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Abstract

Preimplantation factor (PIF) is an embryo derived peptide which exerts an immune modula-
tory effect on human endometrium, promoting immune tolerance to the embryo whilst main-
taining the immune response to invading pathogens. While bovine embryos secrete PIF, the
effect on the bovine endometrium is unknown. Maternal recognition of pregnancy is driven
by an embryo-maternal cross talk, however the process differs between humans and cattle.
As many embryos are lost during the early part of pregnancy in cattle, a greater knowledge
of factors affecting the embryo-maternal crosstalk, such as PIF, is needed to improve fertil-
ity. Therefore, for the first time, we demonstrate the effect of synthetic PIF (sPIF) on the
bovine transcriptome in an ex vivo bovine endometrial tissue culture model. Explants were
cultured for 30h with sPIF (100nM) or in control media. Total RNA was analysed via RNA-
sequencing. As a result of sPIF treatment, 102 genes were differentially expressed com-
pared to the control (Padj<0.1), although none by more than 2-fold. The majority of genes
(78) were downregulated. Pathway analysis revealed targeting of several immune based
pathways. Genes for the TNF, NF-kB, IL-17, MAPK and TLR signalling pathways were
down-regulated by sPIF. However, some immune genes were demonstrated to be upregu-
lated following sPIF treatment, including C3. Steroid biosynthesis was the only over-repre-
sented pathway with all genes upregulated. We demonstrate that sPIF can modulate the
bovine endometrial transcriptome in an immune modulatory manner, like that in the human
endometrium, however, the regulation of genes was much weaker than in previous human
work.

Introduction

The embryo preimplantation period is complex; it involves modulation of the maternal uterine
immune response and acceptance of the embryo, and embryo-maternal cross talk is essential
to the process. Preimplantation factor (PIF) is a peptide secreted by viable embryos as early as
the two-cell stage, identified in human, murine, bovine and porcine models [1, 2]. Secretion of
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PIF from murine embryos in culture is greater at the blastocyst development stage, compared
to the morula, demonstrating a role of PIF both in early and later developmental stages of the
preimplantation conceptus [1]. Furthermore, PIF has been detected in bovine serum at 20
days post fertilisation [3]. Human embryos that do not secrete PIF fail to implant, thus under-
pinning the importance of PIF in the embryo-maternal dialogue at the implantation stage [4].
In humans, PIF modulates the maternal uterine immune response which aids the acceptance
of the embryo [2]. Synthetic PIF (sPIF) interacts with decidualized human endometrial stro-
mal cells and first trimester decidual cells through three specific pathways: immune tolerance,
embryo adhesion and apoptosis/remodelling of the uterus, all of which are fundamental to
embryo implantation and maternal recognition of pregnancy [5]. Furthermore, sPIF targets
naive CD14+ peripheral blood mononuclear cells and reduces secretion and mRNA expres-
sion of Th1/Th2 cytokines [6, 7]. In addition, sPIF modulates the uterine immune response to
aid in embryo acceptance by promoting a Th2 bias and inducing an anti-inflammatory effect,
whilst also preserving Th1 responses necessary for protecting the mother from invading patho-
gens [5, 6, 8, 9].

Interferon-t (IFN-7) is a well characterised, crucial embryo derived signal. Bovine concep-
tus secretion of IFN-t begins around formation of the trophectoderm and peaks between day
15 and 17 of pregnancy, when the conceptus is an elongated filamentous structure, which insti-
gates maternal recognition of pregnancy in ruminants and thus, early pregnancy establishment
[10-13]. However, secretion of IFN-t rapidly declines from day 21 onwards [13]. It is clear
that IFN-t is imperative for the embryo-maternal crosstalk and modulation of the endometrial
immune profile [14], however, the establishment and recognition of pregnancy is more com-
plex than the presence of IFN-t alone [10, 15, 16]. As the fertility of dairy cows has declined in
recent years, and a considerable proportion of pregnancy losses occur during early pregnancy
[11, 17], it is imperative to understand this critical window to improve fertility rates in cattle.

Several attempts have aimed at understanding the bovine preimplantation embryo-mater-
nal crosstalk on a global transcriptome level [10, 16, 18-23]. The dynamic modulation of the
maternal immune system is essential to aid in implantation, growth of the embryo and ulti-
mately, a successful pregnancy [24, 25]. The bovine preimplantation embryo has clear roles in
modulating endometrial gene expression, to both suppress the immune response for promo-
tion of maternal embryo tolerance, whilst also increasing innate immune related genes to pre-
vent vulnerability of the uterine environment to pathogens [19, 26]. Thus, there is the
potential that PIF may be involved in this cross talk.

Although it is known that PIF is secreted by viable bovine embryos and detectable in bovine
serum through early pregnancy [1, 3], there is currently limited evidence of any effect of PIF
on maternal bovine tissue and in the embryo-maternal crosstalk. We have previously reported
that sPIF reduces native IL-6 secretion in vitro from non-pregnant bovine endometrial tissue
during the early luteal and follicular stage of the oestrous cycle [27]. We report here for the
first time the effect of sPIF on the native endometrial global transcriptome through RNA-
sequencing. Synthetic PIF is hypothesised to have an immune modulatory role in cattle, simi-
lar to that described in the human. Although, due to differences in the maternal recognition of
pregnancy and the timings and mode of implantation in humans compared to cattle, it was
deemed likely that there would be some differences in the role of PIF between these species.

Materials and methods
Animals

Bovine uteri (n = 7) and corresponding blood samples were collected from heifers presented
for slaughter at a local abattoir. As post-slaughter material was used, licencing through the
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Animals (Scientific Procedures) Act 1986 and ethical review were not necessary. Based on pre-
vious work [27], uteri with stage IV ovaries were investigated to allow the study of sPIF on
endometrial tissues that were not under the immune suppressive effects of progesterone [28,
29]. Samples were staged by assessing ovarian morphology as previously described [30, 31].
Briefly, stage IV was defined as having a regressing corpus luteum with a diameter of < 1 cm
[30]. To ensure there was no underlying inflammation in the sampled tissue, cytology samples
were taken from the endometrium at the abattoir, using a modified cytobrush technique, and
assessed for percentage of polymorphonuclear cells (PMN), as previously described [27]. A
threshold of PMN percentage greater than 5% was set to exclude animals based on the guide-
line of detection of subclinical endometritis [32, 33], although all samples were below 5% PMN
and therefore none were excluded.

Uteri and blood samples were stored on ice during the one-hour transportation back to the
laboratory. Tissues were used for explant culture and blood serum for serum progesterone
concentration via ELISA (DRG Diagnostics, Marburg, Germany). To support ovarian mor-
phology staging, the blood sera were used for progesterone analysis. Samples were deemed to
have high progesterone if serum concentrations were above 1 ng/mL [34]. Based on this
threshold, samples were split into a high and low progesterone group. The limit of detection of
the progesterone assay was 0.01 ng/mL and the intra-assay CV was 5.5%.

Endometrial explant tissue culture

Tissue culture was established using the method described by Borges et al. [35]. Briefly, endo-
metrial tissue was sampled randomly from intercaruncular tissue in the first third (closest to
the utero-tubular junction) of the uterine horn ipsilateral to the staged ovary, using an 8 mm
biopsy punch. The endometrial tissue was then dissected away from the myometrium using
sterile scissors. Six biopsies were taken per animal. Samples were weighed (mean + SD weight
was 42.47 + 7.7 mg) and one biopsy placed per well in 6 well plates (Corning, Amsterdam, The
Netherlands) with 3 mL of RPMI 1640 media (Gibco, Life Technologies, Paisley, UK) supple-
mented with 50 IU/mL penicillin, 50 pg/mL streptomycin (Sigma-Aldrich, St. Louis, MO,
USA) and 2.5 pg/mL amphotericin B (Sigma-Aldrich). Explants were incubated in a sterile
incubator at 37 °C and 5% CO, for 30 h.

Synthetic PIF (MVRIKPGSANKPSDD) was synthesised with > 95% purity by Bioincept
(New Jersey, USA). The amino acid structure of the human 15 amino acid PIF has previously
been analysed and the 3D structure predicted [6]. The sPIF used in the present study was iden-
tical to that used in all other published research on the peptide.

Whole explant biopsies from each animal were treated with either medium alone or with
sPIF (100nM) for 24 h in 6 well plates. As DMSO was used in the reconstitution of sPIF, the same
amount of DMSO was added to the control wells. Based on our previously described methodology
[27], following the 24 h incubation medium was removed and replaced with fresh medium con-
taining the same treatments for another 6 h. At the end of the 30 h period, explants were stored
individually in 1 mL RNAlater (Invitrogen, Life Technologies, Paisley, UK) at 4 °C for 24 h. The
RNAlater was then removed and explants stored at -80 °C until further processing.

Total RNA extraction

Total RNA was extracted from two explants (one for each treatment, control or sPIF) per ani-
mal, using the Total RNA purification plus kit (Norgen Biotek Corp., Ontario, Canada), to
give a total of 14 samples of RNA. Briefly, from each explant that RNA was to be extracted
from, < 20 mg of tissue was cut off whilst still frozen, using sterile scissors and placed in the
manufacturer’s lysis buffer. Samples were then subsequently subjected to bead beating, to aid
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tissue disruption, whereby a 5 mm stainless steel bead (Qiagen, Manchester, UK) was added
and samples placed in a TissueLyser (Qiagen, Manchester, UK) for 2 minutes at 50 oscillations
per second. Samples were centrifuged at 14,000 x g for 1 minute to pellet any remaining debris
and the supernatant extracted according to the manufacturer’s instructions.

The quality of all RNA extracted was assessed with a 2100 Bioanalyzer (Agilent Technolo-
gies, Santa Clara, USA) following the method described by the manufacturer. Samples were of
suitable quality, showing RNA integrity numbers (RIN) above 7.

RNA-sequencing library preparation and next generation sequencing

Following assessment of RNA quality, all samples were prepared for sequencing and sequenced
at the Translation Genomics facility in IBERS, Aberystwyth University. Total RNA samples were
prepared for sequencing using the TruSeq v2 kit (Illumina, San Diego, USA), using the manufac-
turer’s protocol, up to the validate library step. Following the enrichment of cDNA fragments
with adapters, the cDNA was quantified using a Qubit 2.0, dsSDNA broad range assay (Invitro-
gen), following the protocol supplied by the manufacturer. Each sample was diluted to 10 nM
with 10 nM Tris HCI and 0.5% Tween-20 in nuclease free water. The use of adapters allowed
multiple indexing of samples and so, samples were pooled and subsequently diluted to 2 nM
with elution buffer (Qiagen, Manchester, UK) and then to 1 nM with 0.1 M sodium hydroxide,
before being held at room temperature for 5 minutes to denature the DNA. Following denatur-
ation, the samples were diluted to 10 pM in hybridisation buffer and loaded onto a cBot (Illu-
mina, San Diego, USA) to cluster cDNA onto the Flow cell. The 14 samples were clustered onto
2 lanes of a V4 High output flow cell and subsequently paired-end sequenced on a HiSeq 2500
(Mumina, San Diego, USA). Base pairs (bp) per read were set to 126 bp. Six samples (from 3
cows) on one lane were sequenced twice due to a sample loading error, which resulted in low
reads compared to the 8 samples on the other lane. Both reads were included in the subsequent
sequencing analysis pipeline and were processed separately until after the featureCounts step.

Sequencing analysis pipeline

A previously described RNA-seq pipeline was adapted for use in the study [36]. All work up to
the statistical analysis was completed on the open source platform Galaxy [37-39], hosted by
IBERS, Aberystwyth University.

Read quality assessment and trimming. Raw paired-end data were submitted to FastQC
analysis (Galaxy version 0.69; Babraham Bioinformatics). Based on the quality of the reads out-
lined by FastQC, samples were trimmed using Trimmomatic [40], utilising an initial Illumina-
clip, headcrop, crop and Minlen (to remove any reads below 50 bp) functions. The quality of
the resulting paired-end data was again assessed via FastQC.

Alignment to the bovine genome. Bowtie 2 (Galaxy version 2.2.6) [41, 42] was used to
map reads to the reference bovine genome. Samples were mapped to the UMD 3.1 assembly of
the Bos taurus genome from Ensembl (version 89; http://www.ensembl.org/).

Gene expression data and statistical analysis. Read abundance for annotated genes was
calculated using the featureCounts package (Galaxy version 1.4.6.p5) [43]. Reads for the two
sequencing runs for six samples were joined together after the featureCounts step by adding
together the raw counts for each gene from each run. The raw counts of sequencing reads gen-
erated by featureCounts were used for all statistical analyses.

The Bioconductor package deSeq2 was used to determine the differential expression of
genes as part of the R software package (version 3.4.0) [44]. Prior to the statistical modelling,
deSeq2 analysis removed any genes that had less than 10 counts for any one sample. The statis-
tical model was set to recognise that all samples were paired, with control and sPIF treated
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explants originating from the same animal. This was completed by running a multifactorial
design, thus controlling for extra variation in the data set and subsequently improving the sen-
sitivity of the analysis. To assess if the effect of sPIF treatment differed between lanes, lane was
added into the data frame as a factor and interaction terms used. The same interaction terms
analysis was completed for serum progesterone concentration, with samples being split into a
high and low progesterone as described, to determine if the effect of sPIF differed between pro-
gesterone groups. To determine significant differentially expressed genes (DEG), the P
adjusted value Padj<0.1 was used, based on the Benjamini-Hochberg false discovery rate [45].

To determine if DEGs were involved in separate biological functions and pathways, gene
ontology (GO) categories and KEGG pathways [46] were investigated using STRING (version
11.0) and the genes used in the DESeq analysis used as the statistical background [47]. P
adjusted values for over-represented GO categories and over-represented KEGG pathways
were identified and significance set at Padj<0.05.

Protein to protein interactions within the DEGs network were evaluated using STRING
(version 11.0) and the B. taurus genome used as the statistical background [47]. Initially all
prediction methods within the STRING analysis were used (neighbourhood, gene fusion, co-
occurrence, co-expression, experiment databases and textmining), however due to the discov-
ery of several non-specific results, the textmining prediction was subsequently removed, which
demonstrated a more focussed network.

Results
Progesterone concentration and endometrial cytology

Progesterone concentrations were below 1ng/mL in three animals and were therefore assigned
to a low progesterone group, with a mean concentration of 0.69 ng/mL + 0.06 (standard error
of the mean) and a range of 0.59-0.81 ng/mL. The remaining four animals had progesterone
concentrations greater than 1 ng/mL and were assigned to a high progesterone group, with a
mean concentration of 3.1 ng/mL * 0.86 (standard error of the mean) and a range of 1.44-5.41
ng/mL. There was no evidence of subclinical inflammation in any of the uterine samples,
with < 5% PMN in all cytobrush smears.

RNA-sequencing overview

RNA-sequencing resulted in a total of 245,924,502 million paired-end reads across all fourteen
samples. Following mapping of the reads to the reference genome B. taurus UMD?3.1, 15,681 tran-
scripts were analysed for differential expression in the bovine endometrial tissue samples following
sPIF treatment. The overall mean counts for each gene included in the differential expression anal-
ysis was 1,272.9 counts + 5,885.6 (standard deviation). The mean gene count data were skewed
with the majority of genes (74.7%) having under 10,000 counts, however the majority (58.8%) of
DEGs were also located within this range of count data. To ensure that there was no difference in
the two sequencing runs, mean counts and variability was assessed. There was limited difference
between mean counts for genes included in the differential gene analysis between the samples from
the two different RNA-seq lanes, with 1,231.9 counts + 5,212.5 (standard deviation) and 1,302.6
counts + 7,009.7 (standard deviation) for cows 1-4 (lane 1) and cows 5-7 (2 sequencing runs
summed together), respectively. Furthermore, PCA analysis on the data prior to the two sequenc-
ing runs for cows 5-7 being summed together, demonstrated that the technical replicates for each
sample clustered together and so were appropriate for combination in the analysis (SI Fig).

Sample variability

Variability between animal replicates and individual samples was assessed. There was a
strong effect of animal replicates on the dataset variability, more so than sPIF treatment (Fig
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Fig 1. Large variances were detected between samples. (a) Heat map depicting the Euclidian distances between
individual animal replicates and samples treated with or without sPIF (100nM), calculated from the regularised log
transformation. (b) PCA plot showing the variance between individual animal replicates and samples treated with or
without sPIF (100nM) in the first two principle components.

https://doi.org/10.1371/journal.pone.0242874.9001

1). The heat map (Fig 1A) and PCA (Fig 1B) show clear differentiation between the samples
in each lane (cows 1 to 4 lane 1, cows 5 to 7 lane 2), although there was no significant effect
of lane on DEGs in the data set. When principle component (PC) 1 was compared against
PC2, 3 and 4 it was noted that there was a clear grouping of samples from the different lanes,
but this was not evident when PC1 was not included in the PCA plots (Fig 1B and S2 Fig). It
is clear from Fig 1B that the variability was not attributed to serum progesterone concentra-
tion (High progesterone group cows 2-5; Low progesterone group cows 1, 6-7). As PC1 and
PC2 only accounted for 52.2% of the variation, PC 1-4 were further examined (PC1, PC2,
PC3 and PC4 accounted for 36.6%, 15.6%, 13% and 8.5% of the variation, respectively).
However, none demonstrated a clear clustering of the low or high progesterone groups

(S2 Fig).

PLOS ONE | https://doi.org/10.1371/journal.pone.0242874 December 7, 2020 6/21


https://doi.org/10.1371/journal.pone.0242874.g001
https://doi.org/10.1371/journal.pone.0242874

PLOS ONE PIF and the bovine endometrial transcriptome

Identification of differentially expressed genes

Synthetic PIF treatment induced differential expression of 102 genes in bovine endometrial tis-
sue explants (Padj<0.1; of which 33 were differentially expressed Padj<0.05); 78 of which
were down-regulated and 24 up-regulated. No genes were up- or down-regulated greater than
two-fold change. The full list of differentially expressed genes (DEG) is displayed in the supple-
mentary material (S1 Table). The top 10 most significantly DEGs are displayed in Table 1.
Two genes involved in immune pathways were among the most significantly downregulated
genes following sPIF treatment (Table 1; NFKBI; Padj = 4.7 x 10 and IRFI; Padj = 5.8 x
107°). There was no effect of lane or serum progesterone concentration on the whole data set
nor an interaction with sPIF treatment (Padj>0.1), thus all differences found within this study
were attributed to sPIF treatment.

Gene ontology analysis

The biological pathway plasma membrane was over-represented with DEGs, following sPIF
treatment which is within the cellular component ontology (Padj<0.05). The ‘plasma mem-
brane’ (GO:0005886) was over-represented with the 17 DEGs (Padj = 0.013; ADA, CALCRL,
CD40, EMP3, GJCI, GNA14,ICAM1, IFNAR2, LPL, PTGDR, RAB8B, RGS16, RGS2, RHOF,
SLCIAS5, SLC34A2, TSPANS).

Pathway analysis

A total of forty KEGG pathways were over-represented with DEGs, following sPIF treatment
(Padj<0.05). Pathways were organised into biological categories using the KEGG BRITE
Functional Hierarchies database, organising each pathway into a class and subclass (S2 Table).
The overrepresented pathways fitted into six classes, Human diseases; Environmental informa-
tion processing; Organismal systems; Metabolism; Cellular processes and Genetic information
processing (52 Table). Twenty-two pathways were classed as ‘Human disease’ pathways, largely
due to DEGs involved in the NF-xB and TNF signalling pathways and the immune gene C3.
As such, these pathways were discarded as they were deemed irrelevant to the dataset. A fur-
ther pathway was discarded, ‘Osteoclast differentiation’, which was in the class ‘Organismal
Systems’ and subclass ‘Development’, as it was irrelevant for the tissue studied and appeared as

Table 1. Top 10 most significantly DEGs from the control, following sPIF treatment.

Gene ID Gene symbol Gene name Log2 fold change FDR*

Under-expressed by sPIF

ENSBTAG00000013705 NFKBIE NFKB inhibitor epsilon -0.635 1x107*
ENSBTAG00000012178 NRIDI nuclear receptor subfamily 1 group D member 1 -0.87 34x107*
ENSBTAG00000012343 TSPANS5 tetraspanin 5 -0.768 3.7x107°
ENSBTAG00000020270 NFKBI nuclear factor kappa B subunit 1 -0.573 47x107?
ENSBTAG00000031231 IRF1 interferon regulatory factor 1 -0.767 58x107°
ENSBTAG00000011207 CNN1I calponin 1 -0.684 83x107°

Over-expressed by sPIF

ENSBTAG00000014149 LCN2 lipocalin 2 1.177 14x107*
ENSBTAG00000018843 SERPINAI serpin family A member 1 1.203 1.8x107°
ENSBTAG00000009725 AOX1 aldehyde oxidase 1 0.51 7.4x107°
ENSBTAG00000016255 PLEK2 pleckstrin 2 0.655 7.4x107°

* Based on P adjusted values (False discovery rate: FDR; Padj<0.1) as assessed by the Bioconductor package, deSeq2 statistical analysis.

https://doi.org/10.1371/journal.pone.0242874.t001

PLOS ONE | https://doi.org/10.1371/journal.pone.0242874 December 7, 2020 7/21


https://doi.org/10.1371/journal.pone.0242874.t001
https://doi.org/10.1371/journal.pone.0242874

PLOS ONE

PIF and the bovine endometrial transcriptome

over-represented again due to DEGs involved in the TNF and NF-«B signalling pathways. Once
these irrelevant pathways were removed, a total of seventeen KEGG pathways were deemed rel-
evant to the dataset (Table 2), which fitted into five KEGG BRITE Functional Hierarchies clas-
ses. Within these four classes, the Organismal Systems class and the subclass Tmmune system’
had the greatest number of over-represented KEGG pathways in the dataset (seven pathways).
The TNF (Fig 2) and NF-xB (Fig 3) signalling pathways, both of the Environmental Informa-
tion Processing class and Signal transduction subclass, were highly significantly over-repre-
sented following sPIF treatment (Padj = 9.8 x 1077; 5.5 x 107, respectively), with all genes in
each pathway downregulated. The importance of these pathways within the whole dataset was
clear due to the central signalling roles in a number of over-represented biological pathways,
such as the IL-17, MAPK and TLR signalling pathways (Table 2), and explained the over-repre-
sentation of a number of disease and infection pathways, which rely on these signalling path-
ways. Therefore, there was a clear indication of downregulation of immune factors following
sPIF treatment, although it was noted that the complement component C3 gene expression was
upregulated (Log?2 fold change 0.59; Padj = 0.09). Steroid biosynthesis was the only pathway
with all DEGs upregulated (CYP24A 1, DHCR7, SQLE; Padj = 3.5 x 107°).

Protein interaction networks

Known and predicted protein interactions within the DEGs dataset were analysed using
STRING. All defined prediction methods were used apart from textmining (neighbourhood,

Table 2. Relevant KEGG pathways significantly over-represented following sPIF treatment.

KEGG pathway

TNF signalling pathway
NF-kappa B signalling pathway
IL-17 signalling pathway
Steroid biosynthesis
NOD-like receptor signalling pathway
Prolactin signalling pathway
Cell adhesion molecules (CAMs)

Necroptosis
MAPK signalling pathway
Th1 and Th2 cell differentiation
Toll-like receptor signalling pathway
Leukocyte transendothelial migration

Protein processing in endoplasmic
reticulum

Th17 cell differentiation
RIG-I-like receptor signalling pathway
Adipocytokine signalling pathway
Apoptosis

Number of Observed DEGs FDR*
DEGs Downregulated Upregulated
10 CSF1, CXCL3, VCAMI, ICAM1, MAPK11, NFKB1, TNFAIP3, 3.8x
TRAFI1, TRAF2 1077
8 CD40, VCAM1, ICAMI, NFKB1, NFKB2, TNFAIP3, TRAF1, TRAF2 55%
1077
6 CXCL3, MAPK11, NFKBI, TNFAIP3, TRAF2 LCN2 5.8x
107
3 CYP24A1, DHCR7, | 4x107°
SQLE
6 CXCL3, IFNAR2, MAPK11, NFKBI, TNFAIP3, TRAF2 46x
107
4 IRF1, MAPK11, NFKB1, STAT5A 82x
1077
4 CD40, VCAM1, ICAM1 NEOI 9.1x
107
5 HIST1H2AC, IFNAR2, STAT5A, TNFAIP3, TRAF2 0.01
7 CSF1, GADD45G, IGF2, MAPK11, NFKB1, NFKB2, TRAF2 0.01
4 MAPK11, NFKBI, NFKBIE, STAT5A 0.01
4 CD40, NFKB1, MAPK11, IFNAR2 0.02
3 VCAM]I, ICAM1, MAPK11 0.02
5 DNAJBI, ERO1B, HYOUI, PPPIR15A, TRAF2 0.02
4 MAPKI1, NFKBI, NFKBIE, STAT5A 0.02
3 MAPK11, NFKBI, TRAF2 0.03
3 NFKBI1, NFKBIE, TRAF2 0.04
4 GADD45G, NFKBI1, TRAF1, TRAF2 0.04

*Based on P adjusted values (False discovery rate: FDR; Padj<0.05) as assessed by STRING analysis.

https://doi.org/10.1371/journal.pone.0242874.t1002
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https://doi.org/10.1371/journal.pone.0242874.9003
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gene fusion, co-occurrence, co-expression and experiment databases). The overall network
was significantly enriched (Padj = 9.24 x10”%; B. taurus genome used as background gene list)
with a total of 40 edges signifying connections between 34 proteins transcribed by DEGs fol-
lowing sPIF treatment. Fig 4 displays the proteins that are connected within the network of
DEG following sPIF treatment and demonstrates which associations are stronger through the
thickness of the edges between nodes. It was noted that there was a strong interaction network
between NF-kB and TNF signalling related proteins (Fig 4).

Discussion

This is the first study to demonstrate the effect of sPIF on the global endometrial bovine tran-
scriptome. The investigation showed interaction of sPIF with the bovine endometrium, specif-
ically that 102 genes were differentially expressed following sPIF treatment, with the majority
(78 of 102 DEGs) downregulated. Furthermore, pathway analysis demonstrated sPIF to work
in an immune modulatory manner on the bovine endometrium, as originally hypothesised.
However, in the present study, no genes were modulated greater than two-fold following sPIF
treatment. Thus, the bovine endometrial response to sPIF was much weaker than that demon-
strated in decidualized human endometrial stromal cells and first trimester decidual cells,
where some genes were modulated as much as 53 fold following sPIF treatment [5, 48, 49].

The present study used an ex vivo tissue explant method to model the effects of sPIF on the
bovine endometrium. The use of whole tissue samples allowed assessment of sPIF in a model
which maintains the tissue architectures of the endometrium, more akin to an in vivo state
[35]. However, it is accepted that the ex vivo model likely adds variability into the dataset with-
out a characterisation of populations of epithelial and stromal cells within each sample. Assess-
ing the response on the whole tissue may partially explain the weaker response to sPIF in the
bovine endometrium, compared to that demonstrated in individual cell types in humans [5,
48, 49]. Indeed, sPIF may have differing effects on bovine endometrial epithelial and stromal
cells, and this warrants further study. However, a recent study used a similar methodology to
assess the effect of bovine conceptuses and IFN- 1 on the bovine endometrium, without char-
acterising the populations of epithelial and stromal cells within each sample [16]. Therefore, in
this study, we present the effect of sPIF on the whole bovine endometrial tissue structure.

We note that analysis of gene transcription alone does not account for possible post tran-
scriptional changes that alter protein expression of the DEGs following sPIF treatment. Thus,
further functional experiments, such as an assessment of the proteome, are needed to verify
the effect of sPIF on the bovine endometrium in pregnancy. Furthermore, the present study
set out to assess the general effect of sPIF on the bovine endometrial transcriptome, but assess-
ing the effect of sPIF alone in vitro ignores the effect of other mediators within the uterine
environment that may be maternal or conceptus derived. Therefore, the effect of other media-
tors in bovine pregnancy, such as IEN-t, must be considered to fully understand the relation-
ship with PIF and bovine pregnancy.

Variation between animal replicates

Variation between animal replicates had a strong effect on the data set and more so than that
of sPIF treatment. It is acknowledged that a difficulty in endometrial transcriptome studies is
the variability introduced by animal status and management [50]. Indeed, increased progester-
one levels can alter the endometrial transcriptome in heifers during early pregnancy [51].
However, despite some samples having higher than expected serum progesterone concentra-
tions, indicating that they were in the luteal phase, there was no effect on the data set in the
present study. Lactation status has been shown not to affect endometrial gene expression in
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postpartum dairy cattle [52, 53], but heifers and cows exhibit differing endometrial transcrip-
tome responses during early pregnancy [53]. It is for this reason that only heifers were used in
the present study to eliminate the effect of previous pregnancies on the data collected. How-
ever, as uteri were collected at a local abattoir, heifers were likely from different farms and
management backgrounds. Previous studies have demonstrated that nutritional management
can also alter endometrial gene expression [54, 55], which could help to explain the variation
between animal replicates. Furthermore, the lack of characterisation of the proportions of stro-
mal and epithelial cells within each endometrial explant may also help to explain the strong
variation between cattle. Nevertheless, the variation within the data set does not detract from
the findings that overall, effects of sPIF on the bovine endometrial transcriptome were rela-
tively small, with no genes being regulated over two-fold.

Immune signalling

Pathway analysis demonstrated that sPIF plays a coordinated role downregulating genes in the
TLR, IL-17, MAPK, TNF and NF-«B signalling pathways, of which the latter two are known to
be modulated during the preimplantation period in several species [56-59]. NF-kB signalling
is a key component of the TLR, IL-17 and TNF pathways and MAPK signalling is involved in
TNF signalling; thus, several of the downregulated genes were common between these key
immune related KEGG pathways. Furthermore, from analysis of the DEGs in the TLR and
NF-kB KEGG pathway, it became apparent that the TNF receptor superfamily was likely tar-
geted through the downregulation of CD40, as well as other intracellular signalling molecules.

Synthetic PIF is recognised to act through a TLR-4 dependent pathway in immune cells
[60], but the peptide targets downstream proteins such as thymosin-al, rather than TLR-4
[61]. The pleiotropic peptide, thymosin-al acts on innate immune cells, including CD14
+ cells [62, 63], which sPIF is known to target [6, 7] and would likely have been present in the
tissue explants in the present study. Modulation of the TLR signalling pathway was largely
attributed to DEGs in both the TNF and NF-«xB signalling pathways, including downregula-
tion of CD40. TLR ligands, including that of TLR-4, modulate CD40 gene expression in
immune cells [64, 65]. Thus, it is hypothesised that if sPIF interacts with cells in bovine endo-
metrial tissue in a TLR-4 dependent manner, CD40 may link TLR and TNF receptor super-
family signalling. This hypothesis needs further elucidation from functional studies.
Furthermore, sPIF induced invasiveness of in vitro human extravillous trophoblast cells is
blocked through inhibition of the MAPK signalling pathway [66]. As MAPK signalling is also
involved in TNF signalling [67], and genes in both pathways were targeted by sPIF in the pres-
ent study, this adds to evidence that there may be an effect of sPIF on the TNF receptor super-
family signalling pathway.

Downregulation of CD40 and several of the downstream signalling molecules following
sPIF treatment, supports the immune suppressive role of sPIF in bovine endometrium. As a
member of the TNF receptor superfamily, CD40 is involved in inflammatory signalling as part
of the adaptive immune response [68-71]. Furthermore, it is suggested that during early preg-
nancy in mice, increased CD40-CD40L interaction leads to a favouring of the proinflamma-
tory Thl response, over the predominant Th2 pregnancy response [72]. Thus, this study
supports previous research that has identified sPIF to help create a Th2 bias to modulate the
maternal uterine immune system, without suppressing the whole system [6, 8].

Excessive exposure to TNF-o has deleterious effects on bovine oocyte development in cul-
ture [73] and is associated with pregnancy loss in rat models and human pregnancies [24]. It is
suggested that an upregulation of TNFR2 receptors on the bovine endometrium in early preg-
nancy [59] reduces free TNF protein in uterine fluid [74] which may protect the embryo [59].
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Synthetic PIF treatment led to a downregulation of DEGs involved in intracellular signalling
following activation of TNF receptors, such as TRAFI and 2, which are recruited to the recep-
tors following ligand binding [68, 69, 75]. Therefore, although there is an increased capacity
for ligand binding within the TNF pathway, immune modulators such as PIF, may act on
downstream targets to prevent over activation of the maternal TNF pathway and thus, the
immune response in early pregnancy.

The NF-«B signalling pathway is activated following TNF and TLR receptor activation [68,
75, 76]. Genes involved in NF-kB signalling are downregulated in early pregnant human
decidua [56], mice uteri [57] and porcine endometrium [58] compared to non-pregnant tissue,
supported by a downregulation of NF-kB-p65 protein in early pregnancy uterine fluid [74].
Although DEGs following sPIF treatment in the present study were not homologues to those
modulated in other species [56-58], the data does support the concept of an immune suppres-
sive state during early bovine pregnancy. Indeed, IFN-t has also been demonstrated to reduce
activation of NF-«B and secretion of proinflammatory cytokines in lipopolysaccharide stimu-
lated RAW264.7 cells [77], suggesting anti-inflammatory actions. Downregulation of the NF-
kB signalling pathway in this study therefore suggests a mechanistic explanation for our previ-
ous work that demonstrated a reduction in native IL-6 secretion from sPIF treated bovine
endometrial explants [27]. Conversely, day 15 bovine conceptuses drive upregulation of the
inflammatory response in the endometrium, largely related to TNF and NF-«B signalling [16].
However, sPIF may have a modulatory role within the milieu of conceptus derived factors that
act upon the endometrium, preventing overregulation and an imbalance of the inflammatory
response, supporting the previously established role of the peptide in promoting a Th2 bias
whilst preserving Th1 responses [5, 6, 8, 9].

Genes involved in downstream effects of the NF-kB and TNF signalling pathways were also
downregulated in this study following sPIF treatment. Chemokines CXCL3 and CX3CL1 [78-
80] and adhesion molecules VCAM]1 and ICAM1 [81, 82], have roles in recruitment and adhe-
sion of leukocytes and are induced in endothelial inflammation [83-86]. The present findings
support previous in vivo work in mice, whereby sPIF impaired leucocyte recruitment and
adhesion in a TNF-o induced inflammatory environment [7]. Furthermore, in vivo work has
demonstrated that there is a reduction in leukocyte infiltration into the bovine endometrium
in early pregnancy [59, 87]. Moreover, VCAM1 is downregulated in the preimplantation
period in pregnant compared to non-pregnant mice uteri, although ICAM1 is slightly upregu-
lated [57]. Thus, based on the downstream DEGs related with the NF-xB and TNF pathways,
it was deemed that sPIF has an immune modulatory effect on the bovine endometrium, which
supports previous work in cattle [27], horses [88] and humans [5, 49].

The overall immune response to pregnancy is dynamic, whereby the immune tolerant
state towards the embryo is also accompanied by some inflammatory responses [24] as protec-
tion for the dam, such as increased complement activation [19, 22, 89]. We demonstrated sPIF
to upregulate complement component C3 within the bovine endometrium. C3 is integral to
complement activation, is upregulated in the implantation window in cattle [19] and is sug-
gested to be involved in the maternal to foetal crosstalk around maternal recognition of preg-
nancy [10]. Furthermore, LCN2 was upregulated following sPIF treatment. Lipocalin 2 is
upregulated around the conceptus fixation site in the endometrium of pregnant mares, with
expression likely induced by either the conceptus or its secretory products [90] and also has an
innate immune role in the endometrium in response to E. coli [91]. Therefore, the present
study suggests that sPIF aids protection of the embryo through both immune suppression, to
allow the acceptance of the embryo, and also inflammatory responses against invading
pathogens.
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Interferon related genes

During early pregnancy in ruminants, the effects of conceptus derived IFN-t on the maternal
endometrium are mediated by the expression of the two receptor subunits, IFNARI and
IFNAR2, which comprise the type I interferon receptor [12, 92]. Yet in the present study,
IFNAR2 was downregulated following sPIF treatment, which also corresponded with the
downregulation of IRF-1 and STAT5a, transcription factors involved in interferon signalling
[11, 93]. In contrast to the present study, endometrial expression of IRF-1 is upregulated by
the conceptus in early pregnancy [19, 94] and IRF-1 and STAT5a upregulated by IFN-t stimu-
lation in the ovine endometrium [93, 95]. PIF is only a small part of the cross talk between the
conceptus and endometrium, and therefore other factors are more likely important in the
modulation of interferon related genes compared to PIF. Furthermore, the main effects of PIF
may be mediated slightly before that of IFN- 1, as at present there are no data to demonstrate
the level of secretion of PIF from the elongated filamentous bovine conceptus, compared to
earlier developmental stages. However, it must be noted that although involved in IFN-t sig-
nalling, both IFNAR2 and IRF-1 were linked to immune networks in the present study

(Table 2 and Fig 4), furthermore, IRF-1 was one of the top 10 most significantly downregulated
DEGs. IRF-1 is also involved in activation of the immune response and apoptosis [96, 97] and
has a role in activating genes such as VCAM-1 [98]. Thus, the downregulation of IRF-1 in the
present study supports the general response of immune related genes and suggests that the
downregulation of VCAM-1I following sPIF treatment could have been controlled by several
pathways, further to those described previously.

Steroid biosynthesis pathway

The steroid biosynthesis pathway was the only upregulated over-represented KEGG path-
way following sPIF treatment, with three genes encoding for enzymes, CYP24A1, DHCR7
and SQLE being upregulated. These findings are in line with previous work which has
shown sPIF to upregulate the expression of genes involved in the cortisol biosynthesis path-
way in non-stimulated bovine adrenocortical cells [99]. Furthermore, Binelli et al. [21] iden-
tified steroid biosynthesis to be an overrepresented pathway in early pregnancy in cattle and
also identified DHCR?Y as being upregulated in the pregnant endometrium. Both DHCR7
and SQLE are anabolic enzymes involved in sterol synthesis reactions thus suggesting a
need for endometrial anabolic activities in the embryo-maternal crosstalk [21]. CYP24A1
catalyses the hydroxylation and degradation of calcitriol. Calcitriol has progesterone-like
activity in the early stages of gestation in humans, acting on endometrial receptivity and
implantation [100]. Circulating concentrations of calcitriol are increased during pregnancy
[101] and are suggested to also increase CYP24A 1 expression in a negative feedback system
to prevent over activation of the calcitriol system in pregnancy [100]. Thus, in the present
study, sPIF had effects on steroid biosynthesis that would be expected in pregnant
endometrium.

Conclusions

In conclusion, sPIF interacts with the bovine endometrium in a manner that suggests that PIF
plays a role in early bovine pregnancy. There are some similarities between the mechanisms
PIF uses in the bovine endometrium and those defined in the human endometrium, in that
sPIF has clear immune modulatory roles to promote tolerance to the embryo, whilst also main-
taining the ability to fight invading pathogens. However, the gene expression response to sPIF
was much smaller and muted compared to human studies. Further research is now warranted
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to better understand the role and, more importantly, the significance of PIF at this critical
period of bovine pregnancy.
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S1 Fig. PCA plot showing all RNA sequencing replicates prior to the two technical repli-
cates for cows 5-7 being summed together. Variance was evident between the samples on
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were sequenced twice to ensure similarity in the number of reads between all samples. The
first two principle components are displayed.
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by STRING analysis.

(PDF)

Acknowledgments

The authors extend their thanks to Dr Eytan Barnea, BioIncept LLC (New Jersey, USA) for the
kind donation of sPIF, Dr Colin Sauze for bioinformatics technical support and the staff at
Randall Parker Foods for assistance in sample collection.

Author Contributions

Conceptualization: Ruth E. Wonfor, Deborah M. Nash, Michael T. Rose.
Data curation: Ruth E. Wonfor, Christopher J. Creevey.

Formal analysis: Ruth E. Wonfor, Christopher J. Creevey.

Funding acquisition: Deborah M. Nash, Michael T. Rose.

Investigation: Ruth E. Wonfor, Manuela Natoli, Matthew Hegarty.
Methodology: Ruth E. Wonfor, Christopher J. Creevey, Deborah M. Nash, Michael T. Rose.
Software: Christopher J. Creevey.

Supervision: Deborah M. Nash, Michael T. Rose.

Validation: Ruth E. Wonfor, Deborah M. Nash, Michael T. Rose.
Visualization: Ruth E. Wonfor.

Writing - original draft: Ruth E. Wonfor.

Writing - review & editing: Deborah M. Nash, Michael T. Rose.

PLOS ONE | https://doi.org/10.1371/journal.pone.0242874 December 7, 2020 15/21


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0242874.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0242874.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0242874.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0242874.s004
https://doi.org/10.1371/journal.pone.0242874

PLOS ONE

PIF and the bovine endometrial transcriptome

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Stamatkin CW, Roussev RG, Stout M, Absalon-Medina V, Ramu S, Goodman C, et al. Prelmplanta-
tion Factor (PIF) correlates with early mammalian embryo development-bovine and murine models.
Reprod Biol Endocrin. 2011; 9:63. https://doi.org/10.1186/1477-7827-9-63 PMID: 21569635

Barnea ER. Insight into early pregnancy events: The emerging role of the embryo. Am J Reprod Immu-
nol. 2004; 51:319-22. https://doi.org/10.1111/1.1600-0897.2004.00159.x PMID: 15212665

Ramu S, Stamatkin C, Timms L, Ruble M, Roussev RG, Barnea ER. Prelmplantation factor (PIF)
detection in maternal circulation in early pregnancy correlates with live birth (bovine model). Reprod
Biol Endocrin. 2013; 11(1):105. https://doi.org/10.1186/1477-7827-11-105 PMID: 24238492

Mentorou C, Promponas EM, Keramitsoglou T, Daves S, Mastrominas M, Perros G, et al. Preimplan-
tation factor (PIF*) levels in embryo culture supernatants after single embryo transfer correlate with
pregnancy outcome. 8th European Congress on Reproductive Immunology; 2010; Munich, Germany:
J Reprod Immunol.

Paidas MJ, Krikun G, Huang SJ, Jones R, Romano M, Annunziato J, et al. A genomic and proteomic
investigation of the impact of preimplantation factor on human decidual cells. Am J Obstet Gynecol.
2010; 202(5):459 e1-8. https://doi.org/10.1016/j.a2jog.2010.03.024 PMID: 20452489

Barnea ER, Kirk D, Ramu S, Rivnay B, Roussev R, Paidas MJ. Prelmplantation Factor (PIF) orches-
trates systemic antiinflammatory response by immune cells: effect on peripheral blood mononuclear
cells. Am J Obstet Gynecol. 2012a; 207(4):313 e1—11. Epub 2012/10/02. https://doi.org/10.1016/j.
ajog.2012.07.017 PMID: 23021695

Immler RT, Barnea ER, Sperandio M. Prelmplantation factor (PIF) impairs leukocyte recruitment in
TNF-a induced inflammation in vivo. 94th Annual Meeting of the German Physiological Society; 2015;
Magdeburg, Germany.

Barnea ER, Kirk D, Todorova K, McElhinney J, Hayrabedyan S, Fernandez N. PIF directimmune reg-
ulation: Blocks mitogen-activated PBMCs proliferation, promotes TH2/TH1 bias, independent of Ca
(2.). Immunobiology. 2015; 220(7):865-75. https://doi.org/10.1016/j.imbio.2015.01.010 PMID:
25766203

Duzyj CM, Barnea ER, Li M, Huang SJ, Krikun G, Paidas MJ. Preimplantation factor promotes first tri-
mester trophoblast invasion. Am J Obstet Gynecol. 2010; 203(4):402 e1—4. https://doi.org/10.1016/j.
2jog.2010.06.060 PMID: 20708167

Mamo S, Mehta JP, Forde N, McGettigan P, Lonergan P. Conceptus-endometrium crosstalk during
maternal recognition of pregnancy in cattle. Biol Reprod. 2012; 87(1):6, 1-9. https://doi.org/10.1095/
biolreprod.112.099945 PMID: 22517619

Wolf E, Arnold GJ, Bauersachs S, Beier HM, Blum H, Einspanier R, et al. Embryo-maternal communi-
cation in bovine—strategies for deciphering a complex cross-talk. Reprod Dom Anim. 2003; 38:276—
89. https://doi.org/10.1046/j.1439-0531.2003.00435.x PMID: 12887567

Thatcher WW, Guzeloglu A, Mattos R, Binelli M, Hansen TR, Pru JK. Uterine-conceptus interactions
and reproductive failure in cattle. Theriogenology. 2001; 56:1435-50. https://doi.org/10.1016/s0093-
691x(01)00645-8 PMID: 11768809

Ealy AD, Yang QE. Control of Interferon-Tau Expression During Early Pregnancy in Ruminants. Am J
Reprod Immunol. 2009; 61(2):95-106. https://doi.org/10.1111/j.1600-0897.2008.00673.x PMID:
19143673

Zhao G, Jiang K, Zhang T, Wu H, Qiu C, Deng G. Specific interferon tau gene-regulation networks in
bovine endometrial luminal epithelial cells. Theriogenology. 2018; 105:51-60. https://doi.org/10.1016/
j-theriogenology.2017.09.004 PMID: 28923706

Bauersachs S, Ulbrich SE, Reichenbach HD, Reichenbach M, Buttner M, Meyer HH, et al. Compari-
son of the effects of early pregnancy with human interferon, alpha 2 (IFNA2), on gene expression in
bovine endometrium. Biol Reprod. 2012; 86(2):46. https://doi.org/10.1095/biolreprod.111.094771
PMID: 22034527

Mathew DJ, Sanchez JM, Passaro C, Charpigny G, Behura SK, Spencer TE, et al. Interferon tau-
dependent and independent effects of the bovine conceptus on the endometrial transcriptome. Biol
Reprod. 2019; 100(2):365-80. https://doi.org/10.1093/biolre/ioy199 PMID: 30203055

Wiltbank MC, Baez GM, Garcia-Guerra A, Toledo MZ, Monteiro PL, Melo LF, et al. Pivotal periods for
pregnancy loss during the first trimester of gestation in lactating dairy cows. Theriogenology. 2016; 86
(1):239-53. https://doi.org/10.1016/j.theriogenology.2016.04.037 PMID: 27238438

Mamo S, Mehta JP, McGettigan P, Fair T, Spencer TE, Bazer FW, et al. RNA sequencing reveals
novel gene clusters in bovine conceptuses associated with maternal recognition of pregnancy and
implantation. Biol Reprod. 2011; 85(6):1143-51. Epub 2011/07/29. https://doi.org/10.1095/biolreprod.
111.092643 PMID: 21795669

PLOS ONE | https://doi.org/10.1371/journal.pone.0242874 December 7, 2020 16/21


https://doi.org/10.1186/1477-7827-9-63
http://www.ncbi.nlm.nih.gov/pubmed/21569635
https://doi.org/10.1111/j.1600-0897.2004.00159.x
http://www.ncbi.nlm.nih.gov/pubmed/15212665
https://doi.org/10.1186/1477-7827-11-105
http://www.ncbi.nlm.nih.gov/pubmed/24238492
https://doi.org/10.1016/j.ajog.2010.03.024
http://www.ncbi.nlm.nih.gov/pubmed/20452489
https://doi.org/10.1016/j.ajog.2012.07.017
https://doi.org/10.1016/j.ajog.2012.07.017
http://www.ncbi.nlm.nih.gov/pubmed/23021695
https://doi.org/10.1016/j.imbio.2015.01.010
http://www.ncbi.nlm.nih.gov/pubmed/25766203
https://doi.org/10.1016/j.ajog.2010.06.060
https://doi.org/10.1016/j.ajog.2010.06.060
http://www.ncbi.nlm.nih.gov/pubmed/20708167
https://doi.org/10.1095/biolreprod.112.099945
https://doi.org/10.1095/biolreprod.112.099945
http://www.ncbi.nlm.nih.gov/pubmed/22517619
https://doi.org/10.1046/j.1439-0531.2003.00435.x
http://www.ncbi.nlm.nih.gov/pubmed/12887567
https://doi.org/10.1016/s0093-691x%2801%2900645-8
https://doi.org/10.1016/s0093-691x%2801%2900645-8
http://www.ncbi.nlm.nih.gov/pubmed/11768809
https://doi.org/10.1111/j.1600-0897.2008.00673.x
http://www.ncbi.nlm.nih.gov/pubmed/19143673
https://doi.org/10.1016/j.theriogenology.2017.09.004
https://doi.org/10.1016/j.theriogenology.2017.09.004
http://www.ncbi.nlm.nih.gov/pubmed/28923706
https://doi.org/10.1095/biolreprod.111.094771
http://www.ncbi.nlm.nih.gov/pubmed/22034527
https://doi.org/10.1093/biolre/ioy199
http://www.ncbi.nlm.nih.gov/pubmed/30203055
https://doi.org/10.1016/j.theriogenology.2016.04.037
http://www.ncbi.nlm.nih.gov/pubmed/27238438
https://doi.org/10.1095/biolreprod.111.092643
https://doi.org/10.1095/biolreprod.111.092643
http://www.ncbi.nlm.nih.gov/pubmed/21795669
https://doi.org/10.1371/journal.pone.0242874

PLOS ONE

PIF and the bovine endometrial transcriptome

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Walker CG, Meier S, Littlejohn MD, Lehnert K, Roche JR, Mitchell MD. Modulation of the maternal
immune system by the pre-implantation embryo. BMC genomics. 2010; 11:474. https://doi.org/10.
1186/1471-2164-11-474 PMID: 20707927

Forde N, Carter F, Spencer TE, Bazer FW, Sandra O, Mansouri-Attia N, et al. Conceptus-induced
changes in the endometrial transcriptome: how soon does the cow know she is pregnant? Biol Reprod.
2011; 85(1):144-56. https://doi.org/10.1095/biolreprod.110.090019 PMID: 21349821

Binelli M, Scolari SC, Pugliesi G, Van Hoeck V, Gonella-Diaza AM, Andrade SC, et al. The transcrip-
tome signature of the receptive bovine uterus determined at early gestation. PLoS One. 2015; 10(4):
e0122874. https://doi.org/10.1371/journal.pone.0122874 PMID: 25849079

Bauersachs S, Ulbrich SE, Gross K, Schmidt SE, Meyer HH, Wenigerkind H, et al. Embryo-induced
transcriptome changes in bovine endometrium reveal species-specific and common molecular mark-
ers of uterine receptivity. Reproduction. 2006; 132(2):319-31. https://doi.org/10.1530/rep.1.00996
PMID: 16885540

Moraes JGN, Behura SK, Geary TW, Hansen PJ, Neibergs HL, Spencer TE. Uterine influences on
conceptus development in fertility-classified animals. Proc Natl Acad Sci U S A. 2018; 115(8):E1749—
E58. hittps://doi.org/10.1073/pnas.1721191115 PMID: 29432175

Cotechini T, Graham CH. Aberrant maternal inflammation as a cause of pregnancy complications: A
potential therapeutic target? Placenta. 2015; 36(8):960—6. https://doi.org/10.1016/j.placenta.2015.05.
016 PMID: 26094029

Mor G, Cardenas |, Abrahams V, Guller S. Inflammation and pregnancy: the role of the immune sys-
tem at the implantation site. Ann N'Y Acad Sci. 2011; 1221:80-7. https://doi.org/10.1111/j.1749-6632.
2010.05938.x PMID: 21401634

Mansouri-Attia N, Aubert J, Reinaud P, Giraud-Delville C, Taghouti G, Galio L, et al. Gene expression
profiles of bovine caruncular and intercaruncular endometrium at implantation. Physiol Genomics.
2008; 39:14-27. https://doi.org/10.1152/physiolgenomics.90404.2008.-At

Wonfor RE, Natoli M, Rose MT, Nash DM. Effects of preimplantation factor on interleukin-6 and pros-
taglandin F2a and E2 in the bovine endometrium. Theriogenology. 2017; 102:174-82. https://doi.org/
10.1016/j.theriogenology.2017.08.001 PMID: 28800499

Lewis GS. Steroidal regulation of uterine immune defenses. Anim Reprod Sci. 2004; 82—-83:281-94.
https://doi.org/10.1016/j.anireprosci.2004.04.026 PMID: 15271460

Lewis GS. Role of ovarian progesterone and potential role of prostaglandin Fo4 and prostaglandin E»
in modulating the uterine response to infectious bacteria in postpartum ewes. J Anim Sci. 2003;
81:285-93. https://doi.org/10.2527/2003.811285x PMID: 12597400

Ireland JJ, Murphee RL, Coulson PB. Accuracy of predicting stages of bovine estrous cycle by gross
anatomy of the corpus luteum. J Dairy Sci. 1980; 63:155-60. https://doi.org/10.3168/jds.S0022-0302
(80)82901-8 PMID: 7372895

Arosh JA, Parent JC, Chapdelaine P, Sirois J, Fortier MA. Expression of cyclooxygenases 1 and 2 and
prostaglandin E synthase in bovine endometrial tissue during the estrous cycle. Biol Reprod. 2002;
67:161-9. https://doi.org/10.1095/biolreprod67.1.161 PMID: 12080013

Madoz LV, Giuliodori MJ, Jaureguiberry M, Plontzke J, Drillich M, de la Sota RL. The relationship
between endometrial cytology during estrous cycle and cutoff points for the diagnosis of subclinical
endometritis in grazing dairy cows. J Dairy Sci. 2013; 96(7):4333-9. https://doi.org/10.3168/jds.2012-
6269 PMID: 23684026

Gilbert RO, Shin ST, Guard CL, Erb HN, Frajblat M. Prevalence of endometritis and its effects on
reproductive performance of dairy cows. Theriogenology. 2005; 64(9):1879-88. https://doi.org/10.
1016/j.theriogenology.2005.04.022 PMID: 15961149

Saut JP, Healey GD, Borges AM, Sheldon IM. Ovarian steroids do not affect bovine endometrial cyto-
kine or chemokine responses to Escherichia coli or LPS in vitro. Reproduction. 2014; 148(6):593-606.
https://doi.org/10.1530/REP-14-0230 PMID: 25246618

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

McCabe M, Waters SM, Morris DG, Kenny DA, Lynn DJ, Creevey CJ. RNA-seq analysis of differential
gene expression in liver from lactating dairy cows divergent in negative energy balance. BMC geno-
mics. 2012; 13:193. https://doi.org/10.1186/1471-2164-13-193 PMID: 22607119

Goecks J, Nekrutenko A, Taylor J. Galaxy: a comprehensive approach for supporting accessible,
reproducible, and transparent computational research in the life sciences. Genome Biol. 2010; 11:
R86. https://doi.org/10.1186/gb-2010-11-8-r86 PMID: 20738864

PLOS ONE | https://doi.org/10.1371/journal.pone.0242874 December 7, 2020 17/21


https://doi.org/10.1186/1471-2164-11-474
https://doi.org/10.1186/1471-2164-11-474
http://www.ncbi.nlm.nih.gov/pubmed/20707927
https://doi.org/10.1095/biolreprod.110.090019
http://www.ncbi.nlm.nih.gov/pubmed/21349821
https://doi.org/10.1371/journal.pone.0122874
http://www.ncbi.nlm.nih.gov/pubmed/25849079
https://doi.org/10.1530/rep.1.00996
http://www.ncbi.nlm.nih.gov/pubmed/16885540
https://doi.org/10.1073/pnas.1721191115
http://www.ncbi.nlm.nih.gov/pubmed/29432175
https://doi.org/10.1016/j.placenta.2015.05.016
https://doi.org/10.1016/j.placenta.2015.05.016
http://www.ncbi.nlm.nih.gov/pubmed/26094029
https://doi.org/10.1111/j.1749-6632.2010.05938.x
https://doi.org/10.1111/j.1749-6632.2010.05938.x
http://www.ncbi.nlm.nih.gov/pubmed/21401634
https://doi.org/10.1152/physiolgenomics.90404.2008.-At
https://doi.org/10.1016/j.theriogenology.2017.08.001
https://doi.org/10.1016/j.theriogenology.2017.08.001
http://www.ncbi.nlm.nih.gov/pubmed/28800499
https://doi.org/10.1016/j.anireprosci.2004.04.026
http://www.ncbi.nlm.nih.gov/pubmed/15271460
https://doi.org/10.2527/2003.811285x
http://www.ncbi.nlm.nih.gov/pubmed/12597400
https://doi.org/10.3168/jds.S0022-0302%2880%2982901-8
https://doi.org/10.3168/jds.S0022-0302%2880%2982901-8
http://www.ncbi.nlm.nih.gov/pubmed/7372895
https://doi.org/10.1095/biolreprod67.1.161
http://www.ncbi.nlm.nih.gov/pubmed/12080013
https://doi.org/10.3168/jds.2012-6269
https://doi.org/10.3168/jds.2012-6269
http://www.ncbi.nlm.nih.gov/pubmed/23684026
https://doi.org/10.1016/j.theriogenology.2005.04.022
https://doi.org/10.1016/j.theriogenology.2005.04.022
http://www.ncbi.nlm.nih.gov/pubmed/15961149
https://doi.org/10.1530/REP-14-0230
http://www.ncbi.nlm.nih.gov/pubmed/25246618
https://doi.org/10.1111/j.1600-0897.2012.01106.x
https://doi.org/10.1111/j.1600-0897.2012.01106.x
http://www.ncbi.nlm.nih.gov/pubmed/22324889
https://doi.org/10.1186/1471-2164-13-193
http://www.ncbi.nlm.nih.gov/pubmed/22607119
https://doi.org/10.1186/gb-2010-11-8-r86
http://www.ncbi.nlm.nih.gov/pubmed/20738864
https://doi.org/10.1371/journal.pone.0242874

PLOS ONE

PIF and the bovine endometrial transcriptome

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Blankenberg D, Von Kuster G, Coraor N, Ananda G, Lazarus R, Mangan M, et al. Galaxy: a web-
based genome analysis tool for experimentalists. Curr Protoc Mol Biol. 2010;Chapter 19:Unit 19.0.1—
21. https://doi.org/10.1002/0471142727.mb1910s89 PMID: 20069535

Giardine B, Riemer C, Hardison RC, Burhans R, Elnitski L, Shah P, et al. Galaxy: a platform for interac-
tive large-scale genome analysis. Genome Res. 2005; 15(10):1451-5. https://doi.org/10.1101/gr.
4086505 PMID: 16169926

Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for lllumina sequence data. Bioinfor-
matics. 2014; 30(15):2114—-20. https://doi.org/10.1093/bicinformatics/btu170 PMID: 24695404

Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nature methods. 2012; 9
(4):357-9. https://doi.org/10.1038/nmeth.1923 PMID: 22388286

Langmead B, Trapnell C, Pop M, Salzberg SL. Ultrafast and memory-efficient alignment of short DNA
sequences to the human genome. Genome Biol. 2009; 10(3):R25. https://doi.org/10.1186/gb-2009-
10-3-r25 PMID: 19261174

Liao Y, Smyth GK, Shi W. featureCounts: an efficient general purpose program for assigning
sequence reads to genomic features. Bioinformatics. 2014; 30(7):923-30. https://doi.org/10.1093/
bioinformatics/btt656 PMID: 24227677

Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for RNA-seq data
with DESeg2. Genome Biol. 2014; 15(12):550. https://doi.org/10.1186/s13059-014-0550-8 PMID:
25516281

Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and powerful approach to
multiple testing. J R Stat Soc. 1995; 57(1):289-300.

Kanehisa M, Goto S. KEGG: Kyoto Encyclopedia of Genes and Genomes. Nucleic Acids Res. 2000;
28(1):27-30. https://doi.org/10.1093/nar/28.1.27 PMID: 10592173

Szklarczyk D, Franceschini A, Wyder S, Forslund K, Heller D, Huerta-Cepas J, et al. STRING v10: pro-
tein-protein interaction networks, integrated over the tree of life. Nucleic Acids Res. 2015; 43(Data-
base issue):D447-52. https://doi.org/10.1093/nar/gku1003 PMID: 25352553

Duzyj CM, Paidas MJ, Jebailey L, Huang J, Barnea ER. Prelmplantation factor (PIF*) promotes
embryotrophic and neuroprotective decidual genes: effect negated by epidermal growth factor. J Neu-
rodev Disord. 2014; 6(1):36. https://doi.org/10.1186/1866-1955-6-36 PMID: 26085845

Barnea ER, Kirk D, Paidas MJ. Prelmplantation Factor (PIF) promoting role in embryo implantation:
increases endometrial Integrin-a233, amphiregulin and epiregulin while reducing betacellulin expres-
sion via MAPK in decidua. Reprod Biol Endocrin. 2012b; 10:50. https://doi.org/10.1186/1477-7827-
10-50 PMID: 22788113

Khatib H, Gross N. Symposium review: Embryo survival-A genomic perspective of the other side of
fertility. J Dairy Sci. 2019; 102(4):3744-53. https://doi.org/10.3168/jds.2018-15252 PMID: 30293848

Forde N, Carter F, Fair T, Crowe MA, Evans AC, Spencer TE, et al. Progesterone-regulated changes
in endometrial gene expression contribute to advanced conceptus development in cattle. Biol Reprod.
2009; 81(4):784-94. https://doi.org/10.1095/biolreprod.108.074336 PMID: 19553605

Moore SG, McCabe MS, Green JC, Newsom EM, Lucy MC. The transcriptome of the endometrium
and placenta is associated with pregnancy development but not lactation status in dairy cows. Biol
Reprod. 2017; 97(1):18-31. https://doi.org/10.1093/biolre/iox059 PMID: 28859278

Bauersachs S, Simintiras CA, Sturmey RG, Krebs S, Bick J, Blum H, et al. Effect of metabolic status
on conceptus-maternal interactions on day 19 in dairy cattle: Il. Effects on the endometrial transcrip-
tome. Biol Reprod. 2017; 97(3):413-25. https://doi.org/10.1093/biolre/iox095 PMID: 29024972

Guggeri D, Meikle A, Carriquiry M, De Barbieri |, Montossi F, Vinoles C. Long-term effect of early nutri-
tion on endocrine parameters and liver and endometrial gene expression of the members of the soma-
totrophic axis in Hereford heifers. Reprod Domest Anim. 2018; 53(4):930-6. https://doi.org/10.1111/
rda.13190 PMID: 29687500

Valour D, Hue |, Degrelle SA, Dejean S, Marot G, Dubois O, et al. Pre- and post-partum mild under-
feeding influences gene expression in the reproductive tract of cyclic dairy cows. Reprod Domest
Anim. 2013; 48(3):484-99. https://doi.org/10.1111/rda.12113 PMID: 23131127

King AE, Critchley HOD, Kelly RW. The NF-kB pathway in human endometrium and first trimester
decidua. Mol Human Reprod. 2001; 7(2):175-83. https://doi.org/10.1093/molehr/7.2.175 PMID:
11160844

Buska K, Kedzierska AE, Slawek A, Chelmonska-Soyta A. Global decrease in the expression of sig-
nalling pathways’ genes in murine uterus during preimplantation pregnancy. Reprod Biol. 2017; 17
(1):89-96. https://doi.org/10.1016/j.repbio.2017.01.003 PMID: 28215431

PLOS ONE | https://doi.org/10.1371/journal.pone.0242874 December 7, 2020 18/21


https://doi.org/10.1002/0471142727.mb1910s89
http://www.ncbi.nlm.nih.gov/pubmed/20069535
https://doi.org/10.1101/gr.4086505
https://doi.org/10.1101/gr.4086505
http://www.ncbi.nlm.nih.gov/pubmed/16169926
https://doi.org/10.1093/bioinformatics/btu170
http://www.ncbi.nlm.nih.gov/pubmed/24695404
https://doi.org/10.1038/nmeth.1923
http://www.ncbi.nlm.nih.gov/pubmed/22388286
https://doi.org/10.1186/gb-2009-10-3-r25
https://doi.org/10.1186/gb-2009-10-3-r25
http://www.ncbi.nlm.nih.gov/pubmed/19261174
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1093/bioinformatics/btt656
http://www.ncbi.nlm.nih.gov/pubmed/24227677
https://doi.org/10.1186/s13059-014-0550-8
http://www.ncbi.nlm.nih.gov/pubmed/25516281
https://doi.org/10.1093/nar/28.1.27
http://www.ncbi.nlm.nih.gov/pubmed/10592173
https://doi.org/10.1093/nar/gku1003
http://www.ncbi.nlm.nih.gov/pubmed/25352553
https://doi.org/10.1186/1866-1955-6-36
http://www.ncbi.nlm.nih.gov/pubmed/26085845
https://doi.org/10.1186/1477-7827-10-50
https://doi.org/10.1186/1477-7827-10-50
http://www.ncbi.nlm.nih.gov/pubmed/22788113
https://doi.org/10.3168/jds.2018-15252
http://www.ncbi.nlm.nih.gov/pubmed/30293848
https://doi.org/10.1095/biolreprod.108.074336
http://www.ncbi.nlm.nih.gov/pubmed/19553605
https://doi.org/10.1093/biolre/iox059
http://www.ncbi.nlm.nih.gov/pubmed/28859278
https://doi.org/10.1093/biolre/iox095
http://www.ncbi.nlm.nih.gov/pubmed/29024972
https://doi.org/10.1111/rda.13190
https://doi.org/10.1111/rda.13190
http://www.ncbi.nlm.nih.gov/pubmed/29687500
https://doi.org/10.1111/rda.12113
http://www.ncbi.nlm.nih.gov/pubmed/23131127
https://doi.org/10.1093/molehr/7.2.175
http://www.ncbi.nlm.nih.gov/pubmed/11160844
https://doi.org/10.1016/j.repbio.2017.01.003
http://www.ncbi.nlm.nih.gov/pubmed/28215431
https://doi.org/10.1371/journal.pone.0242874

PLOS ONE

PIF and the bovine endometrial transcriptome

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Alminana C, Heath PR, Wilkinson S, Sanchez-Osorio J, Cuello C, Parrilla |, et al. Early developing pig
embryos mediate their own environment in the maternal tract. PLoS One. 2012; 7(3):e33625. https://
doi.org/10.1371/journal.pone.0033625 PMID: 22470458

Correia-Alvarez E, Gomez E, Martin D, Carrocera S, Perez S, Peynot N, et al. Early embryonic and
endometrial regulation of tumor necrosis factor and tumor necrosis factor receptor 2 in the cattle
uterus. Theriogenology. 2015; 83(6):1028-37. https://doi.org/10.1016/j.theriogenology.2014.12.007
PMID: 25589228

Mueller M, Zhou J, Yang L, Gao Y, Wu F, Schoeberlein A, et al. Prelmplantation factor promotes neu-
roprotection by targeting microRNA let-7. PNAS USA. 2014; 111(38):13882-7. https://doi.org/10.
1073/pnas.1411674111 PMID: 25205808

Barnea ER, Hayrabedyan S, Todorova K, Almogi-Hazan O, Or R, Guingab J, et al. Prelmplantation
factor (PIF*) regulates systemic immunity and targets protective regulatory and cytoskeleton proteins.
Immunobiology. 2016; 221(7):778-93. https://doi.org/10.1016/j.imbio.2016.02.004 PMID: 26944449

Moretti S, Oikonomou V, Garaci E, Romani L. Thymosin alpha1: burying secrets in the thymus. Expert
Opin Biol Ther. 2015; 15 Suppl 1:S51-8. https://doi.org/10.1517/14712598.2015.1044895 PMID:
26098878

Romani L, Moretti S, Fallarino F, Bozza S, Ruggeri L, Casagrande A, et al. Jack of all trades: thymosin
alphai and its pleiotropy. Ann N Y Acad Sci. 2012; 1269:1-6. https://doi.org/10.1111/j.1749-6632.
2012.06716.x PMID: 23045964

Chandel HS, Pandey SP, Shukla D, Lalsare K, Selvaraj SK, Jha MK, et al. Toll-like receptors and
CD40 modulate each other’s expression affecting Leishmania major infection. Clin Exp Immunol.
2014; 176(2):283-90. https://doi.org/10.1111/cei.12264 PMID: 24387292

Akira S, Yamamoto M, Takeda K. Role of adapters in Toll-like receptor signalling. Biochem Soc Trans.
2003; 31(3):637-42. https://doi.org/10.1042/bst0310637 PMID: 12773172

Moindjie H, Dos Santos E, Loeuillet L, Gronier H, de Mazancourt P, Barnea ER, et al. Preimplantation
Factor (PIF) promotes human trophoblast invasion. Biol Reprod. 2014; 91(5):118. https://doi.org/10.
1095/biolreprod.114.119156 PMID: 25232018

Sabio G, Davis RJ. TNF and MAP kinase signalling pathways. Semin Immunol. 2014; 26(3):237—45.
https://doi.org/10.1016/j.smim.2014.02.009 PMID: 24647229

Elgueta R, Benson MJ, De Vries VC, Wasiuk A, Guo Y, Noelle RJ. Molecular mechanism and function
of CD40/CD40L engagement in the immune system. Immunol Rev. 2009; 229(1):152—72. https://doi.
org/10.1111/j.1600-065X.2009.00782.x PMID: 19426221

Ara A, Ahmed KA, Xiang J. Multiple effects of CD40-CD40L axis in immunity against infection and can-
cer. Immunotargets Ther. 2018; 7:55-61. hitps://doi.org/10.2147/ITT.S163614 PMID: 29988701

Croft M, Benedict CA, Ware CF. Clinical targeting of the TNF and TNFR superfamilies. Nat Rev Drug
Discov. 2013; 12(2):147-68. https://doi.org/10.1038/nrd3930 PMID: 23334208

King AE, Kelly RW, Critchley HOD, Malmstrom A, Sennstrom M, Phipps RP. CD40 Expression in Uter-
ine Tissues: A Key Regulator of Cytokine Expression by Fibroblasts. J Clin Endocrinol Metab. 2001;
86(1):405-12. https://doi.org/10.1210/jcem.86.1.7133 PMID: 11232032

Matsubara K, Matsubara Y, Mori M, Uchikura Y, Hamada K, Fujioka T, et al. Immune activation during
the implantation phase causes preeclampsia-like symptoms via the CD40-CD40 ligand pathway in
pregnant mice. Hypertens Res. 2016; 39(6):407—14. https://doi.org/10.1038/hr.2015.160 PMID:
26763855

Soto P, Natzke RP, Hansen PJ. Actions of tumor necrosis factor-a on oocyte maturation and embry-
onic development in cattle. Am J Reprod Immunol. 2003; 50:380-8. https://doi.org/10.1034/j.1600-
0897.2003.00101.x PMID: 14750697

Munoz M, Corrales FJ, Caamano JN, Diez C, Trigal B, Mora MI, et al. Proteome of the early embryo-
maternal dialogue in the cattle uterus. J Proteome Res. 2012; 11(2):751-66. https://doi.org/10.1021/
pr200969a PMID: 22148898

Haider S, Knofler M. Human tumour necrosis factor: physiological and pathological roles in placenta
and endometrium. Placenta. 2009; 30(2):111-23. https://doi.org/10.1016/j.placenta.2008.10.012
PMID: 19027157

Akira S, Takeda K. Toll-like receptor signalling. Nature reviews Immunology. 2004; 4(7):499-511.
https://doi.org/10.1038/nri1391 PMID: 15229469

Wu D, Pan P, Su X, Zhang L, Qin Q, Tan H, et al. Interferon Regulatory Factor-1 Mediates Alveolar
Macrophage Pyroptosis During LPS-Induced Acute Lung Injury in Mice. Shock. 2016; 46(3):329-38.
https://doi.org/10.1097/SHK.0000000000000595 PMID: 26939040

PLOS ONE | https://doi.org/10.1371/journal.pone.0242874 December 7, 2020 19/21


https://doi.org/10.1371/journal.pone.0033625
https://doi.org/10.1371/journal.pone.0033625
http://www.ncbi.nlm.nih.gov/pubmed/22470458
https://doi.org/10.1016/j.theriogenology.2014.12.007
http://www.ncbi.nlm.nih.gov/pubmed/25589228
https://doi.org/10.1073/pnas.1411674111
https://doi.org/10.1073/pnas.1411674111
http://www.ncbi.nlm.nih.gov/pubmed/25205808
https://doi.org/10.1016/j.imbio.2016.02.004
http://www.ncbi.nlm.nih.gov/pubmed/26944449
https://doi.org/10.1517/14712598.2015.1044895
http://www.ncbi.nlm.nih.gov/pubmed/26098878
https://doi.org/10.1111/j.1749-6632.2012.06716.x
https://doi.org/10.1111/j.1749-6632.2012.06716.x
http://www.ncbi.nlm.nih.gov/pubmed/23045964
https://doi.org/10.1111/cei.12264
http://www.ncbi.nlm.nih.gov/pubmed/24387292
https://doi.org/10.1042/bst0310637
http://www.ncbi.nlm.nih.gov/pubmed/12773172
https://doi.org/10.1095/biolreprod.114.119156
https://doi.org/10.1095/biolreprod.114.119156
http://www.ncbi.nlm.nih.gov/pubmed/25232018
https://doi.org/10.1016/j.smim.2014.02.009
http://www.ncbi.nlm.nih.gov/pubmed/24647229
https://doi.org/10.1111/j.1600-065X.2009.00782.x
https://doi.org/10.1111/j.1600-065X.2009.00782.x
http://www.ncbi.nlm.nih.gov/pubmed/19426221
https://doi.org/10.2147/ITT.S163614
http://www.ncbi.nlm.nih.gov/pubmed/29988701
https://doi.org/10.1038/nrd3930
http://www.ncbi.nlm.nih.gov/pubmed/23334208
https://doi.org/10.1210/jcem.86.1.7133
http://www.ncbi.nlm.nih.gov/pubmed/11232032
https://doi.org/10.1038/hr.2015.160
http://www.ncbi.nlm.nih.gov/pubmed/26763855
https://doi.org/10.1034/j.1600-0897.2003.00101.x
https://doi.org/10.1034/j.1600-0897.2003.00101.x
http://www.ncbi.nlm.nih.gov/pubmed/14750697
https://doi.org/10.1021/pr200969a
https://doi.org/10.1021/pr200969a
http://www.ncbi.nlm.nih.gov/pubmed/22148898
https://doi.org/10.1016/j.placenta.2008.10.012
http://www.ncbi.nlm.nih.gov/pubmed/19027157
https://doi.org/10.1038/nri1391
http://www.ncbi.nlm.nih.gov/pubmed/15229469
https://doi.org/10.1097/SHK.0000000000000595
http://www.ncbi.nlm.nih.gov/pubmed/26939040
https://doi.org/10.1371/journal.pone.0242874

PLOS ONE

PIF and the bovine endometrial transcriptome

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94,

95.

96.

Ostuni MA, Guellec J, Hermand P, Durand P, Combadiere C, Pincet F, et al. CX3CL1, a chemokine
finely tuned to adhesion: critical roles of the stalk glycosylation and the membrane domain. Biol Open.
2014; 3(12):1173-82. https://doi.org/10.1242/bi0.20149845 PMID: 25395671

Furie MB, Randolph GJ. Chemokines and tissue injury. Am J Pathol. 1995; 146(6):1287-301. PMID:
7778669

Moser B, Wolf M, Walz A, Loetscher P. Chemokines: multiple levels of leukocyte migration control.
Trends Immunol. 2004; 25(2):75-84. https://doi.org/10.1016/}.it.2003.12.005 PMID: 15102366

Cook-Mills JM, Marchese ME, Abdala-Valencia H. Vascular cell adhesion molecule-1 expression and
signaling during disease: regulation by reactive oxygen species and antioxidants. Antioxid Redox
Sign. 2011; 15(6):1607-38. https://doi.org/10.1089/ars.2010.3522 PMID: 21050132

Long EO. ICAM-1: getting a grip on leukocyte adhesion. J Immunol. 2011; 186(9):5021-3. https://doi.
org/10.4049/jimmunol. 1100646 PMID: 21505213

Greene JA, Portillo JA, Lopez Corcino Y, Subauste CS. CD40-TRAF Signaling Upregulates CX3CL1
and TNF-alpha in Human Aortic Endothelial Cells but Not in Retinal Endothelial Cells. PLoS One.
2015; 10(12):e0144133. https://doi.org/10.1371/journal.pone.0144133 PMID: 26710229

Kotowicz K, Dixon GLJ, Klein NJ, Peters MJ, Callard RE. Biological function of CD40 on human endo-
thelial cells: costimulation with CD40 ligand and interleukin-4 selectively induces expression of vascu-
lar cell adhesion molecule-1 and P-selectin resulting in preferential adhesion of lymphocytes.
Immunology. 2000; 100(4):441-8. https://doi.org/10.1046/j.1365-2567.2000.00061.x PMID:
10929070

Choi HJ, Kim NE, Kim BM, Seo M, Heo JH. TNF-alpha-Induced YAP/TAZ Activity Mediates Leuko-
cyte-Endothelial Adhesion by Regulating VCAM1 Expression in Endothelial Cells. Int J Mol Sci. 2018;
19(11). https://doi.org/10.3390/ijms 19113428 PMID: 30388809

Beguin EP, van den Eshof BL, Hoogendijk AJ, Nota B, Mertens K, Meijer AB, et al. Integrated proteo-
mic analysis of tumor necrosis factor alpha and interleukin 1beta-induced endothelial inflammation. J
Proteomics. 2019; 192:89-101. https://doi.org/10.1016/}.jprot.2018.08.011 PMID: 30153514

Groebner AE, Schulke K, Schefold JC, Fusch G, Sinowatz F, Reichenbach HD, et al. Immunological
mechanisms to establish embryo tolerance in early bovine pregnancy. Reprod Fert Dev. 2011; 23
(5):619-32. https://doi.org/10.1071/RD10230 PMID: 21635810

Nash DM, Paddison J, Davies Morel MCG, Barnea ER. Preimplantation factor modulates acute inflam-
matory responses of equine endometrium. Vet Med Sci. 2018; 4(4):351-6. https://doi.org/10.1002/
vms3.126 PMID: 30273998

Denny KJ, Woodruff TM, Taylor SM, Callaway LK. Complement in pregnancy: a delicate balance. Am
J Reprod Immunol. 2013; 69(1):3—11. https://doi.org/10.1111/aji.12000 PMID: 22925193

Haneda S, Nagaoka K, Nambo Y, Kikuchi M, Nakano Y, Li J, et al. Expression of uterine lipocalin 2
and its receptor during early- to mid-pregnancy period in mares. J Reprod Dev. 2017; 63(2):127-33.
https://doi.org/10.1262/jrd.2016-096 PMID: 27980236

Marth CD, Young ND, Glenton LY, Noden DM, Browning GF, Krekeler N. Deep sequencing of the uter-
ine immune response to bacteria during the equine oestrous cycle. BMC genomics. 2015; 16:934.
https://doi.org/10.1186/s12864-015-2139-3 PMID: 26572250

Stark GR, Kerr IM, Williams BRG, Silverman RH, Schreiber RD. How cells respond to interferons.
Annu Rev Biochem. 1998; 67(1):227—64. https://doi.org/10.1146/annurev.biochem.67.1.227 PMID:
9759489

Stewart DM, Johnson GA, Vyhlidal CA, Burghardt RC, Safe SH, Yu-Lee L-Y, et al. Interferon-t Acti-
vates Multiple Signal Transducer and Activator of Transcription Proteins and Has Complex Effects on
Interferon-Responsive Gene Transcription in Ovine Endometrial Epithelial Cells. Endocrinology. 2001;
142(1):98-107. https://doi.org/10.1210/endo.142.1.7891 PMID: 11145571

Klein C, Bauersachs S, Ulbrich SE, Einspanier R, Meyer HH, Schmidt SE, et al. Monozygotic twin
model reveals novel embryo-induced transcriptome changes of bovine endometrium in the preattach-
ment period. Biol Reprod. 2006; 74(2):253—64. https://doi.org/10.1095/biolreprod.105.046748 PMID:
16207835

Spencer TE, Ott TL, Bazer FW. Expression of Interferon Regulatory Factors One and Two in the
Ovine Endometrium: Effects of Pregnancy and Ovine Interferon Tau1. Biol Reprod. 1998; 58(5):1154—
62. https://doi.org/10.1095/biolreprod58.5.1154 PMID: 9603248

Taniguchi T, Ogasawara K, Takaoka A, Tanaka N. IRF Family of Transcription Factors as Regulators
of Host Defense. Annu Rev Immunol. 2001; 19(1):623-55. https://doi.org/10.1146/annurev.immunol.
19.1.623 PMID: 11244049

PLOS ONE | https://doi.org/10.1371/journal.pone.0242874 December 7, 2020 20/21


https://doi.org/10.1242/bio.20149845
http://www.ncbi.nlm.nih.gov/pubmed/25395671
http://www.ncbi.nlm.nih.gov/pubmed/7778669
https://doi.org/10.1016/j.it.2003.12.005
http://www.ncbi.nlm.nih.gov/pubmed/15102366
https://doi.org/10.1089/ars.2010.3522
http://www.ncbi.nlm.nih.gov/pubmed/21050132
https://doi.org/10.4049/jimmunol.1100646
https://doi.org/10.4049/jimmunol.1100646
http://www.ncbi.nlm.nih.gov/pubmed/21505213
https://doi.org/10.1371/journal.pone.0144133
http://www.ncbi.nlm.nih.gov/pubmed/26710229
https://doi.org/10.1046/j.1365-2567.2000.00061.x
http://www.ncbi.nlm.nih.gov/pubmed/10929070
https://doi.org/10.3390/ijms19113428
http://www.ncbi.nlm.nih.gov/pubmed/30388809
https://doi.org/10.1016/j.jprot.2018.08.011
http://www.ncbi.nlm.nih.gov/pubmed/30153514
https://doi.org/10.1071/RD10230
http://www.ncbi.nlm.nih.gov/pubmed/21635810
https://doi.org/10.1002/vms3.126
https://doi.org/10.1002/vms3.126
http://www.ncbi.nlm.nih.gov/pubmed/30273998
https://doi.org/10.1111/aji.12000
http://www.ncbi.nlm.nih.gov/pubmed/22925193
https://doi.org/10.1262/jrd.2016-096
http://www.ncbi.nlm.nih.gov/pubmed/27980236
https://doi.org/10.1186/s12864-015-2139-3
http://www.ncbi.nlm.nih.gov/pubmed/26572250
https://doi.org/10.1146/annurev.biochem.67.1.227
http://www.ncbi.nlm.nih.gov/pubmed/9759489
https://doi.org/10.1210/endo.142.1.7891
http://www.ncbi.nlm.nih.gov/pubmed/11145571
https://doi.org/10.1095/biolreprod.105.046748
http://www.ncbi.nlm.nih.gov/pubmed/16207835
https://doi.org/10.1095/biolreprod58.5.1154
http://www.ncbi.nlm.nih.gov/pubmed/9603248
https://doi.org/10.1146/annurev.immunol.19.1.623
https://doi.org/10.1146/annurev.immunol.19.1.623
http://www.ncbi.nlm.nih.gov/pubmed/11244049
https://doi.org/10.1371/journal.pone.0242874

PLOS ONE

PIF and the bovine endometrial transcriptome

97.

98.

99.

100.

101.

Zhao GN, Jiang DS, Li H. Interferon regulatory factors: at the crossroads of immunity, metabolism,
and disease. Biochim Biophys Acta. 2015; 1852(2):365-78. https://doi.org/10.1016/j.bbadis.2014.04.
030 PMID: 24807060

Jesse TL, LaChance R, lademarco MF, Dean DC. Interferon regulatory factor-2 is a transcriptional
activator in muscle where It regulates expression of vascular cell adhesion molecule-1. J Cell Biol.
1998; 140(5):1265-76. https://doi.org/10.1083/jcb.140.5.1265 PMID: 9490737

Balyura M, Gelfgat E, Ullmann E, Ludwig B, Barnea ER, Bornstein SR. Prelmplantation factor (PIF*)
regulates stress-induced adrenal steroidogenesis and anti-inflammatory cytokines: potential applica-
tion for bioartificial adrenal transplant. Horm Metab Res. 2018; 50(02):168-74. https://doi.org/10.1055/
s-0043-120064 PMID: 29065432

Monastra G, De Grazia S, De Luca L, Vittorio S, Unfer V. Vitamin D: a steroid hormone with progester-
one-like activity. Eur Rev Med Pharmaco. 2018; 22(8):2502—12. https://doi.org/10.26355/eurrev_
201804_14845 PMID: 29762856

Salle BL, Delvin EE, Lapillonne A, Bishop NJ, Glorieux FH. Perinatal metabolism of vitamin D. Am J
Clin Nutr. 2000; 71(5):1317S-24S. https://doi.org/10.1093/ajcn/71.5.1317s PMID: 10799409

PLOS ONE | https://doi.org/10.1371/journal.pone.0242874 December 7, 2020 21/21


https://doi.org/10.1016/j.bbadis.2014.04.030
https://doi.org/10.1016/j.bbadis.2014.04.030
http://www.ncbi.nlm.nih.gov/pubmed/24807060
https://doi.org/10.1083/jcb.140.5.1265
http://www.ncbi.nlm.nih.gov/pubmed/9490737
https://doi.org/10.1055/s-0043-120064
https://doi.org/10.1055/s-0043-120064
http://www.ncbi.nlm.nih.gov/pubmed/29065432
https://doi.org/10.26355/eurrev%5F201804%5F14845
https://doi.org/10.26355/eurrev%5F201804%5F14845
http://www.ncbi.nlm.nih.gov/pubmed/29762856
https://doi.org/10.1093/ajcn/71.5.1317s
http://www.ncbi.nlm.nih.gov/pubmed/10799409
https://doi.org/10.1371/journal.pone.0242874

