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Culture environment during in vitro embryo production can affect embryo
phenotype and pregnancy outcomes, making culture modifications a logical
approach for improving embryo competence. Previously, the addition of the
growth factors FGF2, LIF, and IGF1, termed FLI, to the culture medium
improved bovine embryo development, and re-expansion following
cryopreservation. The objective of this study was to investigate the survival of
cryopreserved FLI treated embryos at day 15 of pregnancy and evaluate
conceptus transcriptomes. Embryos were produced using in vitro fertilization
of abattoir-derived oocytes, cultured to the blastocyst stage in the presence or
absence of FLI (+/- FLI), and cryopreserved by slow-rate freezing. Thawed
embryos were transferred into non-lactating recipient beef cows and eight
days later conceptuses were recovered and analyzed. For a subset of
conceptuses whole transcriptome analysis was performed by using the
NovaSeq 6000. There was no detectable difference in conceptus recovery or
average conceptus length between the two groups. There were 32 differentially
expressed transcripts, 23 up-regulated and nine down-regulated in the +FLI
group compared to -FLI. Genes were involved in interferon signaling,
prostaglandin synthesis, and placental development. This study reveals that
embryos cultured with or without FLI and cryopreserved by slow-rate freezing
have similar developmental competence up to day 15 of development.
Nevertheless, differences in gene expression exhibit an effect of FLI on
conceptus signaling during elongation.
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1 Introduction

Reproductive technologies are becoming a necessary tool to
increase the efficiency of food animal production to meet the
demands of the growing population. As the need for food
increases, producers rely on innovative strategies to capitalize
on superior genetics and enhance fertility. One such strategy is
the use of in vitro embryo production (IVP) which circumvents
issues associated with ovulation and fertilization failure
(Hansen, 2020). Furthermore, it allows multiple donors to be
fertilized to one straw of semen, it is less reliant on hormonal
manipulation, and can make use of a variety of donors (Ferre
et al., 2020a). In recent years, advances in the IVP system have
led to an increase in the adoption of this technology, but
pregnancy rates following embryo transfer are still lower than
following artificial insemination (Hansen, 2020; Viana, 2021).
Optimization of the system will require greater understanding of
embryo viability and factors that drive a successful pregnancy.

Large-scale implementation of IVP relies on ease of transport of
genetics and flexible timing of embryo transfer based on recipient
availability. Cryopreservation of embryos is the most efficient and
practical approach for IVP to reach the industry. There are two
commonly used methods of cryopreservation of embryos, slow-rate
freezing and vitrification (Ferre et al., 2020b). Cryopreservation by
slow-rate freezing is more desirable compared to vitrification
because the embryos can be thawed and directly transferred to
the female, whereas vitrification requires washing of embryos prior
to transfer due to the presence of toxic concentrations of
cryoprotectants (Sanches et al.,, 2016; Hansen, 2020). In addition,
vitrification requires additional training and the use of laboratory
facilities at the time of transfer (Vajta et al., 1998), making slow-rate
freezing the practical choice for on-farm use. Regardless of method,
cryopreservation does result in decreased pregnancy success
(Hansen, 2020).

In vitro produced embryos, on average, have 20% lower
pregnancy rates than their in vivo counterparts (Riha et al., 2002;
Lonergan et al., 2003; Block et al., 2010; Sudano et al., 2013; Ealy
et al, 2019). Moreover, embryos cryopreserved by slow-rate
freezing IVP have approximately 10% lower pregnancy rates
compared to fresh IVP, thus negatively impacting the adoption
of this technology (Farin et al., 1999; Pontes et al., 2009; Ferre
et al, 2020b). Some of the factors that impact survival following
cryopreservation include culture environment and embryo
selection. Using morphological assessment alone to clearly
identify blastocyst stage embryos that have the developmental
competence to withstand cryopreservation and survive to term is
a challenge.

Culture environment can positively affect embryo phenotype
and transcriptome, making culture modifications a logical
approach for improving embryo viability following
cryopreservation (Enright et al., 2000; Driver et al., 2012). These
modifications include additions or substitutions to the culture
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medium, such as l-carnitine, leukemia inhibitory factor,
hyaluronan, or forskolin (Block et al., 2009; Paschoal et al,
2014; Kocyigit and Cevik 2015; Saraiva et al., 2017; Zolini et al.,
2019). Recently, the addition of fibroblast growth factor 2 (FGF2)
(40 ng/ml), leukemia inhibitory factor (LIF) (20 ng/ml), and
insulin-like growth factor 1 (IGF1) (20 ng/ml), termed FLI, was
shown to improve bovine embryo development to the blastocyst
stage from 31% to 42%, as well as in vitro re-expansion following
slow-rate cryopreservation from 39% to 82% (Stoecklein et al,
2021), thus addition of FLI may promote conceptus survival after
embryo transfer.

Frequently, modifications to the culture medium are not
explored further than development to the blastocyst stage.
Following the first week of development, critical events that
dictate the survival of an embryo are taking place. For example,
from days 12 -15 of development, the conceptus is undergoing
elongation and rapidly growing. The trophectoderm of the
elongating conceptus secretes interferon-t (IFNT2) as the
signal for maternal recognition of pregnancy. During this time,
IFNT?2 acts on the luminal epithelium to inhibit transcription of
the estrogen receptor and oxytocin receptor. Thus, preventing
the production of luteolytic pulses of PGF2o by the
endometrium and ensuring corpus luteum maintenance
(Spencer et al., 2004; Robinson et al., 2008; Brooks et al,
2014). Interferon tau also induces interferon stimulated genes
that have a role in uterine receptivity and pregnancy
establishment through their upregulation in both the luminal
and glandular epithelium. Embryo loss has been reported to be
as great as twenty percent from days 8-28 of development
(Wiltbank et al., 2016). This can result from poor timed
elongation, low progesterone following fertilization, and
glandular histotroph deficiencies (Clemente et al., 2009;
Lonergan, 2011; Ribeiro et al., 2016). As a result, IFNT2
actions are critical for maintaining the corpus luteum and
ensure conceptus viability (Brooks et al., 2014).

Embryo survival is easily affected during the dynamic period
from hatching to conceptus elongation, and culture medium
modifications may help mitigate some of the challenges
associated with viability during this critical period. The
objective of this study was to determine how the addition of
FLI to in vitro culture medium affects embryo elongation
following cryopreservation. It was hypothesized that
supplementation of FLI to culture medium improves
conceptus viability by promoting conceptus development and
elongation through increased recovery and length, and inducing
transcriptomic differences.

2 Materials and methods

All animal procedures were conducted in accordance with
the Guide for the Care and Use of Agriculture Animals in
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Research and Teaching and approved by the Institutional
Animal Care and Use Committee of the University of
Missouri and the Institutional Animal Care Use Committee of
the Office of Research at The Ohio State University. Females
were located at university research facilities and embryo
transfers were performed in late spring and early fall.

2.1 Embryo production media

All embryo production media: oocyte maturation (OMM),
fertilization (IVF-TALP), wash (HEPES-TALP), culture (SOF-
BE2), and the supplement penicillamine, hypotaurine, and
epinephrine (PHE) were prepared in house following recipes
previously published (Tribulo et al,, 2019; Stoecklein et al., 2021).
Sperm purification gradient Isolate® (Irvine Scientific, Santa
Ana, CA, USA) was acquired ready to use. The cytokine
cocktail, FLI, was supplemented as, FGF2 (40 ng/ml), LIF (20
ng/ml), and IGF1 (20 ng/ml), to the culture medium (Yuan et al.,
2017; Stoecklein et al., 2021).

2.2 Embryo production

Embryos were produced in vitro by using abattoir-derived
cumulus oocyte complexes (COCs) that were fertilized and
cultured by using standard procedures (Ortega et al., 2018;
Tribulo et al, 2019; Stoecklein et al., 2021). In short, COCs
were collected from abattoir derived ovaries recovered from Bosc

Abattoir-derived
ovaries/oocytes

&

Fertilization

10.3389/fanim.2022.1040064

taurus cattle and placed in 500 ul of equilibrated OMM (50
COCs/well) overlaid with 300 pl mineral oil and matured for 22-
24 h in a humidified atmosphere containing 5% (v/v) CO,. After
the maturation period, the COCs were inseminated with sperm
from a single Holstein bull known to have high fertility in vitro
(Stoecklein et al., 2021). Fertilization proceeded for 18-20 hin a
humidified atmosphere containing 5% (v/v) CO,. At the end of
fertilization, putative zygotes (oocytes exposed to sperm) were
denuded from their cumulus cells by vortexing for 5 min in 200
ul of hyaluronidase (10,000 units/ml) (Tribulo et al., 2019). A
minimum of 25 and up to 50 putative zygotes were placed in a 5-
well dish containing 500 pl of SOF-BE2 overlaid with 300 pl
mineral oil. Half of the putative zygotes were supplemented with
FLI at the moment they were placed in the culture plate. Embryos
were cultured at 38.5°C in a humidified atmosphere containing
5% (v/v) O, and 5% (v/v) CO, with the balance N, for 7 days.
Cleavage and development to the blastocyst stage were recorded
at days 3 and 7, respectively (Figure 1).

2.3 Cryopreservation

Seven days post insemination, blastocyst stage (stage 6)
embryos of quality grade 1 (International Embryo Technology
Society), were cryopreserved using slow-rate freezing as
previously described (Stoecklein et al., 2021). Briefly, embryos
were loaded into straws (5 embryos per straw) with ethylene
glycol and sucrose (BioLife Freeze Medium Ethylene Glycol with
Sucrose, AgTech Inc, Manhattan, KS, USA) and placed in the

Culture + FLI

Slow-Rate
Freezing
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Day 0: Day 7: Day 15: Isolation  Sequencing
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FIGURE 1

Experimental Design. Abattoir-derived oocytes were collected and matured for 22 hours before fertilization for 16-18 hours. After 7 days in
culture (+/-FLI), blastocyst stage embryos were cryopreserved by slow-rate freezing. Groups of five embryos were transferred into recipient
females 7 days after the last administration of GnRH of a 5-day CO-Synch plus CIDR® protocol. Conceptuses were recovered on day 15 and

collected for transcriptomic analysis.
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freezing machine (Beltron EFT 3002). Loaded straws were
seeded, held at -6°C for 10 min, and then subjected to a
temperature gradient of -0.5°C/min until reaching -32°C and
kept at this temperature for 10 min (Prather et al., 1987; Block
et al,, 2011; Zolini et al,, 2019). Immediately after, straws were
plunged into liquid nitrogen and stored until embryo transfer.

2.4 Synchronization and embryo transfer

Twenty-six non-lactating recipient beef cows were
synchronized using a 5-day CO-Synch plus CIDR® (Bridges
et al, 2008). Briefly, all cows received 100pug of gonadotropin
releasing hormone (GnRH; Factrel) and a CIDR was inserted on
day -5. The CIDR was removed on day 0 and PGF20o. (Lutalyse®; 25
mg) was administered. A second injection of PGF2o was
administered 8 + 2 hours later. GnRH was administered 72 hours
after CIDR removal. Seven days after the last injection of GnRH the
ovaries were evaluated by transrectal ultrasonography to determine
presence, size, and location of corpora lutea (CL). Cows with a CL >
18.0 mm were randomized to receive either -FLI or +FLI and
embryo transfer was performed. Straws containing embryos were
retrieved from the liquid nitrogen container and placed in a water
bath set to 28°C for 45 seconds. The straw was then loaded into and
embryo transfer gun (ET Gun 17274, WTA, College Station, TX,
USA) and embryos were deposited in the uterine horn ipsilateral
the CL. A total of 65 -FLI and 65 +FLI embryos were transferred (5
embryos transferred per cow).

2.5 Conceptus collection and processing

Eight days after the transfer of embryos (day 15 of
pregnancy), females were euthanized, and reproductive tracts
were collected (Figure 1). Tracts labelled with the cow ID were
transported to the laboratory for processing. Connective tissue
surrounding the uterus (broad ligament) was trimmed off and
the ovaries were removed, after recording the relative location of
the CL, to allow manipulation of the uterus with ease. In
addition, the intercornual ligament was sectioned allowing the
uterine horns to be fully separated and extended. To flush, a
large hemostat was placed cranial to the internal cervical os to
seal the uterine compartment. An Argyle Tomcat Catheter
(Penn Veterinary Supply Inc, Lancaster, PA) was then inserted
into the oviductal end of the uterine horn contralateral to the CL
and 20 ml of flush medium (BioLife Advantage Complete Flush
Media, AgTech Inc, Manhattan, KS, USA) were administered.
The uterus was massaged allowing the flush medium to move
from the contralateral uterine horn into the uterine body and
expelled through an incision on the oviductal end of the uterine
horn ipsilateral to the CL and into a grid plate. The flush was
examined under a stereomicroscope (SZ61, Olympus, Center
Valley, PA), conceptuses were recovered, measured, split into
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two equal pieces, placed in a tube containing the cow number
and conceptus length and snap frozen in liquid nitrogen.
Samples were stored at -80°C until further analysis.

2.6 RNA isolation

A total of four filamentous conceptuses per treatment, from
four different cows, were used for transcriptomic analysis. Each
sample was one half of a conceptus without an embryonic disc. The
extremes in length were not chosen, meaning, each conceptus
submitted for sequencing was within 2.5 cm of the average
length. RNA was isolated by using the trizol/chloroform method.
Briefly, conceptus samples were homogenized in 500 pl trizol
combined with 150 ul chloroform. The mixed trizol homogenate
and chloroform were transferred to a phase lock tube (Andwin
Scientific, Schaumburg, IL, USA) and centrifuged for 10 min at
14,000g at 4°C. The top aqueous phase was transferred to a new
tube, mixed with an equal volume of 100% ethanol, and transferred
to a spin column tube (Epoch Life Science Inc, Missouri City, TX,
USA). After centrifugation of this mixture, DNAse digestion by
using the RNase-Free DNAse Set (Qiagen, Hilden, Germany)
proceeded for 15 min at room temperature. After an RNA
prewash and two RNA washes, the column was transferred to a
collection tube and the tissue sample was eluted in 75 l of RNase-
free water. Concentration of the sample was measured by using a
nanodrop, and the sample was stored at -80°C.

2.7 RNA sequencing

For all samples submitted for sequencing RNA
concentration and integrity were recorded. With the assistance
of the University of Missouri Genomics Technology Core,
amplification and reverse transcription were performed by
using the mRNA Stranded Library Preparation (poly A
enrichment). Libraries of cDNA were sequenced on a single
NovaSeq S4 - PE100 (NovaSeq 6000) Flow Cell (NGS platform
of Illumina). Sequencing was done at a depth of 50 million reads
per sample. After assessment for quality, the samples
transcriptomes were aligned to the cow genome using Hisat2
and FeatureCounts was used to determine the read counts per
gene (Liao et al, 2014; Kim et al,, 2015). EdgeR was used to
identify differentially expressed genes (FDR < 0.05). Gene
ontology (GO) enrichment analysis [ShinyGO 0.76 (Ge et al,,
2020)] was used to identify molecular functions and biological
processes associated with the differentially expressed genes.

2.8 Statistical analysis

A power analysis conducted using the PWR package of
RStudio (Desktop 1.4.1106) indicated that 126 embryos
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needed to be transferred in this experiment (63 per treatment) to
achieve statistical soundness. Data for embryo length and
average embryos recovered both by cow and by treatment
were analyzed by ANOVA by using the GLM procedure of the
Statistical Analysis System (SAS) version 9.4. Data for embryo
recovery rate were analyzed by using a logistic regression model
of the Glimmix procedure of SAS. Treatment was modeled as a
fixed factor, and cow was modeled as a random factor.
Significance was determined as P < 0.05.

3 Results

3.1 Pregnancy rate and conceptus
recovery

Out of the 26 cows receiving embryos, the overall
pregnancy rate (at least one conceptus recovered) for this
study was 76.9%. The pregnancy rate was not different (P >
0.05) between the -FLI (control) and +FLI groups (Figure 2).
At the day 15 conceptus recovery (Figure 3), 33.8 + 5.87% of
the -FLI and 32.3 + 5.8% of the + FLI embryos were recovered
(P > 0.05; Figure 3). Per pregnant cow, 2.00 + 0.32 and 2.33 +
0.32 conceptuses were recovered in the -FLI and +FLI groups,
respectively (Table 1, P > 0.05).

% Pregnant

- FLI

FIGURE 2

10.3389/fanim.2022.1040064

3.2 Conceptus length

Overall, the range in length varied from 0.1 cm to 13 cm.
Each conceptus was classified as either ovoid (0.1 - 0.4 cm),
tubular (0.5 - 1.9 cm), or filamentous (> 2.0 cm) (Ribeiro et al.,
2016). There was no difference (P > 0.05) in average conceptus
length between the -FLI (2.87 + 0.68 ¢cm) and +FLI (3.54 +
0.70 cm) groups (Table 2). The average length of the filamentous
conceptuses was 3.33 + 0.73 cm (-FLI) and 4.18 + 0.75 cm
(+FLI), as shown in Figure 4. Table 2 shows the classification of
the recovered conceptuses. Of the 22 -FLI conceptuses
recovered, 13 were filamentous, six were tubular, and three
was ovoid. Of the 21 +FLI treated conceptuses recovered, 14
were filamentous, three were tubular, and four were ovoid.

3.3 RNA sequencing

The average total transcript reads for the control conceptuses
were 90,543,416.5 with an alignment to the bovine genome of
97.54%. For the +FLI conceptuses, the average total transcript reads
were 87,699,659.75 with an alignment to the bovine genome of
97.67% (Table 3). Between the two groups, 32 genes were found to
be differentially expressed (Figure 5, FDR < 0.05). All genes are
presented in (Supplemental Dataset 1). Twenty-three of these genes

P=0.37

+ FLI

Survival at day 15 of bovine embryos supplemented with and without FLI during culture. At embryo transfer, recipient females (n = 26) received
embryos treated with or without FLI. On day 15, females were identified as pregnant or open (non-pregnant) based on the presence of at least
one conceptus (P = 0.37). Values are presented as least squares means + SEM.
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% Conceptuses Recovered

- FLI

FIGURE 3

10.3389/fanim.2022.1040064

P=0.85

+ FLI

Conceptus Recovery. Of the embryos transferred (n = 65 per treatment), there was no difference (P = 0.85) in embryo recovery between the -
FLI (22 conceptuses recovered) and +FLI groups (21 conceptuses recovered). Values are presented as least squares means + SEM.

were increased and nine decreased in the +FLI group compared to
the -FLI group. GO enrichment analysis for biological processes
associated with the differentially expressed genes revealed 29 terms
that were overrepresented between the two groups (Supplemental
Dataset 2). Among these terms were regulation of response to stress,
gonad development, metabolic processes, and defense responses.
GO analysis for molecular function revealed 26 terms
overrepresented between the two groups (Supplemental Dataset
3). Figure 6 depicts the top 20 pathways overrepresented in the +FLI
group in each pathway database. These terms included amino acid
binding, aromatase activity, oxidoreductase activity, and
NADPH activity.

4 Discussion

Modifications to the in vitro embryo culture system are a
logical approach for increasing embryo competency to develop

TABLE 1 Average number of conceptuses collected on day 15.

Treatment  Average Number of Conceptus collected per
pregnant cow’

-FLI 2.00 £ 0.32

+FLI 233032

P Value 0.49

"Results reported as least square means + standard error.
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to the blastocyst stage and pregnancy establishment (Block et al.,
2009; Block et al,, 2011). Previously, it was shown that the
addition of three cytokines (FGF2, LIF, and IGF1) increased
bovine embryo development to the blastocyst stage and survival
following cryopreservation (Stoecklein et al., 2021). While the
morphological quality of the blastocyst stage embryo is often
indicative of developmental competence, there are numerous
examples of improved development to the blastocyst stage that
do not result in improved pregnancy rates or development to
term (Spate et al., 2012; Redel et al,, 2016). Thus, the present
study investigated the effect of supplementation of FGF2, LIF,
and IGF1 (FLI) during embryo culture on day 15 conceptus
recovery, length, and transcriptome.

The period of conceptus elongation is a critical time of
development, and pregnancy loss can be exceedingly high during
this period (Wiltbank et al., 2016; Diskin et al., 2016).
Additionally, frozen in vitro produced embryos are more
susceptible to pregnancy failure compared to their in vivo
counter parts (Farin and Farin, 1995; Ealy et al., 2019; Hansen,
2020). Embryo loss could be due to poor embryo viability, a
compromised maternal environment, and/or a
miscommunication between the conceptus and maternal
system (Wiltbank et al.,, 2016; Ealy et al, 2019). The in vitro
system fails to adequately mimic the maternal environment and
thus the efficiency is low (Farin et al,, 2001). Here, it is reported
that the addition of FLI, during the embryo culture period in
vitro did not result in an increase in conceptus recovery at day 15
when five morphologically normal blastocyst stage embryos
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TABLE 2 Length of all recovered conceptuses and number recovered in each classification.

-FLI

Average Length (cm)' 2.87 +0.68
59.09 + 0.10 (13)*
27.27 + 0.09 (6)°

13.64 + 0.07 (3)*

Filamentous (%)"

Tubular (%)"

Ovoid (%)"

"Results reported as least square means + standard error.

*Number collected.
n = 43 conceptuses.

were cryopreserved and transferred per recipient. The addition
of FLI to the culture medium did increase the number of
embryos that reach the blastocyst stage and are eligible for
cryopreservation, but it is possible that beyond said increase,
the competency to establish pregnancy is not affected.
Additionally, FLI supplementation improved the proportion of
blastocysts that survived slow-rate freezing when analyzed by in

+FLI P value
3.54 +0.70 0.50
66.67 + 0.10 (14)* 0.61
14.29 + 0.08 (3)* 0.31
19.05 + 0.09 (4)* 0.63

vitro hatching rates (Stoecklein et al., 2021), however, the same
was not observed in vivo. It is possible that the dynamic maternal
system adequately supports hatching of both embryos treated
with and without FLI whereas the static in vitro system does not
(Hansen et al., 2014).

Conceptus length has been shown to be different between
Al-derived or in vivo produced and in vitro produced embryos

i

&

i

Conceptus Length (cm)

=)

T &

FIGURE 4

- FLI + FLI

(A) Representative images of each category of conceptus. (B) Average length of -FLI and +FLI conceptuses that were classified as filamentous (>
2.0 cm). Results are reported as least square means + standard error. P = 0.42.

TABLE 3 Summary of the total transcript reads and aligned proportions to the bovine genome for embryos treated with or without FLI.

Treatment Total Reads
-FLI 90,543,416.5
+FLI 87,699,659.7

Average total transcript reads and alignment per treatment.
n = 4 per treatment.

Frontiers in Animal Science 07

Alignment Rate Aligned Reads

97.54%
97.67%

88,315,687.76
85,663,417.72
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FIGURE 5

Volcano plot representing the number of DEGs when comparing conceptuses derived from +FLI or -FLI treated embryos. At a sequencing
depth of 50 million reads per sample, 32 genes were differentially expressed. Nine genes were down-regulated, and 23 genes were up-
regulated in the +FLI group. FDR < 0.05.
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and has been suggested as an indicator of conceptus survival
(Lonergan, 2011; Barnwell et al., 2015). In this study there was
no difference in conceptus length between the two groups,
despite large variation in conceptus length. Furthermore, there
was no difference in the number of ovoid, tubular, and
filamentous conceptuses between treatment groups. Differences
between in vivo and in vitro produced embryos have been
reported at day 13, however, those differences were no longer
apparent at day 16 (Bertolini et al., 2002; Lonergan et al., 2007;
Barnwell et al., 2015). In vitro produced embryos that
successfully undergo hatching from the zona pellucida and
early elongation events, may have the same viability as their in
vivo counterparts even if those early events are delayed. Thus, is
possible that phenotypic differences between conceptuses in the
+FLI and -FLI groups are no longer apparent by day 15 and
viability of the two groups remain similar. Another possible
explanation is that the two groups are developmentally similar
up to this day 15 timepoint and deviations may arise later in
development. For example, cloned embryos have similar day 30
pregnancy rates when compared to IVP embryos, however,
nearly half of these are lost between days 30 and 60 (Wiltbank
et al., 2016).

Using RNA Sequencing to analyze a subset of filamentous
conceptuses in each group revealed differences in transcriptome
between the control and FLI treated groups. While the two
groups appeared developmentally similar at day 15, differences
in gene expression were observed. Among the differentially
detected transcripts were PTGS2, CYP19A1, NOS2, ASS1, and
TLR2, products of which are involved in biological processes
such as cellular response to stress, arginine and nitric oxide
metabolism, and inflammatory response. Prostaglandin synthase
2 (PTGS2) is of particular interest as it is part of the signaling
mechanism between the conceptus and the maternal
endometrium that is critical to CL maintenance and embryo
survival. Through the Janus Kinase (JAK)-signal pathway,
trophectoderm-derived IFNT acts on the endometrium to
regulate PTGS2 expression (Thatcher et al., 2001). Studies in
the bovine have shown that IFNT increases PTGS2 expression in
the endometrium and drives Prostaglandin E2 (PGE,)
production (Arosh et al., 2004). It is evident that PGE inhibits
the actions of Prostaglandin F2ct on the CL but the mechanism is
not completely understood (Ochoa et al., 2018). Interestingly,
PTGS2 expression was increased in the +FLI group compared to
the -FLI group. Given that PTGS2 drives an increase in
luteoprotective PGE,, it is reasonable to conclude that the
conceptus is regulating maternal signaling to strengthen its
survival and development (Emond et al, 2004). Although
conceptus length was not different between the two groups,
the difference in PTGS2 expression may indicate a greater chance
of preventing luteolysis and subsequently increased survival later
in pregnancy.

Aromatase or CYP19A1, a key enzyme in the biosynthesis of
estrogens, was found to be upregulated in the +FLI group. In
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porcine, CYP19A1 null embryos cannot not survive beyond 28
days, but these embryos can be rescued when co-transferred with
embryos derived by in vitro fertilization (Meyer et al., 2019).
Little is known about CYP19Al in the bovine embryo and
elongating conceptus, but one study showed that CYP19A1
was highly expressed in bovine conceptuses classified as long
on day 15 compared to those classified as short (Barnwell et al.,
2016). An increase in CYP19A could indicate increased signaling
in the estrogen biosynthesis chain and thus be promoting
conceptus derived estrogen secretion later in gestation.
However, little is known about the role bovine conceptus
estrogen secretion and its role in pregnancy maintenance.

Nitric-oxide synthase 2 (NOS2) was also upregulated in
the +FLI compared to the -FLI group. NOS2 is the inducible
form of nitric oxide synthase that produces nitric oxide and
has a variety of molecular functions throughout the body,
which include amino acid binding, oxidoreductase activity,
heme binding, and NADP binding. Additionally, NOS2 has a
large role in many metabolic and immune response processes.
Expression and localization of NOS2 has been characterized
in the bovine oviduct and its role in oocyte and embryo
development have been explored, but little is known about
NOS2 in the bovine conceptus (Ulbrich et al., 2006; Schwarz
et al,, 2010). Uterine histotroph contains increased levels of
arginine, leucine, glutamine, and glucose during the period of
elongation in response to actions by progesterone and IFNT
(Bazer et al., 2012). In sheep, it is proposed that glucose and
arginine increase NOS2, and arginine increases IFNT.
Furthermore, metabolism of arginine to nitric oxide by
NOS stimulates the proliferation of ovine trophectoderm
cells (Bazer et al., 2012). Given this, increased expression of
NOS2 could indicate an increase in arginine metabolism
leading to greater trophectoderm growth and increased
conceptus survival.

Toll-like receptors (TLRs) are membrane receptors that
recognize foreign molecules and signal the immune system
(Akira and Kiyoshi, 2004). TLRs have been characterized in
the endometrium of many livestock species, however little is
known about conceptus expression of these genes (Davies et al,
2008; Ruiz-Gonzalez et al., 2015; Yoo et al., 2019). In the ovine,
TLRs have a role in maternal recognition of pregnancy and
specifically, TLR2 has been detected in trophoblast cells at day 13
(Ruiz-Gonzalez et al,, 2015; Kaya et al., 2017). Here, toll-like
receptor 2 (TLR2) was downregulated in the +FLI group
compared to the -FLI group. Given that TLR2 is expressed in
innate immune cells and given the role of type one interferons in
the innate immune system, it is possible that TLRs and IFNT
could have interplay with each other and influence the maternal
conceptus signaling mechanism. The abundance of message for
two pregnancy-associated glycoproteins (PAG2, PAGI12) and a
trophoblast Kunitz domain (TKDP4) were found to be
upregulated in the +FLI compared to the -FLI group. TKDP4
has an established role in placental development and trophoblast
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proliferation (Betsha et al., 2013) and has a predicted interaction
with closely related PAG2 and PAG12. Both PAG2 and PAG12
are expressed in the trophectoderm cells, and interestingly, both
are expressed in the mononucleate and invasive binucleate cells
of the placenta (Xie et al., 1997). The roles of these ancient PAGs
have yet to be described but it is possible that PAG2, PAG12, and
TKDP4 play a role in conceptus elongation and placental-
uterine interaction (Touzard et al., 2013). Previous studies
have shown that an increased concentration of PAGs is
associated with decreased pregnancy loss (Wallace et al., 2015;
Pohler et al., 2016). There is conflicting evidence that the
supplementation of cytokines to the IVP system increases
circulating PAG concentrations after embryo transfer, and one
explanation for this could be the individual effect of each
cytokine additive (Vailes et al., 2019; Seekford et al,, 2021). It
is not assumed that each added cytokine has the same effect on
the developing embryo which may suggest the benefit to adding
a cytokine cocktail. Given that some PAGs were increased in the
+FLI group, this may support the idea that embryos treated with
a cytokine combination, such as FLI, may have increased levels
of PAGs later in gestation resulting in reduced pregnancy loss.

In conclusion, data from this work indicates that day 15
conceptuses from IVP embryos produced with or without FLI
supplementation during culture are phenotypically similar.
While there was no difference detected in conceptus recovery
or length, transcriptomic analysis revealed differences in
molecular and biological functions related to inflammatory
response, metabolic processes, sex differentiation, and
placental development, and indicate an effect of FLI on
conceptus development and signaling during the elongation
period. Further research will reveal survival past day 15 and
will help elucidate the mechanisms that drive in vitro
embryo viability.
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