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Abstract

Most embryo losses occur in the first trimester of pregnancy in cows and include
losses following embryo transfer. There is a resulting negative economic impact on
cattle production systems when this occurs. Cellular and molecular mechanisms be-
hind the maternal immune response to the growing embryo have not been fully char-
acterized. The objective of this study was to examine the gene expression profiles of
peripheral white blood cells (PWBCs) from pregnant cows 21days after an embryo
was transferred, and cows that were treated equally but lost the embryo. Specifically,
we obtained and compared the transcriptome of PWBC from heifers that became
pregnant at day 21 (N=5) or failed to become pregnant after the embryo transfer
(N=5). Sequencing data can be accessed by Gene Expression Omnibus (GEO) with
the accession number GSE210665. A total of 13,167 genes were evaluated for differ-
ential expression between groups. A total of 682 genes showed differential expres-
sion (p-value <.01), 302 genes were up-regulated while 380 were down-regulated due
to pregnancy. The most significant genes were COL1A2, H2AC18, HTRA1, MMP14,
CD5L, ADAMDEC1, MYO1A and RPL39, among others. Most of the significant genes
are related to the up-regulation of inflammatory chemokine activity and immune de-
fence response. Our findings extend the current knowledge that pregnancy alters the
PWBC by promoting immune tolerance, cell chemotaxis, blood coagulation, angiogen-
esis, inflammatory response, cell adhesion and cytokine secretion. Our data suggest
that pregnancy and ectoparasites could trigger poorly described genes in PWBC of
cows, and a few previously escribed genes, such as IFI44. These results could shed
light on the genes and mechanisms that promote tolerance to pregnancy and allow

survival of the developing embryo.
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1 | INTRODUCTION

Peripheral white blood cells (PWBCs) originate in the bone marrow
and circulate in the blood including granulocytes, monocytes (ma-
ture macrophages) and lymphocytes (B and T cells and cytotoxic T
cells are highly specialized). Typically, after receiving a biochemical
signal, these cells in the blood increase the signalling by cytokine
secretion or by bringing more cells to the source of signalling to start
the healing process (Dean, 2005; Nicholson, 2016). These charac-
teristics make the PWBC the most important cells in the immune
response.

During the development of the embryo, three main characteris-
tics define the maternal and fetus interaction. First, the anatomical
separation from the mother prevents maternal immune cells from
accessing fetal antigens. Second, trophoblast fetal cells do not ex-
press alloantigens. Third, immunological tolerance to fetal antigens
is induced in the mother. The concept of immunological maternal
tolerance was developed by Medawar in 1964 (Croy, 2014). It is cur-
rently unknown how the maternal immunological system responds
to pregnancy, particularly at the early stages.

In cattle, the embryo attaches itself to the endometrium and
this begins approximately 18 days post mating (King, 1993). The de-
veloping embryo begins to secrete specific hormones that signal to
the cow's body that pregnancy has been established. During the at-
tachment process, the cow's immune system plays an important role
in either accepting or rejecting the embryo (Spencer et al., 2016).
Understanding this process can help in improving reproductive suc-
cess in cattle.

One important challenge is to understand how the maternal
immune system responds differently to antigens and the grow-
ing fetus. Data from humans show that natural killer cells coor-
dinate the placentation and allow the fetus to develop (Moffett
et al., 2017). It has been proposed that the developmental adap-
tation during pregnancy promotes immune exclusion and prevents
immune responses against the growing conceptus, by microchi-
merism. In other words, the early exchange of cells between the
mother and fetus affects the immune tolerance of the mother to
the fetus (Kinder et al., 2017).

Understanding the underlying molecular mechanisms that pro-
mote immune tolerance in pregnant cows would enable technical
and scientific interventions to minimize pregnancy loss after em-
bryo transfer or shorten the breeding period. Most embryo losses
occur in the first 16 days after breeding, which has been linked to
high cost in dairy production systems (Diskin et al., 2016; Wiltbank
et al., 2016). Furthermore, the timing of breeding impacts total milk
production and the maintenance costs of non-pregnant animals
(Consentini et al., 2021). In cows, the conceptus secretes Interferon
Tau (IFN-1), pregnancy-associated glycoproteins and prostaglan-
dins as key proteins affecting immune blood cell function during
early pregnancy (Ott, 2019). IFN-t affects the gene expression in
PWBC, particularly in mononuclear leukocytes and polymorphonu-
clear granulocytes cells (Shirasuna et al., 2012). In ruminants, this
cytokine is secreted by the conceptus that regulates transcriptional
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factors and modulates the maternal expression of a group of genes
called interferon-stimulated genes (ISGs) (Ealy & Yang, 2009). For
those reasons, identifying genes at early pregnancy and how the ma-
ternal immune system response is essential to fully understand the
embryo development process.

Previously, two independent groups reported genes differen-
tially expressed in cows during pregnancy. The first study reported
a total of 220 differentially expressed genes in the blood of Bos indi-
cus beef heifers on day 18 of pregnancy. A total of 200 genes were
up-regulated and 20 down-regulated. The study discusses possible
novel genes as early biomarkers of pregnancy in cows' blood as early
as 18days into pregnancy (Rocha et al., 2020). The second study
reported a total of 1860 genes and 237 microRNAs differentially
expressed in Bos taurus on the same day of artificial insemination.
The authors argue that the co-expressed genes in PWBC and free
circulating microRNA can be linked with fertility in heifers (Moorey
et al., 2020).

Our main research question was whether pregnancy at day 21
after embryo transfer (i.e. 28 days of pregnancy) could affect PWBC
gene expression. We hypothesized that the transcriptome of the
PWBC would be different for pregnant cows in comparison with

cows that lost the embryo.

2 | MATERIALS AND METHODS
2.1 | Ethics approval

Animal procedures were performed following the Guide for the Care
and Use of Agricultural Animals and were approved by the Animal
Care and Use Committee of the College of Agriculture and Life

Sciences, University of Wisconsin protocol number AO06314.

2.2 | Animals

Ten Holstein heifers enrolled in this study were between 1 and
2years old. All the heifers were treated under the same sanitary and
feeding conditions at a Wisconsin commercial dairy farm. The pro-
tocol (Figure 1) starts 8days before the insertion of an intravaginal
Controlled Internal Drug Release device (CIDR) with 1.38¢g of pro-
gesterone (P4; Eazi-Breed CIDR, Zoetis). On day minus three (D-3)
heifers were injected with 500 mg i.m. of cloprostenol (Estroplan®,
Parnell Pharmaceuticals) and the CIDR was removed. To induce ovu-
lation 3days later (D 0), GnRH i.m. was administered (100 pg gona-
dorelin acetate; Gonabreed®, Parnell Pharmaceuticals). Five days
after GnRH, the criteria to select recipients was the presence of at
least one corpus luteum (CL)>15mm in diameter on at least one of
the ovaries evaluated by ultrasonography. Then 7days (D 7) after
GnRH injection, one fresh in vitro fertilization embryo (cultured for
7 days previously from commercial production, unknown paternity,
embryo quality for transfer was evaluated under IETS guidelines)
was transferred to the uterine horn ipsilateral to the CL.
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FIGURE 1 Experimental design. Controlled internal drug release with 1.38g of progesterone was used between days -8 and -3. The
prostaglandin F2 alpha hormone was injected on day -3. Day O gonadotropin-releasing hormone was injected. On day 7 an embryo was
transferred and on day 21 after embryo transfer (day 28 of the protocol) pregnancy diagnosis was performed by rectal ultrasonography.
Blood samples were from five pregnant and five not pregnant cows. PWB cells and total RNA were isolated before sequencing.

The pregnancy diagnosis was performed using a portable ul-
trasound (Easi-Scan; BFC Technologies USA Ltd. LLC) with a linear-
array transducer (7.5-MHz) on day 21 following embryo transfer.
This is equivalent to day 28 of pregnancy in an inseminated female.
Heifers were considered pregnant by visualization of the embryonic
vesicle with a viable embryo having a heartbeat.

Blood samples were collected from five pregnant and five non-
pregnant heifers on day 28 after GnRH injection (day 21 after em-
bryo transfer; Figure 1). Blood samples were collected in K2 EDTA
Vacutainer tubes (Becton Dickinson) by tail venipuncture, using
18G needles (Becton Dickinson). Buffy coat layers for each sam-
ple were separated by centrifugation at 4°C for 15min and then
washed three successive times with hypertonic solution (saccha-
rose 0.3 M, Tris-HCIl pH=8.0 10mM, MgCl2 10 mM, Triton X 100
1%) to avoid red blood cells contamination. The resulting pellet
was stored in a 1.5mL conical tube at -80°C until RNA extraction

was performed.

2.3 | RNA-seq analysis: RNA extraction, library
preparation and sequencing

Total RNA was isolated and purified using TRIzol LS Reagent based
on a protocol previously described (Chomczynski & Sacchi, 2006)
and treated with DNAse to avoid DNA contamination. The result-
ing RNA vyield was measured through a Nanodrop One (Thermo
Fisher Scientific). The quality of RNA was evaluated using Agilent
Bioanalyzer, with RNA integrity number values between 8 and 10.
To avoid RNA ribosomal contamination, the total RNA extracted was
subject to RNA depletion. Libraries from individual samples were

sequenced with lllumina's HiSeq 2000 at Macrogen (Korea) using
100bp paired end reads.

2.4 | RNA-seq analysis: Quality control and
read mapping

The quality of the sequencing reads was evaluated before and after
trimming using the software FastQC (version 0.11.7, Babraham
Bioinformatics). Read trimming was performed using the software
Trim Galore (version 0.4.4, Babraham Bioinformatics) with the fol-
lowing parameters: --paired, --length 50, --clip_R1 12 and --clip_R2
12. After processing, paired-end sequencing reads were mapped
to the bovine reference genome ARS-UCD1.2 using the software
Hisat2 (v2.1.0; Kim et al., 2015).

2.5 | RNA-seq analysis: Expression analysis

The number of reads that mapped to each annotated gene in the
bovine annotation file (GTF file) was obtained using the python
script htseg-count using the option intersection-nonempty (Anders
et al., 2015). Differentially expressed genes between groups were
detected using the R package edgeR (Robinson et al., 2010). This R
package combines the use of the trimmed mean of M-values as a
normalization method, an empirical Bayes approach for estimating
tagwise negative binomial dispersion values and generalized linear
models and likelihood ratio tests for detecting differentially ex-
pressed genes. All the analyses were performed using the default
settings for all parameters.

QSUDOI'T SUOWIWO)) dANEAI)) d[qeordde oy Aq PAUIA0S IE SA[ONIE YO O8N JO SA[NI 10} AIRIQIT dUIUQ AJ[IA UO (SUOHIPUOD-PUE-SULI}/W0d" Ad[1M' ATeIquaut[uoy/:sdny) suonIpuoy) pue suid [, oy 39S *[$702/01/82] uo Areiqry aunuQ Adqip ‘AenSnin) oueryoo)) £q [Le1°8pI/[111°01/10p/wod Kd[im’ Kreiquautjuoy/:sdiy woiy papeojumo . ‘€707 ‘1£S065F 1



DE LOS SANTOS ET AL.

2.6 | Gene-set enrichment analysis

The enrichment of Gene Ontology and InterPro terms with differ-
entially expressed genes was analysed using a Fisher's exact test,
a hypergeometric-based overrepresentation test commonly used to
evaluate 2x 2 contingency tables. Differentially expressed genes (p-
value <.01) that had ENSEMBL annotations were tested against the
background set of all expressed genes with ENSEMBL annotations.
All these analyses were performed using the R package EnrichKit
(https://github.com/liulihe954/EnrichKit).

3 | RESULTS

3.1 | Total RNA sequencing of peripheral white
blood cells

We obtained and compared the transcriptome of PWBC from heif-
ers that became pregnant (N=5) or failed to become pregnant (N=5)
after embryo transfer. Figure 2 describes the overall results of the
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gene expression analysis. On average, 96% of the reads per sample
were successfully mapped to the latest bovine reference genome
ARS-UCD 1.2. Each sample generated between 32 to 43 million
reads. Sequencing data can be accessed by GEO with the accession
number GSE210665.

3.2 | Differentially expressed genes associated
with pregnancy status

We compared the expression of 13,167 genes in PWBC from
heifers that were pregnant and those that were not (as shown in
Figure 2). The results indicated that 682 of the genes had signifi-
cant differences in expression (with a p <.01), with 302 genes being
up-regulated and 380 genes being down-regulated due to preg-
nancy (as indicated in Figure 3). The study identified key genes, in-
cluding A41F68, FIN720, NFKBIA, C1R, Q32PA1, G3N3S3, IF144,
LOC100297046, H2AC18, HTRA1, MMP14, CD5L, ADAMDEC1,
MYO1A, RPL39, CD153, G3N2T2, Q2KIQ3, FIMWN4, E1BMV7

and C1QA (as shown in Figure 4). These genes correspond to
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FIGURE 2 Volcano plot showing the results of the gene expression analysis. Blue dots represent differentially expressed genes (p-

value <.01).
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various proteins, including ID1 protein, Toll-like receptor 2, NF
kappa B inhibitor alpha, CD59 glycoprotein, 40S ribosomal pro-
tein S15a, Interferon-induced protein 44, C-C motif chemokine,
Histone H2A, Serine protease HTRA1, Matrix metalloproteinase-
14, CD5 molecule like, ADAM-like decysin 1, Unconventional
myosin-la, CD151 antigen, Ig-like domain-containing protein, WD
repeat domain 54, SFI1 centrin binding protein, ADAM metallo-
peptidase with thrombospondin type 1 motif 10 and Choline ki-
nase beta.

3.3 | Gene-set analysis: Evaluation of different
gene ontology and InterPro terms

Gene-set enrichment analysis, also known as overrepresentation
analysis, was performed to gain additional insight into the biological
processes and molecular functions associated with the set of differ-
entially expressed genes. Notably, the gene set that was significantly
enriched (p-adj<.05) in response to pregnancy was associated with
the immune system, cellular signalling, cell nuclear reorganization
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FIGURE 4 Timeline with the physiological and molecular events that impact the immune system during early pregnancy and embryo
development. During the elongation of the conceptus, IFN-t up-regulates the expression of interferon-stimulated genes, in peripheral

white blood cells (PWBCs). The heatmap shows the level of expression for each cow and the most significant genes. In early pregnancy, the
embryo secretes IFN-t by trophoblast, which plays an important role in affecting the transcriptome of PWBC. Rep. repetition, P pregnant,
NP not pregnant. Genes A- A41F68, B-FIN720, C-NFKBIA, D-C1R, E-Q32PA1, F-G3N3S3, G-IFI44, H- LOC100297046, I-H2AC18, J-
HTRA1, K-MMP14, L-CD5L, M-ADAMDEC1, N-MYO1A, O-RPL39, P-CD153, Q-G3N2T2, R-Q2KIQ3, S-FIMWN4, T- EIBMV7 and U-C1QA.

and cell adhesion (Figure 3). Some of the enriched terms are directly
involved in immunological status, for instance, positive regulation of
inflammatory (GO:0050729), chemokine activity (GO:0008009), de-
fence response to protozoan (GO:0042832), immune system process
(GO:0002376) and defence response (GO:0006952). The gene-set
analysis revealed terms related to blood cellular signalling in blood
for immune response and coagulation process. All these terms con-
tain crucial genes that play key roles in the immune response of the

mother and are probably involved in the allocation of the embryo.

4 | DISCUSSION

Our study reveals that immunoglobulin-like domain genes, which
are part of the adaptive immune system, were differentially ex-
pressed genes between pregnant and non-pregnant individuals. The
immunoglobulin-like domains are very common in surface proteins,
particularly in leukocytes, and are related to low-affinity interaction
between cells. It has been shown that these cellular membrane pro-
teins play a key role in the immune system by regulating cell-to-cell
recognition and cytoplasmic signalling (Barclay, 1999). In addition,
our data show that the genes CXCL10, IL10-IF2A and C1QA were
down-regulated, while MS4A7, NFKBIA, SIGIRR, FCGRIA and IFI44
were up-regulated. All these genes are associated with the immune
response, and our study shows for the first time that they are also

present in the PWBC of pregnant cows. In addition, we identified
a novel gene ENSBTAGO0000048626 as up-regulated in preg-
nant heifers. Notably, this gene has been recently reported as up-
regulated in PWBC of Brangus cattle in response to ectoparasites
(tick) infections (Valdivieso et al., 2022). This suggests a possible link
between how pregnancy and ectoparasites trigger specific genes in
the PWBC cows.

Interestingly, one of the differently expressed gene, IFl144, was
previously reported as up-regulated in Bos indicus at day 18 of preg-
nancy (Rocha et al., 2020). We confirm herein that the gene is also
up-regulated at day 28 of pregnancy in Holstein cows. The IFI44-
knockout mice model shows an increase in respiratory syncytial
virus infections and implies that the IF144 gene is a crucial regulator
of the immune system (Busse et al., 2020). Additionally, this gene
was up-regulated in transcriptomic studies of CL biopsies at days 14
and 20 in non-lactating cattle and at days 18 and 21 of pregnancy in
lactating Holstein cows (Hughes et al., 2022). The expression of the
gene IFl44 could be a potential maternal blood biomarker of early
pregnancy in cows.

The COL1A2 gene was up-regulated in PWBC of pregnant cows.
Data from humans show that this gene is overexpressed in decidua
at early attachment compared with blood CD14+ cells (Gustafsson
etal.,2008). Datafrom cowsshowthat COL1A2isacrucialligandinthe
endometrium during conceptus elongation around day 15 (Hayashi
et al., 2017). This gene may play a role as an immunomodulator and
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tissue endometrial remodelling, during embryo attachment. Gene
LOC100337213 is a G protein-coupled receptor and associated with
cytoplasmic cellular signalling. Gene LOC100297044 encodes for a
beta chemokine receptor, like ACKR2, a transmembrane G protein-
coupled receptor. Recent research shows that ACKR2 is overex-
pressed in the placenta and presumably helps to maintain the fetus
from inflammatory attacks and spontaneous abortion in humans
(Gowhari et al., 2022). Gene H2AC18 encodes for a histone protein,
and gene HTRA1 is a serine protease that may help to degrade pro-
teins and maintain DNA packaged respectively. Gene MMP14 en-
codes a protein that is part of the matrix metalloproteinase family.
It is shown that these proteins degrade the extracellular matrix that
is vital for embryonic development and tissue remodelling (Zheng
et al., 2021). Finally, the overexpressed CD5L typically expressed in
macrophages and secreted in exosomes responds to inflamed tis-
sues by lipid metabolism in humans, and it has been associated with
arteriosclerosis (Wang et al., 2022). Therefore, the proper attach-
ment of the embryo probably depends on the coordinated action
of these genes that play a key role in embryonic development, in-
cluding maintaining the fetus from inflammatory attacks, degrading
proteins and remodelling tissue. Our gene-set analysis also supports
the importance of processes such as remodelling tissue and immune
response.

Genes MYO1A and RPL39, down-regulated in pregnant heifers,
encode for a member of the myosin superfamily and a member of the
ribosomal subunit, respectively. Interestingly, Histone H4 was also
down-regulated due to pregnancy. Another down-regulated gene,
ADAMDEC-1, is implicated in the regulation of the cellular activity
of endothelial cells and trophoblasts. The development of mouse
placenta has been associated with disintegrin and metalloprotease
activities. In a recent study it has been shown that overexpression of
ADAMDEC-1 in the placenta is associated with spontaneous abor-
tions in mice (Kuniyoshi et al., 2021).

Studies in mice showed that PWBC with markers such as CD4(+)
CD25(+) and regulatory T cells play a central role in immune toler-
ance at the attachment of the mouse embryo (Shima et al., 2010).
Regulatory T cells are important to tolerate the fetus's antigens in
early pregnancy. A disbalance in the number of these cells in decidua
and the peripheral blood is associated with spontaneous abortions
in humans (Yang et al., 2008). Therefore, the presence of an imbal-
anced number of these cells in the decidua and peripheral blood has
been linked to spontaneous abortions in humans.

The ruminant's attachment is unique, and this may reflect the
embryo's survival in different ways. First, the embryo attachment
presents binuclear giant cells that secrete pregnancy-associated gly-
coproteins (PAGs), which impact the PWBC and CL survival (Spencer
et al., 2004; Wooding, 1992). Second, the cow placenta secretes
large amounts of hormones such as oestrogen (E1) and progester-
one (P4). In addition, it has been shown that trophoblast secretes
exosomes that are crucial for embryo attachment in dairy cows (Su
et al., 2022). Finally, transcriptomic analysis of PWBC from beef
heifers after embryo attachment was previously reported, but the
biological interaction between embryo attachment and immune

blood cell response is not clearly described in ruminants (Dickinson
& Biase, 2018). IFN-t is secreted by the embryonic trophoblast cells
in early pregnancy (see Figure 4) and impacts the maternal PWBC-
stimulating ISGs genes. It has been shown that ISGs promote the
expression of interferon-stimulated protein 15kDa (ISG15), myxovi-
rus resistance protein 1 (MX1), myxovirus resistance protein 2 (MX2)
and 20-50-oligoadenylate synthetase (OAS-1), on day 20 after artifi-
cial insemination in beef cattle (Pugliesi et al., 2014). Another study
performed in Bos indicus shows that interferon-stimulated gene 15
(ISG15) increases expression in response to IFN-t on days 16 and
18 (Soumya et al., 2017). It has been proposed that ISGs respond to
IFN-7 up-regulate gene transcripts as 1ISG15, MX1, MX2 and OAS1
in neutrophil cells (Panda et al., 2020). One of the limitations of the
study by Panda and colleagues is that the ultrasonography was per-
formed on day 45 of pregnancy and blood samples were taken on
days 0, 10, 18 and 36 after artificial insemination. Our study did not
display the classic ISGs genes response at day 28 of pregnancy. This
can be explained by the differences between artificial insemination
and cows’ breeding procedures or due to different experimental
designs.

In vitro experiments have demonstrated that increased cell-free
fetal DNA trigger sterile inflammation responses in humans (Kazemi
et al., 2021). Furthermore, fetal-derived cells in humans reach the
maternal tissues called feto-meternal microchimerism and impact
maternal autoimmune disease outcomes during and after pregnancy
(Nelson, 2003). In cows, we demonstrate for the first time that the
embryo attachment modulates the gene expression in PWBC to pro-
tect itself. While also acknowledging the possibility that there may
be other roles of these genes that have yet to be discovered. This
opens an unexplored area of feto-maternal microchimerism and im-

mune maternal response in domestic animals.

5 | CONCLUSIONS

Our study showed that most of the differentially expressed genes in
PWBC due to pregnancy are related to immune tolerance, cell chem-
otaxis, blood coagulation, angiogenesis, inflammatory response, cell
adhesion and cytokine secretion. These findings provide a basis for
further research on the interaction between embryo attachment
and immune cell response in ruminants. Furthermore, our study
suggests that pregnancy and ectoparasites could trigger poorly de-
scribed genes in PWBC cows. Finally, the gene IFI44 was identified
as a potential maternal blood biomarker for early pregnancy in cows.

This unique study compares two groups of animals for the first
time: one group that maintained their pregnancy and another that
experienced embryo loss after embryo transfer. Further research
is required to improve the limitations of our approach, both at the
technical and experimental levels. At the technical level, correlat-
ing blood samples with pregnancy status during and pre-embryo
attachment in different cattle breeds. At the experimental level, fu-
ture studies should focus on measuring the expression level of these
genes before embryo transfer. These additional studies will help to
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validate the current findings and provide recommendations for en-
hancing fertility, improving animal welfare and eventually increasing

farmer profits.
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