but also
for implantation and maternal recognition of pregnancy.

2D culture systems for studying early embryo-maternal cross-talk

The most commonly reported method for investigating embryo-maternal communication
in vitro is the association of in vitro embryo production (IVEP) with 2D monolayer culture (Figure
1A). Methods to culture the oviduct epithelial cells (OECs) and endometrial epithelial cells (EECs)
can differ concerning cell isolation techniques, culture conditions, duration, the culture
medium used, and supplements included (Cronin et al., 2012; Ulbrich et al., 2010). Although
the 2D monolayer culture offers a straightforward and low-maintenance method requiring
minimal resources, it is critical to note that it quickly loses normal cellular function due to
differentiation or senescence, thereby reducing its biological similarity to in vivo cells (Table 1A).
Nevertheless, it can still provide valuable insights into embryo-maternal interactions during
preimplantation embryonic development as discussed above.

Table 1. Advantages, Disadvantages, and Typical Applications of In Vitro Systems for Studying Embryo-
Maternal Communication.

In vitro systems Advantages Disadvantages pical applications
- Low costs - Cells tend to dedifferentiate - Basic cell function
- Quick to grow - Lack of a comple_x - Initial screening of embryo
extracellular matrix and maternal cells factors
A) 2D - Poor recapitulation of in vivo
- Easy to use ;
gradients

- Easy downstream
processing

- Better mimics the dynamic - High variability in fluid
in vivo environment via fluid composition

- Incorporates natural
bioactive molecules

- Effects of reproductive tract
secretions on embryo
- Batch-to-batch inconsistency development

B) Total Fluids

- Concentrate essential - Heterogeneity in EV - Bidirectional embryo-
bioactive factors population maternal communication
-Reduced unwanted - Limited understanding of

C)EVs - Role of EVs cargo

variability uptake mechanisms

- Mediate targeted cell-to-cell
communication

- Embryo IVC supplement
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Table 1. Continued...

In vitro systems

D) Explant

Advantages

- Retain native tissue
architecture and cell diversity

- Reflect in vivo organization

Disadvantages

- Limited viability

- Short window for
experimentation

pical applications
- Short-term studies of
tissue-level responses to
embryo presence
- Investigating local tissue
remodeling during
implantation

- Preserves cell-cell and cell-
matrix interactions

- Difficult to control culture
conditions consistently

- Examining the interaction
between embryos and intact
tissue segments

- Maintains tissue-specific
functions

E) Air-liquid
interface

F)3D

G) Organ-on-a-
chip

- Allows for apical secretion
of factors

- Supports development of
functional epithelial barriers

- Complex structural
organization

- Maintain cell polarity and
differentiation

- Technical complexity in setup
and maintenance

- Requires specialized culture
inserts

- Limited access to the luminal
compartment

- Variability in size and
formation

- Modeling the interface
between luminal fluid and
epithelial cells

- Long-term culture of
differentiated reproductive
tract epithelia

- Recreating the complex
architecture of reproductive
tissues

- Studying long-term embryo-
maternal interactions

- Support long-term culture

- More complex to establish
than 2D cultures

- Better recapitulates in vivo
tissue architecture

- Higher technical expertise
required

- Recapitulate the in vivo
interactions

- Ability to recreate
mechanical forces

- Easy for co-culture

- More resource-intensive
- Complex design and
fabrication process

- Requiring specialized
equipment and expertise

- Higher costs compared to
simpler models

- Dynamic aspects of
embryo-maternal
communication

- Recreating the fluid
dynamics of the reproductive
tract

- Integrating multiple tissue
compartments in a single
system

- Precise control of
biochemical and physical
cues

- Technical challenges in
integration

- Supports long-term culture

- Limited commercial
availability

Oviductal epithelial cells in 2D culture: a model for embryo co-culture

OEC cultures have shown that early developing embryos not only use the oviductal environment

Anim Reprod. 2025;22(3):e20250059

to travel to the uterus but also actively shape early embryo-maternal communication (Hamdi et al.,
2019; Schmaltz-Panneau et al., 2015; Cordova et al., 2014; Edwards et al., 1997). For example, OECs
support early embryonic development by secreting embryotrophic growth factors, removing
embryotoxic substances, and preventing the formation of reactive oxygen species (ROS)
(Edwards et al., 1997; Nancarrow and Hill, 1994; Thompson et al., 1990). Moreover, co-culturing
embryos with OECs prevents the blocking of EGA, and increases both the number and quality of
blastocysts (Schmaltz-Panneau et al., 2015; Cordova et al., 2014; Ellington et al., 1990; Gandolfi and
Moor, 1987). Additionally, it provides evidence that early embryos modify the OECs transcriptome
with the cellular response varying according to the embryos developmental stage, likely due to OECs
adapting their transcriptomic profile in response to embryonic signaling (Hamdi et al., 2019; Schmaltz-
Panneau et al., 2014). Furthermore, embryo-oviduct interactions induce specific changes in the
transcriptional levels of bone morphogenetic protein (BMP) signaling (Garcia et al., 2017), resulting in
a bidirectional response that offers insights into early maternal-embryonic communication.
Additionally, embryos stimulate an anti-inflammatory response in the OECs that in turn prompts the
16 cell-embryos to secrete interferon-tau (IFNT), thereby modulating gene expression in peripheral
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blood mononuclear cells (PBMCs) (Talukder et al., 2018). Altogether, these data suggest that culturing
of the OECs as a monolayer has the potential to provide useful information on embryo-oviduct
interactions during early embryonic development.

Endometrial epithelial cells in 2D culture: a model for embryo co-culture

In addition to the role of the oviduct, the 2D system helped to understand that the embryo
actively shapes the local uterine environment. Studies using 2D cultures of EECs have revealed
that, as early as day 7 of pregnancy, the embryo can locally modify endometrial function
(Sponchiado et al., 2020; Allen and Wright, 1984). Notably, this is not only mediated through
the secretion of bioactive molecules but also through physical contact between the embryo
and EECs, thereby intensifying their reciprocal molecular interactions (Sponchiado et al., 2020).
Further complexity in this embryonic dialogue is highlighted by studies indicating that both
embryo quality and embryo sex influence the transcriptional profile of EECs. For example, high-
quality embryos have been shown to modify the secretion pattern of IL-8 in EECs, a cytokine
vital for preparing the uterus for implantation, while EECs exhibit differential gene expression
(e.g., CTGF, SLC2A1, and SLC2A5) in response to embryonic signals (Gémez et al., 2018;
Caballero-Campo et al., 2002). Additionally, the conditioned media from both OECs and EECs
enhance the developmental kinetics of in vitro-produced embryos (Devietal., 2022;
Sidrat et al., 2020), suggesting that both direct cell contact and secreted factors play crucial
roles for early embryonic development.

Extracellular vesicles from 2D oviductal and uterine cells: insights from co-culture
models

Recent studies indicate that EVs released by OECs and EECs play a key role in mediating the
beneficial effects observed in the co-culture of embryos with 2D cells (Figure 1A). Conditioned
medium from OECs and their EVs during IVC has been shown to improve blastocyst yield and
hatching capacity, promote embryo development at the 8-16 cells stage, upregulate genes related
to development and implantation, and enhance both cellular proliferation and cryotolerance
(Sidrat et al., 2020; Lopera-Vasquez et al., 2016). Furthermore, embryo quality appears to influence
the oviductal environment reciprocally. EVs derived from high-quality embryos induce specific
transcriptional changes in OECs, such as the upregulation of genes like ISG-15, MX1, and OAS1Y
(Dissanayake et al., 2021). This observation supports a model in which OECs function as sensors of
embryonic quality, potentially modulating the miRNA content of their secreted in response to
embryonic signals (Hamdi et al., 2024). Collectively, these findings suggest that EVs facilitate a
dynamic bidirectional communication between embryos and OECs, enabling the OECs to finetune
their secretory profile according to embryonic competence.

The uterine compartment plays a critical role in this crosstalk, with EVs derived from EECs
shown to enhance embryonic development by increasing embryo diameter and promoting
blastocyst expansion and hatching in bovine models (Aguileraetal., 2024). In addition,
preimplantation embryos release EVs that interact with EECs, altering their transcriptional profile,
most notably, increasing OXTR expression in response to EVs released by in vitro-produced
embryos during days 7 to 9 (Aguilera et al., 2023). Together, these studies suggest that embryos
actively signal to the EECs via EVs, while the EECs also communicate with the embryo, modulating
gene expression in a way that may influence maternal recognition of pregnancy.

Oviductal and uterine fluids for studying early embryo-maternal cross-talk

Considering the importance of this microenvironment in vivo, supplementing culture media
during IVC with reproductive fluids, such as OF and UF, has been explored as a strategy to
better replicate the in vivo environment, enhancing our understanding of embryo-maternal
communication (Figure 1B). The use of OF during IVC has been shown to increase the blastocyst
rate, cryotolerance, and the number of trophoblast cells, likely due to the co-culture induced
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changes in the abundance of transcripts related to glucose and lipid metabolism, epigenetic
regulation, and water channel expression (Lopera-Vasquez etal., 2017b; Archibong et al.,
1989). Furthermore, a sequential supplementation approach—using OF during the early days
(1-4) and UF during the later days (4-9) of IVC—has been demonstrated to support embryo
development and improve embryo quality (Hamdi et al., 2018). Additionally, it has been shown
that UF may exhibit antioxidant activity, reducing the accumulation of ROS in blastocysts
(Hamdi et al., 2018). While reproductive fluids can represent the in vivo environment, their
complex and variable molecular composition may result in inconsistent effects on embryonic
development (Table 1B). In contrast, isolating EVs from OF and UF provides a more defined and
reproducible approach (Table 1C). These EVs are enriched in essential bioactive factors critical
for targeted cell-to-cell communication and signaling, thereby reducing unwanted variability.
This strategy enables more precise modulation of the culture environment, ultimately
promoting more consistent and favorable outcomes in embryonic development.

Extracellular vesicles from oviductal and uterine fluid: modulating early embryo
development and maternal recognition

Recent studies have demonstrated that supplementing IVC with EVs from both OF and UF
fluids (Figure 1B) can improve key developmental parameters, such as blastocyst formation rates,
blastocyst diameter, and total cell numbers, while also reducing apoptosis and stress within the
embryo. For instance, a higher total cell number, which correlates with improved viability and
implantation potential, was observed in blastocysts treated with OF and UF-EVs, regardless of
whether BSA or dFCS was used as a protein supplement (Li et al., 2023; Leal et al., 2022). Similarly,
UF-EVs significantly reduce apoptotic cell numbers in SCNT-derived blastocysts and improve the
ratio of ICM to TE, highlighting the protective and supportive role of these EVs (Qiao et al., 2018).
Beyond these quantitative improvements, EVs also modulate the molecular environment of the
embryo. Early exposure to OF-EVs can alter the embryonic transcriptome, enriching pathways
related to metabolism, cell communication, and apoptosis (Alcantara-Neto etal., 2022).
Additionally, EVs treatment during IVC modifies the lipid profile of embryos, increasing key
phospholipids such as PC (phosphatidylcholine), PE (phosphatidylethanolamine), and SM
(sphingomyelin), characteristic of in vivo-produced embryos (Leal et al., 2022; Banliat et al., 2020).

Uterine EVs appear to act at a later stage of embryo development. Aguilera et al. (2024)
found that UF-EVs upregulate IFNT expression and increase embryonic diameter, suggesting
an critical role in embryo-maternal signaling and recognition of pregnancy. Furthermore,
studies from our group (Cafidn-Beltran et al.,, 2024; Mazzarella et al., 2024) suggest that
miRNAs within EVs fine-tune gene expression related to lipid metabolism and stress responses,
thereby further supporting embryo viability and enhancing cryotolerance, as evidenced by
improved post-vitrification survival rates (Leal et al., 2022; Lopera-Vasquez et al.,, 2017a). In
summary, the complementary actions of EVs from the oviduct and uterus create a more
favorable environment for embryo development. OF-EVs primarily modulate the embryonic
transcriptome and lipid composition during early stages (from 2 cells to morula), whereas UF-
EVs play a pivotal role during blastocyst expansion by enhancing growth, reducing apoptosis,
and promoting effective embryo-maternal communication.

Explant culture system for studying early embryo-maternal cross-talk

Explants provide an alternative to fluid-based models and 2D culture systems by preserving
native tissue architecture, including cell-cell interactions and the extracellular matrix, thus
offering a more physiologically relevant environment that more accurately mimics the in vivo
embryo-maternal dialogue (Table 1D). For instance, co-culturing endometrial explants with
Day-8 blastocysts (Figure 1C) for 6 hours leads to a regulation of interferon-stimulated genes
(ISGs) (Passaro et al., 2019, 2018). Interestingly, even without direct contact, conditioned
medium from blastocyst cultures was sufficient to elevate ISG expression, with the response
intensifying as the number of blastocysts increased (Passaro et al.,, 2018). These findings
highlight the pivotal role of IFNT, secreted by the embryo, as one of the earliest signals alerting
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the maternal system to the presence of pregnancy. Additionally, a brief exposure to
blastocysts, regardless of being produced in vivo or in vitro (Bridi et al., 2025), alters the global
transcriptomic profile of oviductal (Mazzarellaetal., 2025) and endometrial explants
(Bridi et al., 2025; Passaro et al.,, 2019), noted through the release of secreted molecules
(Passaro et al., 2019) including EVs with distinct miRNA profile (Bridi et al., 2025) and proteins
(Mazzarella et al., 2025). This underscores the potency of embryonic signals in orchestrating
maternal responses, even without direct tissue contact.

One of the main limitations of explant models, especially in bovine studies, is their limited
viability (Table 1D). Additionally, controlling culture conditions is more challenging in explant
systems compared to 2D or 3D models. For example, although explants cannot be maintained
for extended periods, limiting their use in long-term studies of embryo-maternal interactions,
a 6-hour culture period has been shown to be sufficient to elicit responses to embryonic
presence while preserving the structural and functional integrity of the tissue (Passaro et al.,
2018). However, by 48 hours of culture, significant necrotic fragmentation of glands and stroma
is observed in the center of the explants (Borges et al., 2012). These limitations have driven the
need of development of advanced 3D culture models, such as organoid technologies and
organ-on-a-chip platforms, which better preserve cellular differentiation over extended
periods, support fluid flow and mechanical forces, and provide a more stable and physiological
environment for studying embryo-maternal interactions (Table 1F).

Air-liquid interfaces

By culturing epithelial cells on porous membranes at an air-liquid interface (Figure 1D),
these models promote cell differentiation and establish apical-basolateral polarity, generating
a luminal microenvironment enriched in secretions that closely mirrors in vivo OF (Chen and
Schoen, 2019). This compartmentalization allows researchers to distinguish signals available
to gametes and embryos (luminal secretions) from those interacting with sub-epithelial tissues
(basolateral secretions), and to monitor dynamic fluid changes regulated by progesterone and
estradiol (Chen etal.,, 2013, 2018). Such hormone-driven modulation of the culture milieu
offers insights into how the early embryonic environment may influence developmental
competence and epigenetic programming (El Hajj and Haaf, 2013; Lucas, 2013). Building on
these advances, sequential co-culture approaches—first with OECs, then with EECs—have
demonstrated improvements in both blastocyst yield and quality (van der Weijden et al., 2017).
Remarkably, bovine embryos cultured solely within air-liquid interface OEC systems can reach
the blastocyst stage without classical culture media, exhibiting gene-expression profiles linked
to methylation, differentiation, and apoptosis (van der Weijden et al., 2017). Proteomic analysis
of air-liquid interface-derived fluid has uncovered over 3,000 proteins shared with OF,
underscoring the physiological relevance of these models (Chen et al., 2017). Looking forward,
integrating air-liquid interface cultures with microfluidic “oviduct-on-a-chip” technologies
promises to refine fluid dynamics and hormone delivery further—paving the way for more
predictive models of fertilization, cleavage, and implantation in assisted reproductive
technologies (Ferraz et al., 2017).

Oviductal and endometrial 3D culture models: organoids, spheroids and
assembloids in early embryo-maternal communication

Three dimensional culture systems address key limitations of both 2D models and explant
cultures (Table 1). While 2D models often fail to replicate the complex spatial organization, cell-
cell interactions, and physiological gradients found in vivo, explant cultures maintain
architecture but are limited by short-term viability. In contrast, 3D culture systems closely
mimic the in vivo environment by promoting cell-cell and cell-matrix interactions as well as
establishing biochemical and mechanical gradients. Therefore, different 3D models have been
developed to address various research needs. Spheroids are spherical cell aggregates that are
cultured in suspension for a few days mainly for the study of cell behavior (Pranomphon et al.,
2024b). In contrast, organoids offer a higher tissue specificity, exemplified by oviductal
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organoids composed predominantly of epithelial cells, and endometrial organoids which also
include glandular cells (Kwon et al., 2025). Taking complexity a step further, assembloids
(Figure 1D) incorporate multiple cell types (including epithelial, glandular, and stromal cells) to
more accurately recapitulate the native tissue’s structure and function (Crawford et al., 2024;
Rawlings et al., 2021).

Both organoids and assembloids models are commonly cultivated using acellular scaffolds
made from biological or synthetic origins. Scaffold-based systems include: 1) collagen scaffolds,
that mimic the natural extracellular matrix (Abbas et al., 2020), 2) matrigel, cultrex and geltrex,
a biological hydrogel that provides structural support and promotes cell signaling
(Ahmad et al., 2024; Lawson et al., 2023; Ford et al., 2021; Kessler et al., 2015) and 3) synthetic
scaffolds such as polyethylene glycol (PEG), which offer tailored mechanical properties
(Gnecco et al., 2023). On the other hand, scaffold-free models, such as: 1) spheroids generated
by hanging drop methods, 2) low-attachment plates or gels, 3) agitation-based formation, and
4) magnetic levitation, are also widely used (Langhans, 2018).

Although 3D culture can preserve the morphology of the oviduct and endometrium, as well
as the polarization of OEC and EEC, it still has limitations (Table 1F). The luminal compartment
of the organoid, spheroids, or assembloids is only accessible for gametes or embryos via micro-
puncturing. This barrier may hinder the direct interaction between embryos and the apical
surface of the cells, which is crucial for embryo-maternal communication. To address this,
strategies such as apical-out reversal protocol (Co et al., 2021), vigorous pipetting (van der
Sanden et al., 2018) and suspension culture (Ahmad et al., 2024) have been developed to
expose the apical surface. Another consideration is that the intra-organoid fluid has been
shown to have a distinct biochemical composition compared to the extra-organoid fluid and
culture medium (Simintiras etal.,, 2021). This difference can affect embryo-epithelium
communication by altering the availability of essential signals like growth factors, cytokines,
and EVs. Thus, while 3D secretions can offer an advantage by recreating a more physiological
microenvironment, they may also introduce variability if not carefully characterized and
controlled. Nevertheless, these models still provide valuable insights into embryo-maternal
interactions during preimplantation embryonic development, as discussed above.

Oviductal epithelial organoids and spheroids

Oviductal epithelial organoids and spheroids have been employed to explore the cellular
and molecular mechanisms within the non-pregnant oviduct, as well as during early pregnancy
stages (Day 1 to 5 post-fertilization in bovine). Recent studies have established these models
across various species, including humans (Kessler et al., 2015), mice (Xie et al., 2018), porcine
(Lawson et al., 2023), canine (Lawson et al., 2023), feline (Lawson et al., 2023; Thompson et al.,
2023), equine (Lawson et al., 2023; Thompson et al., 2022), turkey (Santativongchai et al., 2024)
and bovine (Pranomphon et al., 2024a, b; Lawson et al., 2023). These models highlight the
versatility of oviductal spheroid and organoid systems, supporting comparative studies and
enhancing our understanding of reproductive physiology across species.

Spheroid models have been explored as a supportive IVC system for embryo production,
highlighting their potential to enhance embryo-maternal communication and embryo quality.
For instance, the co-culture of embryos with spheroids improved embryo development and
blastocyst quality, particularly under high oxygen conditions, by mitigating oxidative stress
(Pranomphon et al., 2024a). The presence of embryos also induced morphological changes in
the spheroids, such as an increased proportion of vesicle-shaped structures
(Pranomphon et al., 2024a). Moreover, while some genes (ANXA1, ESR1, HSPAS8, and HSPA1A)
remained stable, others (OVGP1 and PGR) decreased over time, suggesting that further
refinements, like the supplementation of reproductive steroid hormones, might improve the
physiological relevance of the model (Pranomphon et al., 2024a). Furthermore, this study
indicate that spheroid models not only support embryo development but also adapt to
embryonic signals, thus simulating the dynamic in vivo environment and highlighting areas for
further model refinement.
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Additionally, several studies have shown that oviduct organoids replicate the native
architecture by maintaining different types of epithelial cells, including ciliated and secretory cells
(Lawson et al., 2023; Kessler et al., 2015). Moreover, these models also contain progenitor cells
that support long-term culture, which is essential for studies of oviduct function and response to
environmental challenges. In this context, Menjivar et al. (2023) investigated the effects of heat
shock on oviduct organoids, revealing significant molecular changes. They found that heat shock
activated key genes such as COX1, ACTB, CST6, TPT1, and HSPB1, and modified the EVs cargo,
altering miRNAs such as miR-1246, miR-148a, miR21-5p, miR-451, and miR-92a. These results
suggest that heat shock may disrupt the oviductal microenvironment by modifying both gene
expression and EV content, potentially impacting fertilization and early embryo development
(Menijivar et al., 2023). Together, these findings highlight the potential of oviduct organoids as a
powerful model to unravel molecular responses to environmental challenges.

Endometrial organoids: epithelial and glandular models

Similarly, endometrial epithelial organoids have been widely used to study uterine biology
and embryo-maternal communication. Recent studies have established organoid models
derived from various species, including humans (Turco et al., 2017), mice (Kwon et al., 2025;
Boretto etal.,, 2017), canines, felines, porcines, and bovines (Kwonetal., 2025). The
endometrial epithelial organoid models contained a polarized columnar epithelium
surrounding a lumen and displayed similar molecules, and functional properties that closely
recapitulate the endometrial tissue (Luddi et al., 2020). Their long-term culture capability and
responsiveness to hormonal stimulation allow them to mirror the dynamic changes of the
luminal epithelium during the menstrual cycle (Luddi et al., 2020; Fitzgerald et al., 2019).

Glandular organoids further contribute to our understanding by providing a
complementary perspective on endometrial structure and function. Their ability to acquire a
decidual-like phenotype in response to pregnancy signals highlights their potential as a robust
experimental platform for studying early embryo-maternal communication. In particular, by
exposing glandular organoids to pregnancy signals such as cyclic AMP, prolactin (from the
stroma), and hCG and hPL (from the trophoblast), they begin to exhibit phenotypic
characteristics of decidual tissue similar to those of early pregnancy (Turco et al., 2017).

Importantly, these organoids have shown that the embryo can interact with the
endometrial environment at the molecular level. For example, organoids treated with a
conditioned medium from successfully implanted embryos expressed a new, more acidic
glycoform of GdA (Luddi et al., 2021), suggesting that the embryonic secretome may influence
adhesion and signaling molecules critical for implantation. Together, these findings highlight
the relevance of endometrial epithelial and glandular organoids as dynamic, physiologically
relevant models for investigating how the maternal endometrium responds to embryonic
signals. Their ability to replicate hormonally driven transformations and interact with
embryonic cues in vitro makes them powerful tools for advancing our understanding of early
pregnancy events and implantation.

Advances with assembloids

With the recent development of oviductal and endometrial organoids and spheroids,
assembloids emerge as more complex 3D models that combine different cell types. In the case
of embryo-maternal communication, oviductal assembloids can integrate epithelial and stromal
components, while uterine assembloids can integrate epithelial, glandular, and stromal
components, along with trophoblast cells (from the embryo). For instance, by combining
oviductal epithelial cells and stromal cells, the assembloids exhibited a significantly higher
number of extracellular matrix proteins compared to standard organoids, as well as a
physiological response to steroid hormone stimulation (B-estradiol and progesterone)
(Crawford et al., 2024). This response was evidenced by changes in the expression of hormonal
receptors (ESR1, PGR) and cellular differentiation markers (PAX8, FOX1, OLFM4) (Crawford et al.,
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2024). Moreover, functional cilia were observed at the epithelium-lumen interface, with their
activity enhanced by B-estradiol stimulation (Crawford et al., 2024), thereby capturing the organ's
mechanical function.

Additionally, by incorporating both glandular epithelium (in the form of endometrial
organoids) and primary stromal cells into an assembloid system and co-culturing with human
embryos, crucial insights into embryo-maternal communication were gained. Specifically, the
presence of senescent decidual cells significantly influences the movement of stromal cells
toward the expanding embryo, creating a permissive environment for embryo attachment
(Rawlings et al., 2021). In an embryo that has attached in this environment, the expression of
OCT4 and GATA6 markers was observed in the epiblasts and hypoblasts, which is indicative of
early embryonic development following implantation and is considered essential for
pregnancy (Rawlings et al., 2021). Additionally, the analysis of secreted factors during co-
culture, such as human chorionic gonadotropin (hCG) released by the embryo and various
cytokines and chemokines produced by the assembloid cells (Rawlings et al., 2021), enabled
the investigation of the intricate molecular communication that occurs between the embryo
and the endometrium during the early stages of implantation. Altogether, these findings
demonstrate that assembloids provide a robust and physiologically relevant platform to study
embryo-maternal communication. By incorporating multiple interacting cell types, these
models more closely mimic the complex cellular, mechanical, and molecular environment of
the reproductive tract.

Organs-on-a-chip

Oviduct-on-a-chip

The microfluidic device that mimics the bovine oviduct epithelium was described in
different species, including bovine (Ferraz et al., 2018, 2017), humans (Zha et al., 2023; Jackson-
Bey et al., 2020; Xiao et al., 2017), canines (Ferraz et al., 2020) and mice (Wang et al., 2022). One
significant advance in this field is the observation that the presence of fluid flow may sustain
ciliary activity in BOECs for 2 to 6 weeks (Jackson-Bey et al., 2020; Ferraz et al., 2017). This
represents an improvement over traditional 2D cultures and explants, which often lose ciliary
function and have limited viability, respectively. Additionally, this system can replicate the
hormonal dynamics of the estrous cycle, including follicular and luteal phases (Ferraz et al.,
2018). The oviduct-on-a-chip has been applied to both in vitro fertilization (IVF) and embryo
culture. In bovine IVF, microfluidic devices have shown a reduced polyspermy rates compared
to 2D culture systems and conditions without oviductal cells (Ferraz et al., 2017), suggesting
improved control over fertilization conditions. However, when used for embryo culture in the
same species, fluid flow led to zygote displacement, impairing early embryonic development
(Ferraz et al., 2018). In mice, embryo culture within the device showed no significant
differences in developmental rates compared to traditional culture methods (Wang et al.,
2022). However, mice embryos cultured in the device exhibited lower levels of ROS, which may
indicate a less stressful and more supportive environment (Wang et al., 2022).

Endometrium-on-a-chip

The endometrium-on-a-chip also has been reported in humans (Ahnetal, 2021;
Gnecco etal.,, 2019, 2017) and bovine (Tinningetal., 2025; De Bemetal, 2021). The
development of this system that may compartmentalize key endometrial cell types (vascular,
stromal and epithelial cells) has opened new possibilities for studying embryo-endometrial
communication under controlled in vitro conditions (Figure 1D). In particular, a microfluidic
model incorporating perivascular stromal and endothelial cells, successfully recapitulated the
process of decidualization, which is fundamental for endometrial receptivity. Importantly, this
model supported hormonal treatment and long-term co-culture for up to 28 days, aligning with
the length of a typical menstrual cycle (Gnecco et al., 2017, 2019). When physiological shear
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stress was applied through controlled fluid flow, endothelial cells exhibited enhanced stromal
decidualization, highlighting the role of mechanical cues in modulating endometrial function
(Gnecco et al., 2019). In addition to mechanical stimuli, metabolic conditions can also influence
the endometrial environment. Using a similar platform, researchers demonstrated that
variations in glucose and insulin levels led to changes in both gene expression and secreted
proteins, suggesting that metabolic health directly impacts endometrial receptivity (De
Bem et al., 2021). These findings are particularly relevant in the context of disorders such as
diabetes and polycystic ovary syndrome, where altered metabolic states are common. More
advanced models have incorporated 3D architecture to better mimic the structural complexity
of the endometrium. One such system included three distinct layers (epithelium, stroma, and
a vascular compartment) and hydrogel matrix allowing for more physiologically relevant
interactions between cell types. This 3D endometrium-on-a-chip was used as a proof-of-
concept model for embryo implantation, offering insights into the molecular and cellular
dynamics that modulate early pregnancy (Ahn et al., 2021).

Conclusion

Understanding early embryo-maternal communication is essential for improving
reproductive technologies and deepening our knowledge of early pregnancy. This review
highlights the evolution of in vitro models, from traditional 2D co-cultures to complex 3D
systems and microfluidic organ-on-a-chip platforms, each contributing unique insights into the
molecular and cellular dialogue between embryos and maternal tissues. While 2D models offer
simplicity and accessibility, their biological limitations necessitate the development of more
physiologically relevant systems. Fluid-based and explant models provide valuable information
but are constrained by variability and short-term viability. In contrast, 3D culture systems,
including organoids, spheroids, assembloids, and air-liquid interface models, offer enhanced
structural and functional mimicry of in vivo conditions, enabling long-term studies and
improved modeling of embryo-maternal interactions. Finally, organ-on-a-chip technologies
represent the cutting edge of in vitro reproductive research, integrating dynamic mechanical
and biochemical cues to recreate the native environment with unprecedented precision. Thus,
these advanced models not only deepen our understanding of early embryonic development
and maternal recognition of pregnancy, but also represent powerful tools for refining in vitro
embryo production systems and improving fertility outcomes in both clinical and agricultural
contexts.

Acknowledgements

This research received funding from European Union's Horizon Europe program under the
MSC Doctoral Network (grant number #101120126 - AFRODITA) and from the Spanish Ministry
of Science, Innovation and Universities MCIN/AEI /10.13039/501100011033/ (grant number
#PID2023-1490270B-100).

Data availability statement

No research data was used.

References

Abbas Y, Brunel LG, Hollinshead MS, Fernando RC, Gardner L, Duncan |, Moffett A, Best S, Turco MY,
Burton GJ, Cameron RE. Generation of a three-dimensional collagen scaffold-based model of the
human endometrium. Interface Focus. 2020;10(2):20190079. http://doi.org/10.1098/rsfs.2019.0079.
PMid:32194932.

Anim Reprod. 2025;22(3):e20250059 11/18


https://doi.org/10.1098/rsfs.2019.0079
https://pubmed.ncbi.nlm.nih.gov/32194932
https://pubmed.ncbi.nlm.nih.gov/32194932

Advanced in vitro models of embryo-maternal dialog

Aguilera C, Velasquez AE, Gutierrez-Reinoso MA, Wong YS, Melo-Baez B, Cabezas ], Caamafio D,
Navarrete F, Rojas D, Riadi G, Castro FO, Rodriguez-Alvarez L. Extracellular vesicles secreted by pre-
hatching bovine embryos produced in vitro and in vivo alter the expression of ifntau-stimulated
genes in bovine endometrial cells. Int ] Mol Sci. 2023;24(8):7438.
http://doi.org/10.3390/ijms24087438. PMid:37108601.

Aguilera C, Wong YS, Gutierrez-Reinoso MA, Velasquez AE, Melo-Baez B, Cabezas J, Caamafio D,
Navarrete F, Castro FO, Rodriguez-Alvarez LL. Embryo-maternal communication mediated by
extracellular vesicles in the early stages of embryonic development is modified by in vitro conditions.
Theriogenology. 2024;214:43-56. http://doi.org/10.1016/j.theriogenology.2023.10.005.
PMid:37852113.

Ahmad V, Yeddula SGR, Telugu BP, Spencer TE, Kelleher AM. Development of polarity-reversed
endometrial epithelial organoids. Reproduction. 2024;167(3):167-230. http://doi.org/10.1530/REP-23-
0478. PMid:38215284.

Ahn J, Yoon MJ, Hong SH, Cha H, Lee D, Koo HS, Ko JE, Lee J, Oh S, Jeon NL, Kang Y. Three-dimensional
microengineered vascularised endometrium-on-a-chip. Hum Reprod. 2021;36(10):2720-31.
http://doi.org/10.1093/humrep/deab186. PMid:34363466.

Alcantara-Neto AS, Cuello C, Uzbekov R, Bauersachs S, Mermillod P, Almifiana C. Oviductal extracellular
vesicles enhance porcine in vitro embryo development by modulating the embryonic transcriptome.
Biomolecules. 2022;12(9):1300. http://doi.org/10.3390/biom12091300. PMid:36139139.

Allen RL, Wright RW Jr. In vitro development of porcine embryos in coculture with endometrial cell
monolayers or culture supernatants. ] Anim Sci. 1984;59(6):1657-61.
http://doi.org/10.2527/jas1984.5961657x. PMid:6543213.

Archibong AE, Petters RM, Johnson BH. Development of porcine embryos from one- and two-cell stages
to blastocysts in culture medium supplemented with porcine oviductal fluid. Biol Reprod.
1989;41(6):1076-83. http://doi.org/10.1095/biolreprod41.6.1076. PMid:2624868.

Banliat C, Le Bourhis D, Bernardi O, Tomas D, Labas V, Salvetti P, Guyonnet B, Mermillod P, Saint-Dizier
M. Oviduct fluid extracellular vesicles change the phospholipid composition of bovine embryos
developed in vitro. Int ] Mol Sci. 2020;21(15):1-13. http://doi.org/10.3390/ijms21155326.
PMid:32727074.

Bastos NM, Ferst JG, Goulart RS, Silveira JC. The role of the oviduct and extracellular vesicles during early
embryo development in bovine. Anim Reprod. 2022;19(1):e20220015. http://doi.org/10.1590/1984-
3143-ar2022-0015. PMid:35493787.

Berg DK, Ledgard A, Donnison M, McDonald R, Henderson HV, Meier S, Juengel JL, Burke CR. The first
week following insemination is the period of major pregnancy failure in pasture-grazed dairy cows. ]
Dairy Sci. 2022;105(11):9253-70. http://doi.org/10.3168/jds.2021-21773. PMid:36153157.

Boretto M, Cox B, Noben M, Hendriks N, Fassbender A, Roose H, Amant F, Timmerman D, Tomassetti C,
Vanhie A, Meuleman C, Ferrante M, Vankelecom H. Development of organoids from mouse and
human endometrium showing endometrial epithelium physiology and long-term expandability.
Development. 2017;144(10):1775-86. http://doi.org/10.1242/dev.148478. PMid:28442471.

Borges AM, Healey GD, Sheldon IM. Explants of intact endometrium to model bovine innate immunity
and inflammation ex vivo. Am ] Reprod Immunol. 2012;67(6):526-39. http://doi.org/10.1111/j.1600-
0897.2012.01106.x. PMid:22324889.

Bridi A, Sangalli JR, Nociti RP, Santos AC, Alves L, Bastos NM, Ferronato GA, Rosa PMDS, Fiorenza MF,
Pugliesi G, Meirelles FV, Chiaratti MR, Silveira JC, Perecin F. Small extracellular vesicles derived from
the crosstalk between early embryos and the endometrium potentially mediate corpus luteum
function. Biol Reprod. 2025;112(1):54-69. http://doi.org/10.1093/biolre/ioae143. PMid:39388257.

Caballero-Campo P, Dominguez F, Coloma J, Meseguer M, Remohi J, Pellicer A, Simén C. Hormonal and
embryonic regulation of chemokines IL-8, MCP-1 and RANTES in the human endometrium during the
window of implantation. Mol Hum Reprod. 2002;8(4):375-84. http://doi.org/10.1093/molehr/8.4.375.
PMid:11912286.

Cafién-Beltran K, Cajas YN, Almpanis V, Egido SG, Gutierrez-Adan A, Gonzalez EM, Rizos D. MicroRNA-
148b secreted by bovine oviductal extracellular vesicles enhance embryo quality through BPM/TGF-
beta pathway. Biol Res. 2024;57(1):11. http://doi.org/10.1186/s40659-024-00488-z. PMid:38520036.

Chen S, Einspanier R, Schoen J. In vitro mimicking of estrous cycle stages in porcine oviduct epithelium
cells: estradiol and progesterone regulate differentiation, gene expression, and cellular function. Biol
Reprod. 2013;89(3):54. http://doi.org/10.1095/biolreprod.113.108829. PMid:23904510.

Anim Reprod. 2025;22(3):e20250059 12/18


https://doi.org/10.3390/ijms24087438
https://pubmed.ncbi.nlm.nih.gov/37108601
https://doi.org/10.1016/j.theriogenology.2023.10.005
https://pubmed.ncbi.nlm.nih.gov/37852113
https://pubmed.ncbi.nlm.nih.gov/37852113
https://doi.org/10.1530/REP-23-0478
https://doi.org/10.1530/REP-23-0478
https://pubmed.ncbi.nlm.nih.gov/38215284
https://doi.org/10.1093/humrep/deab186
https://pubmed.ncbi.nlm.nih.gov/34363466
https://doi.org/10.3390/biom12091300
https://pubmed.ncbi.nlm.nih.gov/36139139
https://doi.org/10.2527/jas1984.5961657x
https://pubmed.ncbi.nlm.nih.gov/6543213
https://doi.org/10.1095/biolreprod41.6.1076
https://pubmed.ncbi.nlm.nih.gov/2624868
https://doi.org/10.3390/ijms21155326
https://pubmed.ncbi.nlm.nih.gov/32727074
https://pubmed.ncbi.nlm.nih.gov/32727074
https://doi.org/10.1590/1984-3143-ar2022-0015
https://doi.org/10.1590/1984-3143-ar2022-0015
https://pubmed.ncbi.nlm.nih.gov/35493787
https://doi.org/10.3168/jds.2021-21773
https://pubmed.ncbi.nlm.nih.gov/36153157
https://doi.org/10.1242/dev.148478
https://pubmed.ncbi.nlm.nih.gov/28442471
https://doi.org/10.1111/j.1600-0897.2012.01106.x
https://doi.org/10.1111/j.1600-0897.2012.01106.x
https://pubmed.ncbi.nlm.nih.gov/22324889
https://doi.org/10.1093/biolre/ioae143
https://pubmed.ncbi.nlm.nih.gov/39388257
https://doi.org/10.1093/molehr/8.4.375
https://pubmed.ncbi.nlm.nih.gov/11912286
https://pubmed.ncbi.nlm.nih.gov/11912286
https://doi.org/10.1186/s40659-024-00488-z
https://pubmed.ncbi.nlm.nih.gov/38520036
https://doi.org/10.1095/biolreprod.113.108829
https://pubmed.ncbi.nlm.nih.gov/23904510

Advanced in vitro models of embryo-maternal dialog

Chen S, Palma-Vera SE, Langhammer M, Galuska SP, Braun BC, Krause E, Lucas-Hahn A, Schoen J. An air-
liquid interphase approach for modeling the early embryo-maternal contact zone. Sci Rep.
2017;7(1):42298. http://doi.org/10.1038/srep42298. PMid:28181558.

Chen S, Palma-Vera SE, Kempisty B, Rucinski M, Vernunft A, Schoen J. In vitro mimicking of estrous cycle
stages: dissecting the impact of estradiol and progesterone on oviduct epithelium. Endocrinology.
2018;159(9):3421-32. http://doi.org/10.1210/en.2018-00567. PMid:30137285.

Chen S, Schoen J. Air-liquid interface cell culture: from airway epithelium to the female reproductive
tract. Reprod Domest Anim. 2019;54(Suppl 3):38-45. http://doi.org/10.1111/rda.13481.
PMid:31512315.

Co JY, Margalef-Catala M, Monack DM, Amieva MR. Controlling the polarity of human gastrointestinal
organoids to investigate epithelial biology and infectious diseases. Nat Protoc. 2021;16(11):5171-92.
http://doi.org/10.1038/s41596-021-00607-0. PMid:34663962.

Cordova A, Perreau C, Uzbekova S, Ponsart C, Locatelli Y, Mermillod P. Development rate and gene
expression of VP bovine embryos cocultured with bovine oviduct epithelial cells at early or late stage
of preimplantation development. Theriogenology. 2014;81(9):1163-73.
http://doi.org/10.1016/j.theriogenology.2014.01.012. PMid:24629595.

Crawford A, Forjaz A, Bons J, Bhorkar |, Roy T, Schell D, Queiroga V, Ren K, Kramer D, Huang W, Russo
GC, Lee MH, Wu PH, Shih IM, Wang TL, Atkinson MA, Schilling B, Kiemen AL, Wirtz D. Combined
assembloid modeling and 3D whole-organ mapping captures the microanatomy and function of the
human fallopian tube. Sci Adv. 2024;10(39):eadp6285. http://doi.org/10.1126/sciadv.adp6285.
PMid:39331707.

Cronin JG, Turner ML, Goetze L, Bryant CE, Sheldon IM. Toll-like receptor 4 and MYD88-dependent
signaling mechanisms of the innate immune system are essential for the response to
lipopolysaccharide by epithelial and stromal cells of the bovine endometrium. Biol Reprod.
2012;86(2):51. http://doi.org/10.1095/biolreprod.111.092718. PMid:22053092.

De Bem THC, Tinning H, Vasconcelos EJR, Wang D, Forde N. Endometrium on-a-chip reveals insulin- and
glucose-induced alterations in the transcriptome and proteomic secretome. Endocrinology.
2021;162(6):bqab054. http://doi.org/10.1210/endocr/bgab054. PMid:33693651.

Devi L, Nagargoje S, Pandey STY, Chandra V, Sharma T. Impact of uterine epithelial cells and its
conditioned medium on the in vitro embryo production in buffalo (Bubalus bubalis). Theriogenology.
2022;183:61-8. http://doi.org/10.1016/j.theriogenology.2022.02.016. PMid:35219005.

Dissanayake K, N6mm M, Lattekivi F, Ord J, Ressaissi Y, Godakumara K, Reshi QUA, Viil ], Jaager K,
Velthut-Meikas A, Salumets A, Jaakma U, Fazeli A. Oviduct as a sensor of embryo quality: deciphering
the extracellular vesicle (EV)-mediated embryo-maternal dialogue. ] Mol Med. 2021;99(5):685-97.
http://doi.org/10.1007/s00109-021-02042-w. PMid:33512581.

Ealy AD, Seekford ZK. Symposium review: predicting pregnancy loss in dairy cattle. ] Dairy Sci.
2019;102(12):11798-804. http://doi.org/10.3168/jds.2019-17176. PMid:31587904.

Edwards LJ, Batt PA, Gandolfi F, Gardner ADK. Modifications made to culture medium by bovine oviduct
epithelial cells: changes to carbohydrates stimulate bovine embryo development. Mol Reprod Dev.
1997;46(2):146-54. http://doi.org/10.1002/(SICI)1098-2795(199702)46:2<146::AID-MRD5>3.0.C0O;2-Q.
PMid:9021746.

El Hajj N, Haaf T. Epigenetic disturbances in in vitro cultured gametes and embryos: implications for
human assisted reproduction. Fertil Steril. 2013;99(3):632-41.
http://doi.org/10.1016/j.fertnstert.2012.12.044. PMid:23357453.

Ellington JE, Carney EW, Farrell PB, Simkin ME, Foote RH. Bovine 1-2-cell embryo development using a
simple medium in three oviduct epithelial cell coculture systems. Biol Reprod. 1990;43(1):97-104.
http://doi.org/10.1095/biolreprod43.1.97. PMid:2393695.

Ferraz MAMM, Henning HHW, Costa PF, Malda J, Melchels FP, Wubbolts R, Stout TAE, Vos PLAM, Gadella
BM. Improved bovine embryo production in an oviduct-on-a-chip system: prevention of poly-spermic
fertilization and parthenogenic activation. Lab Chip. 2017;17(5):905-16.
http://doi.org/10.1039/C6LCO1566B. PMid:28194463.

Ferraz MAMM, Rho HS, Hemerich D, Henning HHW, van Tol HTA, Hélker M, Besenfelder U, Mokry M, Vos
PLAM, Stout TAE, Le Gac S, Gadella BM. An oviduct-on-a-chip provides an enhanced in vitro
environment for zygote genome reprogramming. Nat Commun. 2018;9(1):4934.
http://doi.org/10.1038/s41467-018-07119-8. PMid:30467383.

Anim Reprod. 2025;22(3):e20250059 13/18


https://doi.org/10.1038/srep42298
https://pubmed.ncbi.nlm.nih.gov/28181558
https://doi.org/10.1210/en.2018-00567
https://pubmed.ncbi.nlm.nih.gov/30137285
https://doi.org/10.1111/rda.13481
https://pubmed.ncbi.nlm.nih.gov/31512315
https://pubmed.ncbi.nlm.nih.gov/31512315
https://doi.org/10.1038/s41596-021-00607-0
https://pubmed.ncbi.nlm.nih.gov/34663962
https://doi.org/10.1016/j.theriogenology.2014.01.012
https://pubmed.ncbi.nlm.nih.gov/24629595
https://doi.org/10.1126/sciadv.adp6285
https://pubmed.ncbi.nlm.nih.gov/39331707
https://pubmed.ncbi.nlm.nih.gov/39331707
https://doi.org/10.1095/biolreprod.111.092718
https://pubmed.ncbi.nlm.nih.gov/22053092
https://doi.org/10.1210/endocr/bqab054
https://pubmed.ncbi.nlm.nih.gov/33693651
https://doi.org/10.1016/j.theriogenology.2022.02.016
https://pubmed.ncbi.nlm.nih.gov/35219005
https://doi.org/10.1007/s00109-021-02042-w
https://pubmed.ncbi.nlm.nih.gov/33512581
https://doi.org/10.3168/jds.2019-17176
https://pubmed.ncbi.nlm.nih.gov/31587904
https://doi.org/10.1002/(SICI)1098-2795(199702)46:2%3c146::AID-MRD5%3e3.0.CO;2-Q
https://pubmed.ncbi.nlm.nih.gov/9021746
https://pubmed.ncbi.nlm.nih.gov/9021746
https://doi.org/10.1016/j.fertnstert.2012.12.044
https://pubmed.ncbi.nlm.nih.gov/23357453
https://doi.org/10.1095/biolreprod43.1.97
https://pubmed.ncbi.nlm.nih.gov/2393695
https://doi.org/10.1039/C6LC01566B
https://pubmed.ncbi.nlm.nih.gov/28194463
https://doi.org/10.1038/s41467-018-07119-8
https://pubmed.ncbi.nlm.nih.gov/30467383

Advanced in vitro models of embryo-maternal dialog

Ferraz MAMM, Nagashima JB, Venzac B, Le Gac S, Songsasen N. A dog oviduct-on-a-chip model of serous
tubal intraepithelial carcinoma. Sci Rep. 2020;10(1):1575. http://doi.org/10.1038/s41598-020-58507-4.
PMid:32005926.

Fitzgerald HC, Dhakal P, Behura SK, Schust DJ, Spencer TE. Self-renewing endometrial epithelial
organoids of the human uterus. Proc Natl Acad Sci USA. 2019;116(46):23132-42.
http://doi.org/10.1073/pnas.1915389116. PMid:31666317.

Flach G, Johnson MH, Braude PR, Taylor RA, Bolton VN. The transition from maternal to embryonic
control in the 2-cell mouse embryo. EMBO J. 1982;1(6):681-6. http://doi.org/10.1002/j.1460-
2075.1982.tb01230.x. PMid:7188357.

Ford MJ, Harwalkar K, Pacis AS, Maunsell H, Wang YC, Badescu D, Teng K, Yamanaka N, Bouchard M,
Ragoussis J, Yamanaka Y. Oviduct epithelial cells constitute two developmentally distinct lineages
that are spatially separated along the distal-proximal axis. Cell Rep. 2021;36(10):109677.
http://doi.org/10.1016/j.celrep.2021.109677. PMid:34496237.

Gandolfi F, Moor RM. Stimulation of early embryonic development in the sheep by co-culture with
oviduct epithelial cells. ] Reprod Fertil. 1987;81(1):23-8. http://doi.org/10.1530/jrf.0.0810023.
PMid:3668954.

Garcia EV, Hamdi M, Barrera AD, Sanchez-Calabuig M), Gutiérrez-Adan A, Rizos D. Bovine embryo-oviduct
interaction in vitro reveals an early cross talk mediated by BMP signaling. Reproduction.
2017;153(5):631-43. http://doi.org/10.1530/REP-16-0654. PMid:28250237.

Ghersevich S, Massa E, Zumoffen C. Oviductal secretion and gamete interaction. Reproduction.
2015;149(1):R1-14. http://doi.org/10.1530/REP-14-0145. PMid:25190504.

Gnecco JS, Pensabene V, Li DJ, Ding T, Hui EE, Bruner-Tran KL, Osteen KG. Compartmentalized culture of
perivascular stroma and endothelial cells in a microfluidic model of the human endometrium. Ann
Biomed Eng. 2017;45(7):1758-69. http://doi.org/10.1007/s10439-017-1797-5. PMid:28108942.

Gnecco JS, Ding T, Smith C, Lu J, Bruner-Tran KL, Osteen KG. Hemodynamic forces enhance
decidualization via endothelial-derived prostaglandin E2 and prostacyclin in a microfluidic model of
the human endometrium. Hum Reprod. 2019;34(4):702-14. http://doi.org/10.1093/humrep/dez003.
PMid:30789661.

Gnecco JS, Brown A, Buttrey K, Ives C, Goods BA, Baugh L, Hernandez-Gordillo V, Loring M, Isaacson KB,
Griffith LG. Organoid co-culture model of the human endometrium in a fully synthetic extracellular
matrix enables the study of epithelial-stromal crosstalk. Med. 2023;4(8):554-579.€9.
http://doi.org/10.1016/j.medj.2023.07.004. PMid:37572651.

Gomez E, Sdnchez-Calabuig MJ, Martin D, Carrocera S, Murillo A, Correia-Alvarez E, Herrero P, Canela N,
Gutiérrez-Adan A, Ulbrich S, Mufioz M. In vitro cultured bovine endometrial cells recognize
embryonic sex. Theriogenology. 2018;108:176-84.
http://doi.org/10.1016/j.theriogenology.2017.11.038. PMid:29223655.

Graf A, Krebs S, Heininen-Brown M, Zakhartchenko V, Blum H, Wolf E. Genome activation in bovine
embryos: review of the literature and new insights from RNA sequencing experiments. Anim Reprod
Sci. 2014;149(1-2):46-58. http://doi.org/10.1016/j.anireprosci.2014.05.016. PMid:24975847.

Hamdi M, Lopera-Vasquez R, Maillo V, Sanchez-Calabuig MJ, Nunez C, Gutierrez-Adan A, Rizos D. Bovine
oviductal and uterine fluid support in vitro embryo development. Reprod Fertil Dev. 2018;30(7):935-
45. http://doi.org/10.1071/RD17286. PMid:29167013.

Hamdi M, Sanchez JM, Fernandez-Fuertes B, Camara DR, Bollwein H, Rizos D, Bauersachs S, Almifiana C.
Oviductal extracellular vesicles miRNA cargo varies in response to embryos and their quality. BMC
Genomics. 2024;25(1):520. http://doi.org/10.1186/512864-024-10429-5. PMid:38802796.

Hamdi M, Sanchez-Calabuig M), Rodriguez-Alonso B, Bagés Arnal S, Roussi K, Sturmey R, Gutiérrez-Adan
A, Lonergan P, Rizos D. Gene expression and metabolic response of bovine oviduct epithelial cells to
the early embryo. Reproduction. 2019;158(1):85-94. http://doi.org/10.1530/REP-18-0561.
PMid:31022701.

Jackson-Bey T, Colina J, Isenberg BC, Coppeta J, Urbanek M, Kim JJ, Woodruff TK, Burdette JE, Russo A.
Exposure of human fallopian tube epithelium to elevated testosterone results in alteration of cilia
gene expression and beating. Hum Reprod. 2020;35(9):2086-96.
http://doi.org/10.1093/humrep/deaa157. PMid:32756960.

Kessler M, Hoffmann K, Brinkmann V, Thieck O, Jackisch S, Toelle B, Berger H, Mollenkopf HJ, Mangler M,
Sehouli J, Fotopoulou C, Meyer TF. The Notch and Wnt pathways regulate stemness and
differentiation in human fallopian tube organoids. Nat Commun. 2015;6(1):8989.
http://doi.org/10.1038/ncomms9989. PMid:26643275.

Anim Reprod. 2025;22(3):e20250059 14/18


https://doi.org/10.1038/s41598-020-58507-4
https://pubmed.ncbi.nlm.nih.gov/32005926
https://pubmed.ncbi.nlm.nih.gov/32005926
https://doi.org/10.1073/pnas.1915389116
https://pubmed.ncbi.nlm.nih.gov/31666317
https://doi.org/10.1002/j.1460-2075.1982.tb01230.x
https://doi.org/10.1002/j.1460-2075.1982.tb01230.x
https://pubmed.ncbi.nlm.nih.gov/7188357
https://doi.org/10.1016/j.celrep.2021.109677
https://pubmed.ncbi.nlm.nih.gov/34496237
https://doi.org/10.1530/jrf.0.0810023
https://pubmed.ncbi.nlm.nih.gov/3668954
https://pubmed.ncbi.nlm.nih.gov/3668954
https://doi.org/10.1530/REP-16-0654
https://pubmed.ncbi.nlm.nih.gov/28250237
https://doi.org/10.1530/REP-14-0145
https://pubmed.ncbi.nlm.nih.gov/25190504
https://doi.org/10.1007/s10439-017-1797-5
https://pubmed.ncbi.nlm.nih.gov/28108942
https://doi.org/10.1093/humrep/dez003
https://pubmed.ncbi.nlm.nih.gov/30789661
https://pubmed.ncbi.nlm.nih.gov/30789661
https://doi.org/10.1016/j.medj.2023.07.004
https://pubmed.ncbi.nlm.nih.gov/37572651
https://doi.org/10.1016/j.theriogenology.2017.11.038
https://pubmed.ncbi.nlm.nih.gov/29223655
https://doi.org/10.1016/j.anireprosci.2014.05.016
https://pubmed.ncbi.nlm.nih.gov/24975847
https://doi.org/10.1071/RD17286
https://pubmed.ncbi.nlm.nih.gov/29167013
https://doi.org/10.1186/s12864-024-10429-5
https://pubmed.ncbi.nlm.nih.gov/38802796
https://doi.org/10.1530/REP-18-0561
https://pubmed.ncbi.nlm.nih.gov/31022701
https://pubmed.ncbi.nlm.nih.gov/31022701
https://doi.org/10.1093/humrep/deaa157
https://pubmed.ncbi.nlm.nih.gov/32756960
https://doi.org/10.1038/ncomms9989
https://pubmed.ncbi.nlm.nih.gov/26643275

Advanced in vitro models of embryo-maternal dialog

Kiani AK, Pheby D, Henehan G, Brown R, Sieving P, Sykora P, Marks R, Falsini B, Capodicasa N, Miertus S,
Lorusso L, Dondossola D, Tartaglia GM, Ergoren MC, Dundar M, Michelini S, Malacarne D, Bonetti G,
Dautaj A, Donato K, Medori MC, Beccari T, Samaja M, Connelly ST, Martin D, Morresi A, Bacu A,
Herbst KL, Kapustin M, Stuppia L, Lumer L, Farronato G, Bertelli M. Ethical considerations regarding
animal experimentation. ] Prev Med Hyg. 2022;63(2, Suppl 3):E255-66. http://doi.org/10.15167/2421-
4248/jpmh2022.63.253.2768. PMid:36479489.

Kim S-M, Kim J-S. A review of mechanisms of implantation. Dev Reprod. 2017;21(4):351-9.
http://doi.org/10.12717/DR.2017.21.4.351. PMid:29359200.

Kwon DH, Lim B, Lee SY, Won SH, Jang G. Establishment and characterization of endometrial organoids
from different placental types. BMB Rep. 2025;58(2):95-103. http://doi.org/10.5483/BMBRep.2024-
0141. PMid:39681412.

Langhans SA. Three-dimensional in vitro cell culture models in drug discovery and drug repositioning.
Front Pharmacol. 2018;9:6. http://doi.org/10.3389/fphar.2018.00006. PMid:29410625.

Larsen EC, Christiansen OB, Kolte AM, Macklon N. New insights into mechanisms behind miscarriage.
BMC Med. 2013;11(1):154. http://doi.org/10.1186/1741-7015-11-154. PMid:23803387.

Lawson EF, Ghosh A, Blanch V, Grupen CG, Aitken RJ, Lim R, Drury HR, Baker MA, Gibb Z, Tanwar PS.
Establishment and characterization of oviductal organoids from farm and companion animalst. Biol
Reprod. 2023;108(6):854-65. http://doi.org/10.1093/biolre/ioad030. PMid:36917225.

Leal CLV, Cafién-Beltran K, Cajas YN, Hamdi M, Yaryes A, Millan de la Blanca MG, Beltran-Brefia P,
Mazzarella R, da Silveira JC, Gutiérrez-Adan A, Gonzalez EM, Rizos D. Extracellular vesicles from
oviductal and uterine fluids supplementation in sequential in vitro culture improves bovine embryo
quality. ] Anim Sci Biotechnol. 2022;13(1):116. http://doi.org/10.1186/s40104-022-00763-7.
PMid:36280872.

LiY, Liu C, Guo N, Cai L, Wang M, Zhu L, Li F, Jin L, Sui C. Extracellular vesicles from human Fallopian tubal
fluid benefit embryo development in vitro. Hum Reprod Open. 2023;2023(2):d006.
http://doi.org/10.1093/hropen/hoad006. PMid:36895886.

Lonergan P, Fair T. The ART of studying early embryo development: progress and challenges in ruminant
embryo culture. Theriogenology. 2014;81(1):49-55.
http://doi.org/10.1016/j.theriogenology.2013.09.021. PMid:24274409.

Lonergan P, Rizos D, Gutierrez-Adan A, Fair T, Boland M. Oocyte and embryo quality: effect of origin,
culture conditions and gene expression patterns. Reprod Domest Anim. 2003;38(4):259-67.
http://doi.org/10.1046/j.1439-0531.2003.00437.x. PMid:12887565.

Lopera-Vasquez R, Hamdi M, Fernandez-Fuertes B, Maillo V, Beltran-Brena P, Calle A, Redruello A, Lépez-
Martin S, Gutierrez-Adan A, Yafiez-Mé M, Ramirez MA, Rizos D. Extracellular vesicles from boec in in
vitro embryo development and quality. PLoS One. 2016;11(2):e0148083.
http://doi.org/10.1371/journal.pone.0148083. PMid:26845570.

Lopera-Vasquez R, Hamdi M, Maillo V, Gutierrez-Adan A, Bermejo-Alvarez P, Ramirez MA, Yafiez-M6 M,
Rizos D. Effect of bovine oviductal extracellular vesicles on embryo development and quality in vitro.
Reproduction. 2017a;153(4):461-70. http://doi.org/10.1530/REP-16-0384. PMid:28104825.

Lopera-Vasquez R, Hamdi M, Maillo V, Lloreda V, Coy P, Gutierrez-Adan A, Bermejo-Alvarez P, Rizos D.
Effect of bovine oviductal fluid on development and quality of bovine embryos produced in vitro.
Reprod Fertil Dev. 2017b;29(3):621-9. http://doi.org/10.1071/RD15238. PMid:26462440.

Lucas E. Epigenetic effects on the embryo as a result of periconceptional environment and assisted
reproduction technology. Reprod Biomed Online. 2013;27(5):477-85.
http://doi.org/10.1016/j.rbmo.2013.06.003. PMid:23933034.

Luddi A, Pavone V, Semplici B, Governini L, Criscuoli M, Paccagnini E, Gentile M, Morgante G, De Leo V,
Belmonte G, Zarovni N, Piomboni P. Organoids of human endometrium: a powerful in vitro model
for the endometrium-embryo cross-talk at the implantation site. Cells. 2020;9(5):1121.
http://doi.org/10.3390/cells9051121. PMid:32366044.

Luddi A, Pavone V, Governini L, Capaldo A, Landi C, letta F, Paccagnini E, Morgante G, De Leo V, Piomboni
P. Emerging role of embryo secretome in the paracrine communication at the implantation site: a
proof of concept. Fertil Steril. 2021;115(4):1054-62. http://doi.org/10.1016/j.fertnstert.2020.10.058.
PMid:33500140.

Mazzarella R, Cafidn-Beltran K, Cajas YN, Hamdi M, Gonzélez EM, Silveira JC, Leal CLV, Rizos D.
Extracellular vesicles-coupled miRNAs from oviduct and uterus modulate signaling pathways related
to lipid metabolism and bovine early embryo development. ] Anim Sci Biotechnol. 2024;15(1):51.
http://doi.org/10.1186/s40104-024-01008-5. PMid:38570884.

Anim Reprod. 2025;22(3):e20250059 15/18


https://doi.org/10.15167/2421-4248/jpmh2022.63.2S3.2768
https://doi.org/10.15167/2421-4248/jpmh2022.63.2S3.2768
https://pubmed.ncbi.nlm.nih.gov/36479489
https://doi.org/10.12717/DR.2017.21.4.351
https://pubmed.ncbi.nlm.nih.gov/29359200
https://doi.org/10.5483/BMBRep.2024-0141
https://doi.org/10.5483/BMBRep.2024-0141
https://pubmed.ncbi.nlm.nih.gov/39681412
https://doi.org/10.3389/fphar.2018.00006
https://pubmed.ncbi.nlm.nih.gov/29410625
https://doi.org/10.1186/1741-7015-11-154
https://pubmed.ncbi.nlm.nih.gov/23803387
https://doi.org/10.1093/biolre/ioad030
https://pubmed.ncbi.nlm.nih.gov/36917225
https://doi.org/10.1186/s40104-022-00763-7
https://pubmed.ncbi.nlm.nih.gov/36280872
https://pubmed.ncbi.nlm.nih.gov/36280872
https://doi.org/10.1093/hropen/hoad006
https://pubmed.ncbi.nlm.nih.gov/36895886
https://doi.org/10.1016/j.theriogenology.2013.09.021
https://pubmed.ncbi.nlm.nih.gov/24274409
https://doi.org/10.1046/j.1439-0531.2003.00437.x
https://pubmed.ncbi.nlm.nih.gov/12887565
https://doi.org/10.1371/journal.pone.0148083
https://pubmed.ncbi.nlm.nih.gov/26845570
https://doi.org/10.1530/REP-16-0384
https://pubmed.ncbi.nlm.nih.gov/28104825
https://doi.org/10.1071/RD15238
https://pubmed.ncbi.nlm.nih.gov/26462440
https://doi.org/10.1016/j.rbmo.2013.06.003
https://pubmed.ncbi.nlm.nih.gov/23933034
https://doi.org/10.3390/cells9051121
https://pubmed.ncbi.nlm.nih.gov/32366044
https://doi.org/10.1016/j.fertnstert.2020.10.058
https://pubmed.ncbi.nlm.nih.gov/33500140
https://pubmed.ncbi.nlm.nih.gov/33500140
https://doi.org/10.1186/s40104-024-01008-5
https://pubmed.ncbi.nlm.nih.gov/38570884

Advanced in vitro models of embryo-maternal dialog

Mazzarella R, S&nchez JM, Fernandez-Fuertes B, Egido SG, McDonald M, Alvarez-Barrientos A, Gonzélez E,
Falcon-Pérez JM, Azkargorta M, Elortza F, Gonzalez ME, Lonergan P, Rizos D. Embryo-induced
changes in the protein profile of bovine oviductal extracellular vesicles. Mol Cell Proteomics.
2025;24(4):100935. http://doi.org/10.1016/j.mcpro.2025.100935. PMid:40024377.

Menjivar NG, Gad A, Thompson RE, Meyers MA, Hollinshead FK, Tesfaye D. Bovine oviductal organoids: a
multi-omics approach to capture the cellular and extracellular molecular response of the oviduct to
heat stress. BMC Genomics. 2023;24(1):646. http://doi.org/10.1186/512864-023-09746-y.
PMid:37891479.

Nancarrow CD, Hill JL. Co-culture, oviduct secretion and the function of oviduct-specific glycoproteins.
Cell Biol Int. 1994;18(12):1105-14. http://doi.org/10.1006/cbir.1994.1037. PMid:7703951.

Passaro C, Tutt D, Mathew D), Sanchez JM, Browne JA, Boe-Hansen GB, Fair T, Lonergan P. Blastocyst-
induced changes in the bovine endometrial transcriptome. Reproduction. 2018;156(3):219-29.
http://doi.org/10.1530/REP-18-0188. PMid:30021913.

Passaro C, Tutt D, Bagés-Arnal S, Maicas C, Laguna-Barraza R, Gutierrez-Adan A, Browne JA, Rath D,
Behura SK, Spencer TE, Fair T, Lonergan P. Global transcriptomic response of bovine endometrium to
blastocyst-stage embryos. Reproduction. 2019;158(3):223-35. http://doi.org/10.1530/REP-19-0064.
PMid:31247587.

Pontes JHF, Nonato-Junior I, Sanches BV, Ereno-Junior JC, Uvo S, Barreiros TRR, Oliveira JA, Hasler JF,
Seneda MM. Comparison of embryo yield and pregnancy rate between in vivo and in vitro methods
in the same Nelore (Bos indicus) donor cows. Theriogenology. 2009;71(4):690-7.
http://doi.org/10.1016/j.theriogenology.2008.09.031. PMid:18995895.

Pranomphon T, Lopez-Valifias A, Almifiana C, Mahé C, Brair VL, Parnpai R, Mermillod P, Bauersachs S,
Saint-Dizier M. Oviduct epithelial spheroids during in vitro culture of bovine embryos mitigate
oxidative stress, improve blastocyst quality and change the embryonic transcriptome. Biol Res.
2024a;57(1):73. http://doi.org/10.1186/s40659-024-00555-5. PMid:39438935.

Pranomphon T, Mahé C, Demattei MV, Papillier P, Vitorino Carvalho A, Reynaud K, Almifiana C,
Bauersachs S, Parnpai R, Mermillod P, Saint-Dizier M. Characterization of oviduct epithelial spheroids
for the study of embryo-maternal communication in cattle. Theriogenology. 2024b;217:113-26.
http://doi.org/10.1016/j.theriogenology.2024.01.022. PMid:38271765.

Qiao F, Ge H, Ma X, Ying Z, Zuo Z, Wang M, Zhang Y, Wang Y. Bovine uterus-derived exosomes improve
developmental competence of somatic cell nuclear transfer embryos. Theriogenology. 2018;114:199-
205. http://doi.org/10.1016/j.theriogenology.2018.03.027. PMid:29653387.

Rawlings TM, Makwana K, Taylor DM, Molé MA, Fishwick K], Tryfonos M, Odendaal ], Hawkes A, Zernicka-
Goetz M, Hartshorne GM, Brosens JJ, Lucas ES. Modelling the impact of decidual senescence on
embryo implantation in human endometrial assembloids. eLife. 2021;10:e69603.
http://doi.org/10.7554/eLife.69603. PMid:34487490.

Reese ST, Franco GA, Poole RK, Hood R, Fernadez Montero L, Oliveira RV Fo, et al. Pregnancy loss in beef
cattle: a meta-analysis. Anim Reprod Sci. 2020;212:106251.
http://doi.org/10.1016/j.anireprosci.2019.106251. PMid:31864492.

Rizos D, Fair T, Papadopoulos S, Boland MP, Lonergan P. Developmental, qualitative, and ultrastructural
differences between ovine and bovine embryos produced in vivo or in vitro. Mol Reprod Dev.
2002;62(3):320-7. http://doi.org/10.1002/mrd.10138. PMid:12112595.

Santativongchai P, Klaeui CC, Kosonsiriluk S, Saqui-Salces M, Reed KM, Wileman BW, Studniski MM,
Boukherroub KS. Protocol to establish turkey oviductal organoids as an in vitro model. STAR Protoc.
2024;5(4):103384. http://doi.org/10.1016/j.xpro.2024.103384. PMid:39388356.

Schmaltz-Panneau B, Cordova A, Dhorne-Pollet S, Hennequet-Antier C, Uzbekova S, Martinot E, Doret S,
Martin P, Mermillod P, Locatelli Y. Early bovine embryos regulate oviduct epithelial cell gene
expression during in vitro co-culture. Anim Reprod Sci. 2014;149(3-4):103-16.
http://doi.org/10.1016/j.anireprosci.2014.06.022. PMid:25113901.

Schmaltz-Panneau B, Locatelli Y, Uzbekova S, Perreau C, Mermillod P. Bovine oviduct epithelial cells
dedifferentiate partly in culture, while maintaining their ability to improve early embryo development
rate and quality. Reprod Domest Anim. 2015;50(5):719-29. http://doi.org/10.1111/rda.12556.
PMid:26302033.

Sidrat T, Khan AA, Joo MD, Wei Y, Lee KL, Xu L, Kong IK. Bovine oviduct epithelial cell-derived culture
media and exosomes improve mitochondrial health by restoring metabolic flux during pre-
implantation development. IntJ Mol Sci. 2020;21(20):1-22. http://doi.org/10.3390/ijms21207589.
PMid:33066562.

Anim Reprod. 2025;22(3):e20250059 16/18


https://doi.org/10.1016/j.mcpro.2025.100935
https://pubmed.ncbi.nlm.nih.gov/40024377
https://doi.org/10.1186/s12864-023-09746-y
https://pubmed.ncbi.nlm.nih.gov/37891479
https://pubmed.ncbi.nlm.nih.gov/37891479
https://doi.org/10.1006/cbir.1994.1037
https://pubmed.ncbi.nlm.nih.gov/7703951
https://doi.org/10.1530/REP-18-0188
https://pubmed.ncbi.nlm.nih.gov/30021913
https://doi.org/10.1530/REP-19-0064
https://pubmed.ncbi.nlm.nih.gov/31247587
https://pubmed.ncbi.nlm.nih.gov/31247587
https://doi.org/10.1016/j.theriogenology.2008.09.031
https://pubmed.ncbi.nlm.nih.gov/18995895
https://doi.org/10.1186/s40659-024-00555-5
https://pubmed.ncbi.nlm.nih.gov/39438935
https://doi.org/10.1016/j.theriogenology.2024.01.022
https://pubmed.ncbi.nlm.nih.gov/38271765
https://doi.org/10.1016/j.theriogenology.2018.03.027
https://pubmed.ncbi.nlm.nih.gov/29653387
https://doi.org/10.7554/eLife.69603
https://pubmed.ncbi.nlm.nih.gov/34487490
https://doi.org/10.1016/j.anireprosci.2019.106251
https://pubmed.ncbi.nlm.nih.gov/31864492
https://doi.org/10.1002/mrd.10138
https://pubmed.ncbi.nlm.nih.gov/12112595
https://doi.org/10.1016/j.xpro.2024.103384
https://pubmed.ncbi.nlm.nih.gov/39388356
https://doi.org/10.1016/j.anireprosci.2014.06.022
https://pubmed.ncbi.nlm.nih.gov/25113901
https://doi.org/10.1111/rda.12556
https://pubmed.ncbi.nlm.nih.gov/26302033
https://pubmed.ncbi.nlm.nih.gov/26302033
https://doi.org/10.3390/ijms21207589
https://pubmed.ncbi.nlm.nih.gov/33066562
https://pubmed.ncbi.nlm.nih.gov/33066562

Advanced in vitro models of embryo-maternal dialog

Simintiras CA, Dhakal P, Ranjit C, Fitzgerald HC, Balboula AZ, Spencer TE. Capture and metabolomic
analysis of the human endometrial epithelial organoid secretome. Proc Natl Acad Sci USA.
2021;118(15):22026804118. http://doi.org/10.1073/pnas.2026804118. PMid:33876774.

Spencer TE. Early pregnancy: concepts, challenges, and potential solutions. Anim Front. 2013;3(4):48-55.
http://doi.org/10.2527/af.2013-0033.

Sponchiado M, Marei WFA, Beemster GTS, Bols PEJ, Binelli M, Leroy JLMR. Molecular interactions at the
bovine embryo-endometrial epithelium interface. Reproduction. 2020;160(6):887-903.
http://doi.org/10.1530/REP-20-0344. PMid:33112768.

Talukder AK, Rashid MB, Yousef MS, Kusama K, Shimizu T, Shimada M, Suarez SS, Imakawa K, Miyamoto
A. Oviduct epithelium induces interferon-tau in bovine Day-4 embryos, which generates an anti-
inflammatory response in immune cells. Sci Rep. 2018;8(1):7850. http://doi.org/10.1038/541598-018-
26224-8. PMid:29777205.

Taylor DM, Ray PF, Ao A, Winston RML, Handyside AH. Paternal transcripts for glucose-6-phosphate
dehydrogenase and adenosine deaminase are first detectable in the human preimplantation embryo
at the three- to four-cell stage. Mol Reprod Dev. 1997;48(4):442-8. http://doi.org/10.1002/(SICI)1098-
2795(199712)48:4<442::AID-MRD4>3.0.C0O;2-Q. PMid:9364438.

Thompson JGE, Simpson AC, Pugh PA, Donnelly PE, Tervit HR. Effect of oxygen concentration on in-vitro
development of preimplantation sheep and cattle embryos. ] Reprod Fertil. 1990;89(2):573-8.
http://doi.org/10.1530/jrf.0.0890573. PMid:2401984.

Thompson RE, Meyers MA, Veeramachaneni DNR, Pukazhenthi BS, Hollinshead FK. Equine oviductal
organoid generation and cryopreservation. Methods Protoc. 2022;5(3):51.
http://doi.org/10.3390/mps5030051. PMid:35736552.

Thompson RE, Meyers MA, Premanandan C, Hollinshead FK. Generation and cryopreservation of feline
oviductal organoids. Theriogenology. 2023;196:167-73.
http://doi.org/10.1016/j.theriogenology.2022.11.020. PMid:36423511.

Tinning H, Vasconcelos EJR, Wang D, Forde N. A bovine 3D endometrium-on-a-chip reveals the role of
conceptus-derived proteins, CAPG and PDI, in conceptus-endometrial communication. Biol Reprod.
2025;113(1):61-82. http://doi.org/10.1093/biolre/icaf077. PMid:40188483.

Turco MY, Gardner L, Hughes J, Cindrova-Davies T, Gomez M), Farrell L, Hollinshead M, Marsh SGE,
Brosens J), Critchley HO, Simons BD, Hemberger M, Koo BK, Moffett A, Burton GJ. Long-term,
hormone-responsive organoid cultures of human endometrium in a chemically defined medium. Nat
Cell Biol. 2017;19(5):568-77. http://doi.org/10.1038/ncb3516. PMid:28394884.

Ulbrich SE, Zitta K, Hiendleder S, Wolf E. In vitro systems for intercepting early embryo-maternal cross-
talk in the bovine oviduct. Theriogenology. 2010;73(6):802-16.
http://doi.org/10.1016/j.theriogenology.2009.09.036. PMid:19963260.

van der Sanden SMG, Sachs N, Koekkoek SM, Koen G, Pajkrt D, Clevers H, Wolthers KC. Enterovirus 71
infection of human airway organoids reveals VP1-145 as a viral infectivity determinant article. Emerg
Microbes Infect. 2018;7(1):84. http://doi.org/10.1038/s41426-018-0077-2. PMid:29743570.

van der Weijden VA, Chen S, Bauersachs S, Ulbrich SE, Schoen J. Gene expression of bovine embryos
developing at the air-liquid interface on oviductal epithelial cells (ALI-BOEC). Reprod Biol Endocrinol.
2017;15(1):91. http://doi.org/10.1186/512958-017-0310-1. PMid:29178958.

Vassena R, Boué S, Gonzalez-Roca E, Aran B, Auer H, Veiga A, Belmonte JCI. Waves of early transcriptional
activation and pluripotency program initiation during human preimplantation development.
Development. 2011;138(17):3699-709. http://doi.org/10.1242/dev.064741. PMid:21775417.

Wang M, Zhu T, Liu C, Jin L, Fei P, Zhang B. Oviduct-mimicking microfluidic chips decreased the ROS
concentration in the in vitro fertilized embryos of CD-1 mice. Biomed Pharmacother.
2022;154:113567. http://doi.org/10.1016/j.biopha.2022.113567. PMid:36007278.

Wiltbank MC, Baez GM, Garcia-Guerra A, Toledo MZ, Monteiro PLJ, Melo LF, Ochoa JC, Santos JE, Sartori
R. Pivotal periods for pregnancy loss during the first trimester of gestation in lactating dairy cows.
Theriogenology. 2016;86(1):239-53. http://doi.org/10.1016/j.theriogenology.2016.04.037.
PMid:27238438.

Xiao S, Coppeta JR, Rogers HB, Isenberg BC, Zhu J, Olalekan SA, McKinnon KE, Dokic D, Rashedi AS,
Haisenleder DJ, Malpani SS, Arnold-Murray CA, Chen K, Jiang M, Bai L, Nguyen CT, Zhang J, Laronda
MM, Hope TJ, Maniar KP, Pavone ME, Avram M, Sefton EC, Getsios S, Burdette JE, Kim JJ, Borenstein
JT, Woodruff TK. A microfluidic culture model of the human reproductive tract and 28-day menstrual
cycle. Nat Commun. 2017;8(1):14584. http://doi.org/10.1038/ncomms14584. PMid:28350383.

Anim Reprod. 2025;22(3):e20250059 17118


https://doi.org/10.1073/pnas.2026804118
https://pubmed.ncbi.nlm.nih.gov/33876774
https://doi.org/10.2527/af.2013-0033
https://doi.org/10.1530/REP-20-0344
https://pubmed.ncbi.nlm.nih.gov/33112768
https://doi.org/10.1038/s41598-018-26224-8
https://doi.org/10.1038/s41598-018-26224-8
https://pubmed.ncbi.nlm.nih.gov/29777205
https://doi.org/10.1002/(SICI)1098-2795(199712)48:4%3c442::AID-MRD4%3e3.0.CO;2-Q
https://doi.org/10.1002/(SICI)1098-2795(199712)48:4%3c442::AID-MRD4%3e3.0.CO;2-Q
https://pubmed.ncbi.nlm.nih.gov/9364438
https://doi.org/10.1530/jrf.0.0890573
https://pubmed.ncbi.nlm.nih.gov/2401984
https://doi.org/10.3390/mps5030051
https://pubmed.ncbi.nlm.nih.gov/35736552
https://doi.org/10.1016/j.theriogenology.2022.11.020
https://pubmed.ncbi.nlm.nih.gov/36423511
https://doi.org/10.1093/biolre/ioaf077
https://pubmed.ncbi.nlm.nih.gov/40188483
https://doi.org/10.1038/ncb3516
https://pubmed.ncbi.nlm.nih.gov/28394884
https://doi.org/10.1016/j.theriogenology.2009.09.036
https://pubmed.ncbi.nlm.nih.gov/19963260
https://doi.org/10.1038/s41426-018-0077-2
https://pubmed.ncbi.nlm.nih.gov/29743570
https://doi.org/10.1186/s12958-017-0310-1
https://pubmed.ncbi.nlm.nih.gov/29178958
https://doi.org/10.1242/dev.064741
https://pubmed.ncbi.nlm.nih.gov/21775417
https://doi.org/10.1016/j.biopha.2022.113567
https://pubmed.ncbi.nlm.nih.gov/36007278
https://doi.org/10.1016/j.theriogenology.2016.04.037
https://pubmed.ncbi.nlm.nih.gov/27238438
https://pubmed.ncbi.nlm.nih.gov/27238438
https://doi.org/10.1038/ncomms14584
https://pubmed.ncbi.nlm.nih.gov/28350383

Advanced in vitro models of embryo-maternal dialog

Xie'Y, Park ES, Xiang D, Li Z. Long-term organoid culture reveals enrichment of organoid-forming
epithelial cells in the fimbrial portion of mouse fallopian tube. Stem Cell Res. 2018;32:51-60.
http://doi.org/10.1016/j.scr.2018.08.021. PMid:30176443.

Zha D, Rayamaijhi S, Sipes J, Russo A, Pathak HB, Li K, Sardiu ME, Bantis LE, Mitra A, Puri RV, Trinidad CV,
Cain BP, Isenberg BC, Coppeta J, MacLaughlan S, Godwin AK, Burdette JE. Proteomic profiling of

fallopian tube-derived extracellular vesicles using a microfluidic tissue-on-chip system.
Bioengineering. 2023;10(4):423. http://doi.org/10.3390/bioengineering10040423. PMid:37106610.

Author contributions

GS, MGMB and RM: Conceptualization, Methodology, Writing - original draft, Writing - review & editing; GS, YNC and KCB: Conceptualization, Figure
preparation, Writing - review & editing; MEGM and DR: Conceptualization, Supervision, Writing - review & editing; DR: Conceptualization, Funding
acquisition, Supervision, Writing - review & editing.

Anim Reprod. 2025;22(3):e20250059 18/18


https://doi.org/10.1016/j.scr.2018.08.021
https://pubmed.ncbi.nlm.nih.gov/30176443
https://doi.org/10.3390/bioengineering10040423
https://pubmed.ncbi.nlm.nih.gov/37106610


<<

  /ASCII85EncodePages false

  /AllowPSXObjects false

  /AllowTransparency false

  /AlwaysEmbed [

    true

  ]

  /AntiAliasColorImages false

  /AntiAliasGrayImages false

  /AntiAliasMonoImages false

  /AutoFilterColorImages true

  /AutoFilterGrayImages true

  /AutoPositionEPSFiles true

  /AutoRotatePages /All

  /Binding /Left

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Warning

  /CheckCompliance [

    /None

  ]

  /ColorACSImageDict <<

    /HSamples [

      1

      1

      1

      1

    ]

    /QFactor 0.15000

    /VSamples [

      1

      1

      1

      1

    ]

  >>

  /ColorConversionStrategy /UseDeviceIndependentColor

  /ColorImageAutoFilterStrategy /JPEG

  /ColorImageDepth -1

  /ColorImageDict <<

    /HSamples [

      1

      1

      1

      1

    ]

    /QFactor 0.15000

    /VSamples [

      1

      1

      1

      1

    ]

  >>

  /ColorImageDownsampleThreshold 1.50000

  /ColorImageDownsampleType /Bicubic

  /ColorImageFilter /DCTEncode

  /ColorImageMinDownsampleDepth 1

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /ColorImageResolution 355

  /ColorSettingsFile ()

  /CompatibilityLevel 1.7

  /CompressObjects /Off

  /CompressPages false

  /ConvertImagesToIndexed true

  /CreateJDFFile false

  /CreateJobTicket false

  /CropColorImages false

  /CropGrayImages false

  /CropMonoImages false

  /DSCReportingLevel 0

  /DefaultRenderingIntent /Default

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV <>

    /HUN <>

    /ITA <>

    /JPN <>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

  >>

  /DetectBlends true

  /DetectCurves 0

  /DoThumbnails false

  /DownsampleColorImages true

  /DownsampleGrayImages true

  /DownsampleMonoImages true

  /EmbedAllFonts true

  /EmbedJobOptions true

  /EmbedOpenType false

  /EmitDSCWarnings false

  /EncodeColorImages true

  /EncodeGrayImages true

  /EncodeMonoImages true

  /EndPage -1

  /GrayACSImageDict <<

    /HSamples [

      1

      1

      1

      1

    ]

    /QFactor 0.15000

    /VSamples [

      1

      1

      1

      1

    ]

  >>

  /GrayImageAutoFilterStrategy /JPEG

  /GrayImageDepth -1

  /GrayImageDict <<

    /HSamples [

      1

      1

      1

      1

    ]

    /QFactor 0.15000

    /VSamples [

      1

      1

      1

      1

    ]

  >>

  /GrayImageDownsampleThreshold 1.50000

  /GrayImageDownsampleType /Bicubic

  /GrayImageFilter /DCTEncode

  /GrayImageMinDownsampleDepth 2

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /GrayImageResolution 355

  /ImageMemory 1048576

  /JPEG2000ColorACSImageDict <<

    /Quality 30

    /TileHeight 256

    /TileWidth 256

  >>

  /JPEG2000ColorImageDict <<

    /Quality 30

    /TileHeight 256

    /TileWidth 256

  >>

  /JPEG2000GrayACSImageDict <<

    /Quality 30

    /TileHeight 256

    /TileWidth 256

  >>

  /JPEG2000GrayImageDict <<

    /Quality 30

    /TileHeight 256

    /TileWidth 256

  >>

  /LockDistillerParams false

  /MaxSubsetPct 100

  /MonoImageDepth -1

  /MonoImageDict <<

    /K -1

  >>

  /MonoImageDownsampleThreshold 1.50000

  /MonoImageDownsampleType /Bicubic

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /MonoImageResolution 2400

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /NeverEmbed [

    true

  ]

  /OPM 1

  /Optimize true

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /BleedOffset [

        0

        0

        0

        0

      ]

      /ConvertColors /NoConversion

      /DestinationProfileName (U.S. Web Coated \050SWOP\051 v2)

      /DestinationProfileSelector /UseName

      /Downsample16BitImages true

      /FlattenerPreset <<

        /ClipComplexRegions true

        /ConvertStrokesToOutlines false

        /ConvertTextToOutlines false

        /GradientResolution 300

        /LineArtTextResolution 1200

        /PresetName ([High Resolution])

        /PresetSelector /HighResolution

        /RasterVectorBalance 1

      >>

      /FormElements false

      /GenerateStructure true

      /IncludeBookmarks false

      /IncludeHyperlinks true

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles true

      /MarksOffset 6

      /MarksWeight 0.25000

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /UseName

      /PageMarksFile /RomanDefault

      /PreserveEditing true

      /UntaggedCMYKHandling /UseDocumentProfile

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

    <<

      /AllowImageBreaks true

      /AllowTableBreaks true

      /ExpandPage false

      /HonorBaseURL true

      /HonorRolloverEffect false

      /IgnoreHTMLPageBreaks false

      /IncludeHeaderFooter false

      /MarginOffset [

        0

        0

        0

        0

      ]

      /MetadataAuthor ()

      /MetadataKeywords ()

      /MetadataSubject ()

      /MetadataTitle ()

      /MetricPageSize [

        0

        0

      ]

      /MetricUnit /inch

      /MobileCompatible 0

      /Namespace [

        (Adobe)

        (GoLive)

        (8.0)

      ]

      /OpenZoomToHTMLFontSize false

      /PageOrientation /Portrait

      /RemoveBackground false

      /ShrinkContent true

      /TreatColorsAs /MainMonitorColors

      /UseEmbeddedProfiles false

      /UseHTMLTitleAsMetadata true

    >>

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXBleedBoxToTrimBoxOffset [

    0

    0

    0

    0

  ]

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXOutputCondition ()

  /PDFXOutputConditionIdentifier (CGATS TR 001)

  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)

  /PDFXRegistryName (http://www.color.org)

  /PDFXSetBleedBoxToMediaBox true

  /PDFXTrapped /False

  /PDFXTrimBoxToMediaBoxOffset [

    0

    0

    0

    0

  ]

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /ParseICCProfilesInComments true

  /PassThroughJPEGImages true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness false

  /PreserveHalftoneInfo false

  /PreserveOPIComments false

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /sRGBProfile (sRGB IEC61966-2.1)

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



