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Editorial on the Research Topic

Veterinary Reproductive Immunology

FROM MEDAWAR’S PARADOX TO NEUROIMMUNOENDOCRINE,

METABOLIC AND ENVIRONMENTAL INTEGRATION

The field of Reproductive Immunology has evolved from the paradigms of transplantation
immunology to an integrated concept of interactions between the endocrine, immune, nervous,
and reproductive systems as critical components of the physiology of reproduction. The origin
of reproductive immunology was the Medawar paradox when he proposed several theories
explaining failure of the mother to reject the fetal allograft in an epoch when the rules of Major
Histocompatibility Complex and its compromise in transplantation immunology were defined.
From an orthodox immunologist’s perspective, it is hard to fully understand the mechanisms
underlying maternal-fetal tolerance in mammalian reproduction. Medawar’s theories were tested
experimentally by several scientists, whose results are considered fundamental to the origin of
reproductive immunology. Although Medawar’ paradox is considered the inflection point for the
origin of reproductive immunology (1, 2), Billington (3) stated that Mechnikov and Landsteiner
were the pioneers of reproductive immunology with their discoveries of expression of phagocytic
cells and Fc receptors in placentae that are responsible for uptake of placental antibodies in women
during gestation. Also, there was the discovery of hemolytic anemia in the rhesus monkey and
its treatment with counteracting antibodies, respectively (3). Since the first hypotheses proposed
by Medawar on the possible mechanisms of non-rejection of the fetal allografts, to the pioneering
studies in rodents and in women undertaken by Beer, Billingham, Scott, and Yang onmaternal-fetal
tolerance in the 60’s (3), pioneers in reproductive immunology have paved the way for current
research in reproductive immunology of human and other mammals.

Regarding the compromise of MHC antigens in reproduction, Billington reported that fetal
size was greater when female mice produced fetuses from a strain different from their own (4).
In this paper, Billington cited early work highlighting the importance of fetal antigens and cells in
establishing maternal-fetal tolerance in mice, rats, cattle, and humans. In that epoch, the first report
on circulating syncytiotrophoblast fragments in human pregnancy and their possible relationship
to maternal tolerance to the fetal allograft (5) provided further evidence of for a relationship to
pathologies such as preeclampsia (6).

Several pieces of evidence support the role of fetal MHC antigens in successful pregnancies,
depending on the species and stage of gestation (7–12). The presence of maternal cells in the fetal
circulation and fetal cells and cell-free DNA trafficking into the maternal circulation was reported
for humans [(13–15), and reviewed in (16)], mice (17–19), and domestic animal species (20–22).
The trafficking of cells between the mother and the fetus is a crucial component of the interaction
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between maternal and fetal immune cells (13, 23–25),
highlighting the importance of maternal cells in “educating” the
fetal immune system for the antigenic environment it will face
in postnatal life [(26), reviewed in (27, 28)]. The presence of
maternal immune cells at the maternal-fetal interface is accepted
as a critical component of the physiology of gestation (29) and
in pathological conditions such as hypertensive disorders of
pregnancy, including preeclampsia (30–32).

Several authors proposed that fetal cells bearing MHC
antigens and other circulating fetal antigens could act as
conventional triggers of the maternal cellular immune responses
resulting in rejection of the fetal allograft and maternally induced
runt disease in the offspring (33, 34). Accordingly, the work of led
by Clark and Chaouat with the CBA2/DBA model in the 1980s
(35–37) provided evidence of immune-mediated fetal resorption.
This model helped test several hypotheses on the compromise of
stressful conditions in the physiopathology of immune-mediated
pregnancy loss.

In the late 1970s and early 1980s, research by Martal
et al. (38, 39) and Bazer and Roberts group on ovine and
bovine trophoblast interferons established the molecular basis
of maternal recognition of pregnancy in ruminants (40–42)
and triggered an exciting field of research in the maternal-fetal
dialogue between the endometrium, the corpus luteum, and the
hypothalamic-hypophyseal axis.

The work led by Anne Croy showed the essential role that the
trophoblast layer of the placenta plays inmaintaining interspecies
pregnancies (43). Furthermore, Croy’s team (44) and Moffett’s
group (45, 46) provided evidence for the importance of uterine
Natural Killer cells, dendritic cells (47), and innate uterine
lymphoid cells [reviewed in (48)] for successful pregnancies in
mice and humans, highlighting the importance of innate immune
cells in the physiology of gestation. Besides, the works by Antczak
and Allen on the compromise of the maternal immune response
in the developing chorionic girdles in equine placentation in the
early 80’s (49, 50) provided evidence for the importance of cells of
the adaptive immune system in successful placental development
and fetal growth in mares.

The proposal of an immunotropic hypothesis (51) elicited new
and exciting concepts to the field of reproductive immunology
[(52, 53), reviewed in (54, 55)] and elicited controversy (56–58)
on the importance of the adaptive immune system in gestation
maintenance. The initial concept of a Th1/Th2 balance required
for successful gestation further evolved toward the concept of a
balance between regulatory T cells (T-reg) (59) and T-reg/Th17
cells being critical for successful pregnancies (60, 61).

From the beginning of the twenty-first century, several
studies by Skarzynski’s group provided evidence for a neuro-
immuno-endocrine interaction between the endometrium and
corpus luteum in cattle (62–67) and horses (68, 69) and
the role epithelial cells play in the maternal-fetal dialogue
(70). Concomitantly, there were results from Bazer’s group
on the compromise of several modulators in the maternal-
fetal dialogue in sheep (71–75) add critical evidence regarding
the function of the reproductive system as an integrated
system in which neuro-immune-endocrine and metabolic
cues are integrated for successful reproduction (or failure

if loss of homeostasis). Other research groups around the
world provided additional evidence for the importance of
cellular and humoral immune components and processes in
the physiology of pregnancy (54, 76–79). Failure in several
processes were implicated in immune-mediated embryonic
and fetal losses during the course of gestation [reviewed
in (80)].

In this special edition on Veterinary Reproductive
Immunology, several papers contributed to increasing our
understanding of neuro-immune-endocrine interactions related
to physiological and pathological conditions of gestation.
The papers provide novel results related to anti-GnRH
vaccines in cats, the establishment of pregnancy in dogs,
processes related to endometrial function in cattle, horses,
and pigs, and pre-implantation signaling in mice. Further,
the papers included address state-of-the-art protocols in
molecular biology, providing readers, scientists, and clinicians
with advanced concepts on reproductive immunology. The
discussion is still open, as mentioned by Billington (3), who
proposed that reproductive immunology would continuously
provide scientific information and controversy (3), as it is
an essential aspect of research and discovery in the field of
animal reproduction. New research areas, including glycan
expression at the maternal-fetal interface in the placenta
of several animal species and humans, are becoming more
prominent in reproductive immunology. However, there
are still a lack of comprehensive theories integrating the
contributions of findings from studies in glycobiology into
concepts related to successful mammalian reproduction. Even
though there is abundant scientific evidence for the essential
roles that signals from immune, endocrine, nervous, epithelial,
stromal, and trophoblast cells produce to intercommunicate
the endocrine, immune, neural, and reproductive tissues, no
explicit theories exist to fully explain the way these systems
function and contribute to maintaining the physiology of
gestation or why, when the system is altered, there are losses
of gestations. For these reasons, in the future, we will seek
momentum in research whereby the scientific community will
provide an integrated view on the homeostasis required for
successful reproduction, including integration of immunology,
genomics, proteomics, glycomics, and environmental influences
in mammalian reproduction.
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Although proteases found in neutrophil extracellular traps (NETs) have antimicrobial

properties, they also stimulate collagen type 1 (COL1) production by the mare

endometrium, contributing for the development of endometrosis. Cathepsin G (CAT),

a protease present in NETs, is inhibited by specific inhibitors, such as cathepsin G

inhibitor I (INH; β-keto-phosphonic acid). Matrix metallopeptidases (MMPs) are proteases

involved in the equilibrium of the extracellular matrix. The objective of this study was

to investigate the effect of CAT and INH (a selective CAT inhibitor) on the expression

of MMP-2 and MMP-9 and on gelatinolytic activity. In addition, the putative inhibitory

effect of INH on CAT-induced COL1 production in mare endometrium was assessed.

Endometrial explants retrieved from mares in follicular phase or midluteal phase were

treated for 24 or 48 h with CAT, inhibitor alone, or both treatments. In explants, transcripts

(quantitative polymerase chain reaction) of COL1A2, MMP2, and MMP9, as well as the

relative abundance of COL1 protein (Western blot), and activity of MMP-2 and MMP-9

(zymography) were evaluated. The protease CAT induced COL1 expression in explants,

at both estrous cycle phases and treatment times. The inhibitory effect of INH was

observed on COL1A2 transcripts in follicular phase at 24-h treatment, and in midluteal

phase at 48 h (P < 0.05), and on the relative abundance of COL protein in follicular phase

and midluteal phase explants, at 48 h (P< 0.001). Our study suggests that MMP-2 might

also be involved in an earlier response to CAT, and MMP-9 in a later response, mainly

in the follicular phase. While the use of INH reduced CAT-induced COL1 endometrial

expression, MMPs might be involved in the fibrogenic response to CAT. Therefore, in

mare endometrium, the use of INHmay be a future potential therapeutic means to reduce

CAT-induced COL1 formation and to hamper endometrosis establishment.

Keywords: endometrosis, cathepsin G, cathepsin G inhibitor, fibrosis, metallopeptidases
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INTRODUCTION

In the endometrium, the innate and adaptive immune
mechanisms, which rely on a complex network of key
components (mainly growth factors/cytokines, immune
cells, and epithelial and stromal cells), modulate integrated
interactions between the endocrine system and the immune
system. As such, they regulate uterine physiological function
and provide protection against pathogens (1–3). Disruption
of those immune-endocrine mediated mechanisms may lead
to endometrial dysfunction and ultimately to fibrogenesis and
infertility (2, 3).

A transient breeding-induced endometritis is a normal
process to remove bacteria and the excess of spermatozoa
from the uterus, causing an increase of neutrophils influx
to the uterine lumen, which in turn increases the uterine
inflammatory reaction (4–6). If the inflammation becomes
chronic, the persistent influx of neutrophils toward the
endometrium prompts to chronic degenerative alterations,
ending in endometrosis (endometrial fibrosis) (7). However,
impaired uterine clearance (6), repeated endometritis (8), and
aging and multiple pregnancies (9) have been described as
triggering factors of equine endometrosis. Equine endometrial
fibrosis is a progressive and irreversible severe fibrotic disorder
in the endometrium (7, 10, 11), causing subfertility/infertility.
At the initial stage of endometrosis, fibroblasts differentiate into
myofibroblasts responsible for the synthesis of collagen fibers and
extracellular matrix deposition, ultimately leading to endometrial
periglandular fibrosis (7, 12). Thus, these histological changes
are the culprit of a decrease in pregnancy rates in the
mare (10, 13).

The presence of bacteria or semen in the equine endometrium

(14–16) induces neutrophil migration from blood to the
uterus to fight the infection. These neutrophils release proteins

and components from the nucleus that form “neutrophil
extracellular traps” (NETs) extracellularly (14, 16, 17). Proteases
present in NETs, namely, cathepsin G (CAT), elastase (ELA),

or myeloperoxidase (MPO), possess strong antimicrobial
properties, aiding on killing bacteria in the extracellular
environment. However, their persistence may lead to chronic
inflammation and degenerative changes in equine endometrium
(18). Increased collagen type 1 (COL1) in mare endometrial
explants challenged with NET components has been described
previously (18–20).

Cathepsin G participates to a greater extent to inflammation
and fibrosis establishment in chronic obstructive pulmonary
disease (COPD) in humans (21). Also, CAT action was associated
with aortic stenosis remodeling and fibrosis (22), renal fibrosis
after ischemia (23) glomerulonephritis and renal failure (24),
lung cystic fibrosis [(25), reviewed by (26), (27)], and fibrotic
Dupuytren disease in humans (28). Cathepsin G inhibitor I (β-
keto-phosphonic acid; INH) is a small non-peptide molecule that
in a selective, potent, and reversible manner inhibits CAT. This
inhibitor could be used for the treatment of COPD and asthma
in humans (21, 29, 30). Additionally, INH exhibits an anti-
inflammatory action in rats with glycogen-induced peritonitis
and lipopolysaccharide-induced inflammation of the airways (29)

and in airway inflammatory diseases dependent on CAT in
animal models (30).

Matrix metallopeptidases (MMPs) are involved in
extracellular matrix balance and in endometrial tissue
remodeling (31). These enzymes have the capability to degrade
extracellular matrix structural components, such as collagen
(32). In the equine endometrium, during bacterial and breeding-
induced acute endometritis, MMP-2 and MMP-9 are engaged
in the inflammatory reaction and COL modification (33). But,
if an alteration in the regulation of these MMPs or a prolonged
exposure to inflammation occurs, it leads to deposition of COL
and subsequent establishment of endometrial fibrosis (33). In our
recent in vitro studies on equine endometrium, MMP expression
was affected by mediators of inflammation, such as interleukins,
transforming growth factor β1 (TGFβ1), and prostaglandins
(PGs) (12, 34, 35); differs among stages of endometrosis
(35); and might be implicated in fibrotic response to
ELA (20).

It has been known that ELA and CAT proteases released by
neutrophils are capable of destroying the extracellular matrix,
stimulating leukocyte migration, and inducing tissue remodeling
(29, 36). Our previous in vitro studies reported them as being
also associated with endometrial fibrosis establishment (18–
20). In fact, ELA, CAT, and MPO appear to act as profibrotic
factors in mare endometrosis (18). The inhibition of ELA
using sivelestat sodium salt, a specific ELA inhibitor, provoked
a downregulation of COL1A2 mRNA transcription (18, 20).
Among proteases present in NETs, the one that shows the
predominant proteolytic activity is ELA. Nevertheless, when ELA
was immune depleted from NETs derived from healthy human
neutrophils, the remaining activity was attributed to CAT (37).
Moreover, in the pathophysiology of COPD in humans, CAT
seems to play a particularly important role (29). These findings
justify the recent development of diagnostic tests that use CAT as
a COPDmarker (38). Thus, the importance of studying inhibitors
of proteases present in NETs, such as CAT, is imperative for the
development of putative therapeutic measures for the control
of fibrosis.

Because CAT (present in NETs) and MMPs appear to be
involved in the development of equine endometrosis (18, 20),
we have decided to investigate potential putative ways of fighting
this condition by impairing fibrosis formation. We hypothesized
that by inhibiting CAT using a specific inhibitor (β-keto-
phosphonic acid), it would be possible to reduce the COL1
output and thus hinder the profibrotic response to CAT in
equine endometrial explants. Therefore, the objective of this in
vitro study was to investigate the INH inhibitory action on the
relative abundance of CAT-induced COL1 protein in explants
of mare endometrium. In addition, the influence of CAT and
INH onMMP-2 andMMP-9 expression and gelatinolytic activity
was assessed.

MATERIALS AND METHODS

Animals
From April to September, at an abattoir in Poland (Rawicz), uteri
and jugular venous blood were randomly retrieved postmortem
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from cyclic mares destined for meat production, according to
the European (European Food Safety Authority, AHAW/04-
027) legislation. Mares’ average age was 12 years. The official
veterinary inspection certified that those mares were healthy,
and their meat was safe for human consumption. Estrous cycle
phase of each mare was determined based on ovarian and uterine
features and on progesterone plasma concentration, as previously
described (18, 39). Thus, mares, which presented a follicle
>35-mm diameter, absence of an active corpus luteum, and
plasma progesterone concentration <1 ng/mL, were classified
as being in the follicular phase. In contrast, the existence of a
well-developed corpus luteum associated with the presence of
follicles with a diameter between 15 and 20mm and plasma
progesterone concentration >6 ng/mL were the grounds for
considering those mares in the midluteal phase. For the present
study, follicular phase (n = 8) and midluteal phase (n = 7)
endometria were used. After collection, jugular venous blood in
ethylenediaminetetraacetic acid tubes and uteri were transported
on ice to the laboratory. The uteri were placed in ice-cold
Dulbecco modified Eagle medium (DMEM) F-12 Ham medium
(D/F medium; 1:1 (vol/vol); D-2960; Sigma–Aldrich, St. Louis,
MO, USA), supplemented with antibiotics, such as penicillin (100
IU/mL; P3032; Sigma–Aldrich) and streptomycin (100µg/mL;
S9137; Sigma–Aldrich), and an antimycotic drug, amphotericin
(2µg /mL; A2942; Sigma–Aldrich). All themares’ uteri used were
examined for the absence of endometritis, both macroscopically
and microscopically. The macroscopic examination enabled
the visualization of increased mucus production or altered
endometrial surface color in the presence of endometritis. The
microscopic evaluation of the eventual presence of bacteria
and/or neutrophils in the endometrium was accomplished by
collecting the cells with a sterile swab, rolled on a glass slide,
and colored with Diff-Quick stain (18, 40). Endometritis was the
grounds for discarding the uteri. To perform the histological and
endometrial classification (41), two fresh endometrial samples
(around 0.5-cm width by 2-cm length), immediately after
collection, from each uterus were immersed in 4% buffered
paraformaldehyde. Changes in mare endometrium were assessed
as described by Kenney and Doig (41). Regarding the amount
of endometrial inflammation and/or fibrosis, endometria were
classified as I, IIA, IIB, or III categories, according to Kenney
and Doig (41). Slight to scattered inflammation (endometritis)
or mild fibrosis (endometrosis) or mild lymphatic lacunae can
be found in Kenney and Doig’s category IIA. In category IIB,
there might be moderate inflammation, but mostly moderate
fibrosis that can be multifocal or diffuse, or moderate lymphatic
lacunae (41, 42), although, in this study, only endometria with
mild to moderate fibrotic lesions (IIA or IIB category) were
used, avoiding endometria with inflammation (endometritis).
Besides, no category III endometria were used to exclude possible
variations due to increased endometrial fibrotic lesions.

In vitro Endometrial Explant Culture
Strips (around 0.5-cm width by 2- to 3-cm length) of
endometrium from the ipsilateral horn to the active ovary were
detached from the myometrium after the uterus was washed
in phosphate-buffered saline (PBS) with streptomycin (100 µg

/mL; S9137; Sigma–Aldrich) and penicillin (100 IU/mL; P3032;
Sigma–Aldrich) added.

For explant culture experiments, strips of endometrium were
put in ice-cold PBS supplemented with antibiotics (as above) in
a Petri dish. Then, the endometrium strips were washed with
PBS supplemented with antibiotics and endometrial explants,
cut, and blotted with filter paper. The explants, weighing from 20
to 30mg each, were placed in a single well of a sterile 24-well cell
culture plate (Eppendorf, #0030 722.116) with 1mL of DMEM
culture medium with bovine serum albumin (0.1% wt/vol;
735078; Roche Diagnostics, Mannheim, Germany), streptomycin
(100µg/mL; S9137; Sigma–Aldrich), penicillin (100 IU/mL;
P3032; Sigma–Aldrich), and amphotericin (2µg/mL; A2942;
Sigma–Aldrich). The endometrial explants were preincubated at
38◦C, in a 5% CO2 humidified atmosphere (Biosafe Eco-Integra
Biosciences, Chur, Switzerland), for 1 h, and submitted to 150
rpm gentle shaking, as described previously (18). Afterward,
culture medium was replaced, and equine endometrial explants
were treated for 24 or 48 h, as follows: (i) vehicle (negative
control)—culture medium alone; (ii) CAT (1µg/mL; A6942,
Applichem GmbH, Germany); (iii) cathepsin G inhibitor I (INH;
1µg/mL; β-keto-phosphonic acid; C36H33N2O6P, sc-221399;
Santa Cruz Biotechnology, USA); and (iv) CAT (1µg/mL)+ INH
(1µg/mL). Each treatment was performed in quadruplicate. The
INH was added after 1 h of preincubation, at the time of culture
medium replacement, to allow time for the inhibitor to bind.
Protease CAT was added 1 h later. In studies undergoing a total
of 48 h, after 24-h treatment, 1µg/mL of IHN was added once
again to the culture medium, because in the pretrial its inhibitory
effect remained for only 24 h and waned at 48-h treatment. At the
end of each treatment time, explants were collected and placed
in RNAlater (R901, Sigma–Aldrich), while conditioned media
were collected and stored at −80◦C. In a previous study, as a
positive control for COL expression, endometrial tissue response
to a fibrotic stimulus was assessed by adding TGFβ1 (a profibrotic
cytokine) to tissue culture medium (20). To assess viability, the
explants were also incubated with oxytocin (OXT), as described
before (20).

As shown by our previous work, when dose assessment
was determined (18), the use of 1µg/mL of CAT proved
to induce the expression of fibrotic marker, TGFβ1. A
dose–response pilot experiment was performed to assess the
most suitable concentration of INH, based in other previous
in vitro studies (43). The INH was tested using 0.01,
0.1, 1, 10, and 100µg/mL, and the optimal concentration
that inhibited COL1A2 transcription was 1µg/mL (data
not shown).

Assessment of Endometrial Explants

Viability
The assessment of endometrial explant viability was based on
lactate dehydrogenase (LDH) activity as described before (20)
and on OXT-induced PGF2α secretion in conditioned culture
medium. The PGF2α secretion was determined by using an
enzyme immunoassay kit (ADI-901-069, Enzo), according to the
manufacturer’s instructions.
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Quantitative Real-Time Polymerase Chain

Reaction
Total RNA from equine endometrial treated explants was
extracted using TRI Reagent R© (T9424; Sigma–Aldrich), as
indicated by the manufacturer. After, RNA quantification and
quality evaluation were performed, as described previously (20).
Specific primers for the reference gene ribosomal protein L32
(RPL32) and for COL1A2, MMP2, and MMP9 are presented
in Table 1. The reference gene RPL32 was the most stable
internal control, already determined in a previous study (20,
44). All the reactions for target and reference genes were
performed in duplicate, on a 96 well plate (4306737; Applied
Biosystems) and run in a StepOnePlusTM Real-Time PCR System
(Applied Biosystems, Warrington, UK). To confirm specificity,
the polymerase chain reaction (PCR) products were run on
a 2.5% agarose gel, and relative mRNA data were quantified
using the quantitative PCR miner algorithm. Briefly, the average
of the cyclic threshold (Cq) and the primer efficiency level
(E) for each sample were related using the following equation:
[1/(1þE)Cq]. Afterward, the expression levels of the target genes
were normalized against the reference gene (45).

Western Blot Analysis
Protein relative abundance of COL1 was determined by Western
blot technique using a non-staining total protein loading
control as previously described (20, 46). The membranes were
incubated overnight, at 4◦C with the primary antibody against
COL1 (1:1,000 diluted; 20121; Novotec, Lyon, France), as
previously defined (18). The secondary antibody used was
horseradish peroxidase–conjugated anti-rabbit (1:20,000; P0448;
DakoCytomation, Carpinteria, CA, USA) incubated at room
temperature for 1.5 h. Visualization of the relative abundance
of COL1 protein was accomplished by luminol enhanced
chemiluminescence (Super Signal West Pico, 34077; Thermo
Scientific, Waltham, MA, USA). For band normalization in each
membrane, and to allow band comparison between membranes,
a standard sample of a blend of endometrial explants (30 µg) was

TABLE 1 | Primers used in quantitative PCR.

Gene

(accession

number)

Sequence 5′-3′ Amplicon

COL1A2

(XM_001492939.3)

Forward: CAAGGGCATTAGGGGACACA 196

Reverse: ACCCACACTTCCATCGCTTC

MMP2

(XM_001493281.2)

Forward: TCCCACTTTGATGACGACGA 115

Reverse: TTGCCGTTGAAGAGGAAAGG

MMP9

(NM_001111302.1)

Forward: GCGGTAAGGTGCTGCTGTTC 177

Reverse: GAAGCGGTCCTGGGAGAAGT

RPL32

(XM_001492042.6)

Forward: AGCCATCTACTCGGCGTCA 144

Reverse: GTCAATGCCTCTGGGTTTCC

COL1A2, collagen type 1 α2; MMP2, matrix metallopeptidase 2; MMP9, matrix

metallopeptidase 9; RPL32, ribosomal protein L32.

loaded in a single lane, in all gels. Image acquisition and band
normalization were performed, as described (20, 47).

Zymography
The activity of MMP-2 and MMP-9 on gelatin gel was assessed
by zymography, through a non-staining total protein loading
control, as previously described (20, 48, 49). Gels and samples
of culture medium supernatant were handled, as referred by
Amaral et al. (20). In all gels, molecular weight determination
was made using recombinant human MMP-2 protein, CF (902-
MP-010; R&D Systems, Minneapolis, USA) and recombinant
human MMP-9 Western Blot Standard Protein (WBC018; R&D
Systems). In order to normalize and compare gels, a standard
sample (40 µg) of mixed culture medium was also loaded.
The images detection and MMPs gelatinolytic activity were
determined as already reported (20). Briefly, using Image Lab
6.0 (Bio-Rad) software, the lanes were detected in a non-staining
total protein gel image, and the bands corresponding to MMP-
2 and MMP-9 activity were detected on the Coomassie staining
image. The normalization factor and volume of target protein
were calculated by the software, and then the values were adjusted
for variation in the protein load.

Statistical Analysis
The variables assessed in this study were COL1A2, MMP2,
and MMP9 transcription; COL1 protein relative abundance;
and gelatinolytic activity of both proactive and active forms of
MMP-2 and MMP-9. The Kolmogorov–Smirnov test in Proc
Univariate function of SAS v. 9.4 (SAS Institute Inc.) and visual
examination were used to check data normality. The square
root and logarithmic transformations were achieved because
some of the variables did not show a normal distribution,
and the best transformation method was chosen. At first, the
response variables were analyzed by PROC GLM of SAS, as
a function of the different treatments: combination of the use
of CAT, use of INH, estrous cycle phase, and incubation time,
in a total of 16 treatment combinations. Using the PDIFF
option of PROC GLM, the least square means of the treatments
combinations were compared, and the results were considered
significant as P < 0.05. For data plotting, the means were back
transformed to the original scale. Afterward, the two-, three-,
and four-way interactions of the treatment combinations were
also performed. In Figures 1, 2, the results of relative abundance
of COL1 protein and COL1A2, MMP2, and MMP9 transcripts
are depicted as median with interquartile range. In Figure 3,
gelatinolytic activity data for MMP-2 and MMP-9 are shown as
least squaremeans± SEM. The graphs presented were built using
GraphPad PRISM.

RESULTS

Long-Term Viability of Explants From

Equine Endometrium
As shown before by Amaral et al. (20), COL1A2 transcription
and protein relative abundance of COL1 were upregulated in
response to TGFβ1 treatment. About viability data, no difference
was found in LDH activity between 1- and 24-h treatment times,
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FIGURE 1 | Relative collagen type 1 (COL1A2) mRNA transcription (A,B) and protein (COL1) relative abundance (C,D) in follicular phase (FP) and midluteal phase

(MLP) mare endometrial explants treated for 24 or 48 h with culture medium alone (control), cathepsin G inhibitor I (INH: 1µg/mL), cathepsin G (CAT: 1µg/mL), or CAT

(1µg/mL) + INH (1µg/mL). Data are shown as median with interquartile range. Results were considered significant at P < 0.05. Different superscript letters indicate

significant differences between treatments within each treatment time (a,b: 24 h; x,y: 48 h). Asterisks indicate statistical differences between times of treatment for the

same treatment (*P < 0.05, **P < 0.01, ***P < 0.001).

but a slight decrease was shown at 48 h, regardless of estrous
cycle phase. Besides, mare endometrial tissues treated with OXT
augmented PGF2α secretion at both estrous cycle phases and
treatment times (Supplementary Table 1).

The Effect of INH on CAT-Induced COL1
Supplementary Table 2 lists the interactions among treatments,
time of treatment, and estrous cycle phase. The differences
between estrous cycle phases (follicular phase vs. midluteal
phase) within each treatment and treatment times are presented
in Supplementary Table 3.

The treatment with CAT elevated COL1A2 transcripts in
follicular phase endometrial explants at 24 h (P < 0.01;
Figure 1A) and in midluteal phase tissue at 48 h (P < 0.0001;
Figure 1B) relative to the respective control group. Nevertheless,
the combination of CAT and INH downregulated COL1A2
transcripts compared to the corresponding CAT-treated groups
(follicular phase 24 h: P < 0.01; midluteal phase 48 h: P < 0.001;
Figures 1A,B). In midluteal phase, at 48 h, the transcription also

increased in CAT-treated explants regarding INH-treated group
(P < 0.001; Figure 1B).

In CAT-treated tissues, COL1 protein relative abundance
increased in the longest period of treatment both in follicular
phase (P < 0.01; Figure 1C) and midluteal phase explants
(P < 0.001; Figure 1D, Supplementary Figure 1) relative to
the control group. The association of CAT and INH reduced
protein relative abundance after 48-h treatment both in follicular
phase (P < 0.01; Figure 1C) and midluteal phase explants
(P < 0.001; Figure 1D, Supplementary Figure 1) compared to
the respective CAT-treated groups. Explants treated with CAT
also elevated COL protein relative abundance at 48 h, both in
follicular phase (P < 0.01; Figure 1C), and in midluteal phase
endometria (P < 0.001; Figure 1D, Supplementary Figure 1),
when compared to the respective INH-treated group.

At 24 h, in follicular phase, in the CAT-treated group,
COL1A2 mRNA transcription was higher when compared to
48 h (Figure 1A), although the protein relative abundance was
higher at 48 h (Figure 1C). But, in midluteal phase tissues,
CAT treatment upregulated COL1A2 transcripts (Figure 1B) and
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FIGURE 2 | Relative mRNA transcription of MMP2 (A,B) and MMP9 (C,D) in follicular phase (FP) and midluteal phase (MLP) mare endometrial explants treated for 24

or 48 h with culture medium alone (control), cathepsin G inhibitor I (INH: 1µg/mL), cathepsin G (CAT: 1µg/mL), or CAT (1µg/mL) + INH (1µg/mL). Data are shown as

median with interquartile range. Results were considered significant at P < 0.05. Different superscript letters indicate significant differences between treatments within

each treatment time (a,b: 24 h; x,y: 48 h). Asterisks indicate statistical differences between times of treatment for the same treatment (*P < 0.05, **P < 0.01,

***P < 0.001).

COL1 protein relative abundance (Figure 1D) at 48 h when
compared to 24 h. Also, in midluteal phase at 48 h, the COL1
protein relative abundance was reduced in INH-treated and
CAT+INH–treated groups when compared to 24-h treatment
(Figure 1D, Supplementary Figure 1).

Evaluation of CAT and INH Effect on MMP

Expression
The MMP2 transcript levels increased in CAT-treated explants
in follicular phase at 24 h compared to its respective control
group (P < 0.001) and INH group (P < 0.05; Figure 2A). But,
when those explants were submitted to the combination of CAT
and INH, there was a reduction in MMP2 mRNA, comparing to
the respective CAT-treated tissues (P < 0.01; Figure 2A). In the
same estrous cycle phase, but after 48-h treatment, CAT+INH
treatment reduced MMP2 transcripts in relation to the CAT-
treated group (P < 0.01; Figure 2A), which was not increased
when compared to control. In midluteal phase explants, at 24 h,
CAT treatment augmented MMP2 mRNA when related to the
respective control (P < 0.05; Figure 2B).

In the follicular phase, at 24 h, the CAT treatment was able
to increase MMP9 mRNA levels in endometrial explants with
respect to the respective control group (P < 0.01; Figure 2C)
and INH-treated group (P < 0.05; Figure 2C). However,
the CAT+INH–treated explants reduced MMP9 transcripts
compared to the CAT-treated group (P < 0.05; Figure 2C).
At 48 h, midluteal phase endometrium treated with CAT
upregulated MMP9 transcription (P < 0.05), which further
increased with CAT+INH treatment (P < 0.01; Figure 2D)
compared to the non-treated group.

In follicular phase, the treatments of CAT and CAT+INH
increased MMP2 transcripts at 24 h in comparison to 48 h
(Figure 2A). In contrast, in midluteal phase endometrium, in
explants treated for 48 h, the combination of CAT and INH
augmented MMP9 transcripts with respect to 24-h treatment
(P < 0.05; Figure 2D).

The analysis of the proform of MMP-2 gelatinolytic activity
has shown that INH-treated and CAT-treated groups decreased
its activity in follicular phase at 24 h (P < 0.05; Figure 3A,
Supplementary Figure 1). Nevertheless, in follicular phase
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FIGURE 3 | Relative gelatinolytic activities of MMP-2 (A,B) and MMP-9 (C,D) in follicular phase (FP) and midluteal phase (MLP) mare endometrial explants treated for

24 or 48 h with culture medium alone (control), cathepsin G inhibitor I (INH: 1µg/mL), cathepsin G (CAT: 1µg/mL), or CAT (1µg/mL) + INH (1µg/mL). All values are

expressed as percentage of change from control (non-treated tissues). Bars represent least square means ± SEM, and results were considered significant at

P < 0.05. Different superscript letters indicate significant differences between treatments within each treatment time. Asterisks indicate statistical differences between

different treatment times for the same treatment and for the same form of MMP (*P < 0.05, **P < 0.01, ****P < 0.0001).

endometrial explants treated for 24 h with CAT and combination
of CAT+INH, the gelatinolytic activity of MMP-2 active form
was upregulated with respect to the control group (P < 0.001
and P < 0.05, respectively; Figure 3A, Supplementary Figure 1).
The active MMP-2 gelatinolytic activity was augmented in
midluteal phase tissues treated for 24 h with CAT compared to
the control group (P < 0.05; Figure 3B). At 48 h, in midluteal
phase, CAT treatment increased active MMP-2 gelatinolytic
activity comparing to INH-treated group (P < 0.05; Figure 3B,
Supplementary Figure 1).

The gelatinolytic activity of MMP-9 active form was
detected in both estrous cycle phases, but only at 48-h
treatment (Figures 3C,D). In follicular phase explants, treated
with CAT, the active MMP-9 gelatinolytic activity increased
comparing to the control group (P < 0.05; Figure 3C) and
was reduced in CAT+INH–treated tissues, in comparison to
the respective group treated with CAT (P < 0.05; Figure 3C,
Supplementary Figure 1).

The gelatinolytic activity of pro–MMP-2 enzyme in the INH-
treated group was downregulated at 24 h in follicular phase
explants (Figure 3A, Supplementary Figure 1). The stimulatory
effect of CAT was higher in follicular phase at 24 h than at
48 h on active MMP-2 gelatinolytic activity (Figure 3A), and

the combination of CAT and INH reduced the gelatinolytic
activity at 48 h comparing to 24-h treatment (Figure 3A,
Supplementary Figure 1). In midluteal phase endometrium, all
treatments upregulated the active gelatinolytic activity of MMP-2
at 24 h, compared to 48 h (Figure 3B, Supplementary Figure 1).

DISCUSSION

In the present study, CAT induced COL1 expression in explants
of mare endometrium, at follicular phase and midluteal phase
in a time-dependent manner. The COL1A2 mRNA results show
that CAT acts as a profibrotic protease, mainly in follicular phase,
as a response to a shorter stimulus, and in midluteal phase as
a response to a longer stimulus. During the follicular phase,
endogenous estrogen thickens the uterine wall and increases
uterine muscular tone and vascularization. The cervix is relaxed
and opens (50). The endometrial glands also proliferate, and
the lamina propria becomes highly edematous (10). The mare
endometrium is more prone to inflammation and more reactive
at estrus, which might explain why the explants obtained at the
follicular phase, under the influence of estrogens, were reactive
to CAT after a short time of stimulation. Moreover, a longer time
of CAT exposition was needed to increase expression of COL1
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at the protein level. The COL1 protein relative abundance was
increased by CAT only at 48 h in both estrous cycle phases.

One of the aims of this study was to evaluate if by inhibiting
CAT using a specific inhibitor (IHN) it would be possible
to reduce CAT-induced COL1 relative abundance in equine
endometrium. This inhibitor blocks the increase of monocyte
chemoattractant protein 1 and tumor necrosis factor α, both
linked to airway hyperactivity (29), and blocks neutrophilia
(51). We showed in our study that the inhibitory effects of
IHN were detected in the longest treatment time, corresponding
to the increased COL1 relative abundance induced by CAT
treatment. To the best of our knowledge, this is the first study
describing that by inhibiting CAT, it is possible to reduce
COL1 relative abundance in equine endometrium in vitro.
Therefore, we suggest that this treatment could be a possible
approach to prevent the formation of endometrosis. In fact, INH
offers a promising therapeutic strategy in chronic inflammatory
conditions, such as asthma or COPD (26). Future in vivo
studies are crucial to test this hypothesis. Currently, despite
the therapies proposed to treat equine endometrosis, there
is no routinely available effective treatment (42, 52). Several
therapeutic approaches, as mechanical curettage or intrauterine
application of chemical agents (kerosene, dimethyl sulfoxide,
isotonic salt) or mesenchymal stem cells, have been studied (53–
55). Nevertheless, they caused rather short-term beneficial effects
and/or did not improve pregnancy rates (53–55). Thus, the need
for evaluating the in vivo efficacy of INH in the treatment of
equine endometrosis associated with NETs is imperative. Indeed,
our findings may be the grounds for further in vivo trials for
INH testing.

Fibrosis is the result of a disruption in the balance of the
extracellular matrix, with increased synthesis and deposition
of extracellular matrix components and decreased degradation
of those products (56). The MMPs have been considered as
being part of the highly regulated systems that control this
extracellular matrix turnover (57). An increase in the active
form of MMP-2 has been reported in mare endometrosis (58),
although other works showed no changes in MMP-2 or MMP-
9 expression between normal and fibrotic equine endometrium
(59). Another study done by Centeno et al. (60) found thatMMP2
transcription was upregulated in endometrial fibrosis. Moreover,
we have recently reported an upregulation of MMP-2 and MMP-
9 levels in mare endometrial tissue with mild to moderate
lesions, as well as an increase of MMP-9 levels in fibroblasts and
epithelial cells challenged by TGFβ1 (35). In other tissues, CAT
has previously been capable to activate pro–MMP-2 in human
tumor cell invasion (61) and together with MMP-9 may enhance
TGFβ signaling in a tumormurine model (62). The inconsistency
between MMP expression found in normal and fibrotic equine
endometrium may be explained by the fact that fibrotic changes,
as in other tissues (e.g., lungs) (63), are diffuse. The collected
tissue may not always reflect the entire condition of the fibrotic
organ and thus might not fully address the cellular and spatial
heterogeneity of fibrosis. Additionally, because endometria at
different stages of fibrosis were obtained postmortem from
different mares, it was not feasible to evaluate the evolution
of the fibrogenic process individually. This may have affected

the results and thus could also explain the inconsistent pattern
found. However, despite these limitations, also observed in
other tissues, understanding of the molecular pathways and the
expression of various factors involved in equine endometrosis
is rather important, by unraveling changes associated with this
pathological condition.

In our study, the gelatinolytic activity of MMP-2 active
form in endometrial explants increased in response to CAT
treatment after the shortest treatment time (24 h), at both
estrous cycle phases. Nevertheless, this profibrotic effect of
CAT was diminished with INH addition in follicular phase
tissue treated for 24 h. Apparently, MMP-2 appears to be
involved in an immediate response, perturbing extracellular
matrix balance. So, MMP-2 can mediate an acute response
to a CAT-induced inflammation, regardless of the estrous
cycle phase.

In follicular phase endometrial explants, the gelatinolytic
activity of MMP-9 active form increased with CAT
treatment and was inhibited by INH at 48 h. This suggests
MMP-9 involvement, especially in follicular phase equine
endometrium, remodeling the fibrogenic response to a prolonged
exposition to CAT.

Elevated levels of MMPs in the endometrium may also
indicate a cellular response to an altered extracellular matrix
balance, as part of the normal regulation of MMP expression.
In fact, the main role attributed to MMPs is their action on
the turnover and degradation of extracellular matrix substrates.
Regulation of MMPs activity takes place at the stages of gene
transcription, protein production, activation of proenzymes, and
inhibition of the active enzymes by tissue inhibitor of matrix
metallopeptidases or α2-macroglobulin (64). Many of these
factors can contribute to the differences found between gene
transcription, proenzyme, and active form of MMP-2 and MMP-
9. In addition, MMP-9 may be regulated by ovarian steroids,
which can explain why this enzyme activity differed according to
various estrous cycle phases (65). Manymechanisms are involved
in the response to CAT profibrotic stimulus, and more studies
are necessary to unravel the role of MMPs, either in healthy or
fibrotic endometrium.

CONCLUSIONS

Even though our previous (18, 20) and present results suggest
that ELA and CAT are profibrotic factors and are involved in
equine endometrial fibrosis establishment, the study of other
causes, including the role of other proteases found in NETs,
is vital to fully understand the mechanisms of endometrosis
pathogenesis. The use of a selective CAT inhibitor was effective
on the reduction of COL1 expression. Therefore, these novel
data may contribute to the development of a new prophylactic
or therapeutic approach for endometrosis. Although the use of a
broad-spectrum protease inhibitor or specific selective inhibitors
combined may be needed to obtain a strong and more effective
inhibitory effect. MMP-2might be involved in an earlier response
to CAT, independent of estrous cycle phase, andMMP-9 in a later
response, mainly in the follicular phase.
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Innate immunity is the principal sensor responsible of the local immune response

to control mucosal bacterial contamination of the reproductive tract after parturition,

triggering a pro-inflammatory process in the mucosa of the uterus, the vaginal and the

cervix. However, knowledge about the inflammation process and outcome of the cervix

in dairy cows is scarce even though it plays an important anatomic and functional role

between the vagina and the uterus. The objective of the present study was to describe

the cellular and humoral local innate immune response during clinical cervicitis (CC) in the

uterus and vaginal fornix in pre- and post-partum periods of dairy cows. A retrospective

descriptive study was performed involving 26 animals, characterized as clinical cervicitis

cows (n= 19) and healthy cows (n= 7). Blood and mucus of the different compartments

of the genital tract were sampled and records of the cows’ genital exam were performed

four times: −1w (day −7 ± 2, prepartum), +1w (day +7 ± 4), +3w (day +21 ± 4)

and +5w (day +35 ± 4) postpartum. Clinical cervicitis was defined as cows exhibiting a

cervix grade−2 and healthy cows were defined as a cow clinically normal with a grade-0

cervix at time +5w. Blood white cell count, vaginal fornix and endometrial neutrophils

percentage, and the concentrations of interleukin 1α (IL1), interleukin 8 (IL8), and α1-acid

glycoprotein (AGP) in mucus were determined. The results showed that 23% of the cows

were categorized as CC at time +5w. Cases of CC with purulent vaginal discharge or

subclinical endometritis shown the highest cytokine production. At +3w, IL1, IL8, and

AGP concentrations in the uterus and the fornix were significantly higher in CC than

healthy cows (CH). In conclusion, the 3-week postpartum is a critical point to evaluate

cytokines and acute phase proteins; where IL1 and IL8 variation kept a direct relation

with neutrophils numbers and function. The presence of AGP in the endometrium infer

a homeostatic proinflammatory protective balance effect, modulating the local uterine

innate immune response during peripartum.

Keywords: innate immunity, vaginal fornix, cervicitis, endometritis, inflammation, dairy cow, postpartum,

uterine diseases
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INTRODUCTION

Most parturient cows (90%) experience bacterial contamination
of the uterine cavity and endometrial damages that trigger an
active inflammatory response to clear the infection and repair
the tissues, respectively (1, 2). However, the innate immune
response does not always control uterine bacterial imbalances;
therefore, causing a prolonged genital tract inflammation and
a delay of the uterine involution indulging a postpartum
uterine disease (3–6). The incidence of postpartum uterine
disease (PUD) is high in dairy cows worldwide and includes
clinical (metritis, endometritis) and non-clinically conditions
such as subclinical endometritis (7) affecting the overall
animal fertility.

The diagnosis of PUD is limited by the lack of clarity
regarding the case criteria, difficulties associated with the
diagnosis of subclinical conditions, and variable sensitivity
and specificity of the different diagnostic tests in relation to
the absence of direct visual assessment of the endometrium
(8, 9). The discrepancies between clinical findings and the
diagnostic test could be explained by the presence of an
inflammatory process in tissues other than the endometrium
like the cervix uteri and the vagina (10). The cytological
evidence of cervical inflammation was reported in 19% of sub-
fertile cows (11). Previous studies reported that 60.8 and 45%
of dairy cows had clinical cervicitis and cytological cervicitis,
respectively, between 42 and 50 days postpartum (10, 12).
However, knowledge of inflammation or infection of the cervix
and the subsequent influence on reproduction in dairy cows
is limited.

The capacity of the uterus to resolve a genital tract infection
depends on its ability to detect and respond to microbial ligands
(1, 13). Innate immunity is the principal sensor responsible
for immune response to control bacterial contamination of
the uterus after parturition. The pathogen-associated molecular
patterns (PAMPs) present in bacteria are quickly detected by
the pattern recognition receptors (PRRs) in the host cells.
The engage between PAMPs and PRRs such as Toll-Like
Receptor (TLRs) initiate a signaling cascade resulting in the
synthesis and production of pro-inflammatory cytokines such
as Tumor Necrosis Factor alpha (TNF-α), interleukins (IL-1-
α, IL-6) and chemokines (IL-8) (14, 15). For example, the
chemokine IL8 is produced mainly by activated macrophages
in response to bacterial PAMPs directing the upregulation of
adhesion molecules to enhance neutrophil recruitment to the
inflammatory area (13, 16). As a result, uterine inflammation
is characterized by the significant presence polymorphonuclear
leukocyte infiltration (Neutrophils) as well (14).

The lack of a complete genital examination in postpartum
dairy cows without appreciation of the molecular immunological
mechanisms underlying changes at the cellular or systemic level
could explain the limited understanding of the general process
involved in PUD (17). Therefore, the aim of the present study
was to describe the innate immune response in the uterus (Ut)
and vaginal fornix (Fx) in the pre- and post-partum periods of
dairy cows with clinical cervicitis.

MATERIALS AND METHODS

Study Population and Sampling
A retrospective descriptive study (Figure 1) was performed
involving 26 animals defined as, clinical cervicitis cows (n = 19)
and healthy cows (n = 7). Cows were selected from a database
of a previous sampling in which 85 dairy cows (purposively
selected) were followed and sampled [blood and vaginal fornix
(Fx) and uterine mucus (Ut)] during the pre- and postpartum
period. For the present study, clinical data of the database
and the stored blood and mucus samples were used. Blood
samples were collected from the coccygeal vein of the tail
head and placed in a tube with an anticoagulant, immediately
placed on ice and transported to the laboratory within ∼3 h.
After 30min at room temperature and gentle agitation, the
complete hematology analysis was carried out with a VetScan
HM5 hematology analyzer (Abaxis Global Diagnostics, Union
City, CA, USA). The mucus and smears samples for cytokines
and neutrophils percentage assessments were performed with
the cytobrush technique (18). A sterile cytobrush (CytoSoft,
Camarillo, CA, USA) was screwed onto a stainless steel rod
(65 cm long × 4mm diameter) within a stainless steel tube. The
apparatus was inserted into a hard protective plastic sheath (IMV
Technologies, L’Aigle, France) before insertion into a second
protective sheath (30 cm long Sani-Shield Rod Protector, Agtech,
Manhattan, NY, USA). The doubled sheathed instrument was
used to collect cellular material of mucosa of vaginal fornix
and endometrium using the sterile cytobrush. A cervical sample
brush and uterine sample brush were collected into a sterile
tube with 1ml of phosphate buffered saline (PBS) and stored
frozen at −80◦C and used in the present study to determine the
immune response.

The cows came from three commercial dairy herds in Québec
(Canada) that were housed in a tie-stall barn and milked twice
daily. The rolling herd average for milk production was 9,000 kg.
Cows were fed a total mixed ration of corn and hay silage to
meet the nutrient requirements of dairy cows recommended by
the National Research Council (19). Farms were visited weekly
by the same veterinarians and all cows were vaccinated at 40
and 26 days before parturition against E. coli (2ml IM, J-VAC R©,
Boehringer Ingelheim, Burlington, Ontario, Canada, L7L 5H4)
and between 10 and 30 days postpartum against IBR, BVD type
1, BVD type 2, PI3, and BRSV (2ml IM, Bovi-shield GOLD5 R©

FPTM 5 L5, Zoetis, Kirkland, Québec, Canada, H9H 4M7). In
addition, all pregnant cows were injected with Se (5.0ml, D-
60 before calving, MU-SE, Intervet, Merk, Kirkland, Québec,
Canada, H9H 4M7).

The database includes records of cow’s clinical exam
performed four times: −1w (day −7 ± 2, prepartum), +1w
(day +7 ± 4), +3w (day +21 ± 4) and +5w (day +35 ±

4) postpartum (Figure 1). Data collection included clinical
data associated with reproductive assessment (vaginoscopy,
transrectal exams, purulent vaginal discharge, cervix
characteristics, uterine horn symmetry, and ovarian structures),
cytological exams (neutrophil count in the fornix of the vagina
and in the uterus) and blood samples (white blood cell count).
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FIGURE 1 | Study design. Timeline analysis of innate immune responses of clinical cervicitis in pre- and post-partum dairy cows (n = 26) from three dairy herds in

Quebec in 2016. A retrospective study involving database and stored blood and mucus (vaginal fornix, Fx – uterine, Ut) sampling of 26 dairy cows from three

commercial dairy herds in Quebec. Cows diagnosed with clinical cervicitis (n = 19) and healthy (n = 7) were involved in a time-course analysis from 1 week before

calving to 5 weeks after calving to establish variations for white blood cell count (WBC), uterine PMN percentage, and vaginal fornix and uterine mucus cytokines

(IL1 – IL8 – AGP).

Case Definition
For the animal selection, postpartum disorders were defined.
Clinical metritis was characterized as abnormally enlarged
uterus and purulent uterine discharge within the first 21
days postpartum without systemic clinical sings (20). At 5
weeks postpartum, clinical endometritis (CE) was defined as
a cow exhibiting purulent vaginal discharge – PVD (20) or
subclinical endometritis (SE) in cows with a proportion of
neutrophils exceeding 5% on endometrial cytology in absence
of PVD and anomalies on transrectal examination (9). On
vaginoscopy, cervix was classified as GRADE 0 (Normal) without
abnormality; GRADE 1 (normal) with the second cervical fold
swollen without redness and prolapsing through the first ring,
and GRADE 2 (Clinical Cervicitis, CC) with the second fold
swollen and red prolapsing through the first ring without
PVD (10).

Exclusion Criteria and Animal Selection
Based on reproductive assessment records, as exclusion criteria,
animals were rejected of the database because of: (1) systemic
illness or clinical conditions other of the reproductive tract (2)
calving disorders (dystocia, twins, fetal membranes retention)
and (3) animals that in the final reproductive exam (+5w),
exhibited endometritis (clinical or subclinical) without clinical
evidence of clinical cervicitis. Clinical cervicitis (CC) criteria

in this research was considered when, posterior to applying
the exclusion criterion, the cervix had reddening of the supra-
vaginal portion of the cervix with edema and prolapse of the
second cervical fold (cervix grade−2 at the 5-week examination).
Healthy cows (CH) were defined as a cow clinically normal with
a cervix grade-0 or grade-1 at the 5w and, without postpartum
disorders during all the follow-up period (−1w +1w; +3w;
+5 w postpartum).

From the data (n = 85), animals were rejected because of
culling (n = 5), use of antimicrobials (n = 4), metabolic disease
(n = 5), missing data (n = 10), and exclusion criteria (n = 35).
Finally, 26 cows were enrolled in the study: 19 met the case
definition criteria for cervicitis and seven met the criterion
defined for healthy cows (Figure 1).

Measurement of Cytokine Concentration in

Vaginal and Uterine Samples
The concentrations of interleukin 1α (IL1), interleukin 8 (IL8),
and α1-acid glycoprotein (AGP) were determined by using
commercial kits (GENORISE SCIENTIFIC, INC. Philadelphia,
USA): Bovine IL-1α ELISA Kit Nori R© (minimum detection
range 3–200 pg/ml, assay sensitivity 1 pg/ml, intra-assay CV 6%,
inter-assay CV 9%); Bovine IL-8 ELISA Kit Nori R© (minimum
detection range 12–800 pg/ml, assay sensitivity 2 pg/ml, intra-
assay CV 6%, inter-assay CV 9%) and; Bovine AGP ELISA
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Kit Nori R© (minimum detection range 2.5–160 ng/ml, assay
sensitivity 0.5 ng/ml, intra-assay CV 5%, inter-assay CV 9%). All
procedures were performed according to the guidelines provided
by the manufacturers. Briefly, centrifugation of the content
of stored tubes (cytobrush with cervical or uterine mucus in
1ml PBS) was performed to collect the supernatant of uterine
mucus and vaginal fornix mucus before to be added to 96-
well microplates and incubated for 1 h at room temperature.
After aspiration and washing (with 300 µL of Assay Buffer,
three times), 100 µL of the working dilution of Detection
Antibody (diluted in Regent Diluent) were added to each
well and incubated for 1 h. The plates were washed and then
incubated with 100 µL of the working dilution of HRP conjugate
solutions for 20min at room temperature, washed again, and
then incubated with 100 µL of the substrate solution for 5min.
Finally, 50 µL of the Stop Solution were added. The optical
density of each well was then measured at 450 nm in Microplate
Spectrophotometer (SpectraMax R© Plus 384 Absorbance Plate
Reader, USA). A standard curve for each ELISA Kit was
constructed by plotting the mean absorbance for each standard
on the y-axis against the concentration on the x-axis to calculate
the R2 coefficient.

Data Analysis
Categorical variables included in the analysis were time
of examination (−1, +1, +3, +5w weeks postpartum),
sample origin (Vaginal fornix – Uterus) and clinical
profile [healthy (CH), clinical cervicitis (CC), clinical
cervicitis + purulent vaginal discharge (CC + PVD),
clinical cervicitis + subclinical endometritis (CC + SE)].
Continuous variables were concentrations of IL1, IL8, and
AGP, the proportion of polymorphonuclear neutrophils
(PMN) in the vaginal fornix and the uterus (percentage
of PMN in a 300-cell count), and the white blood cell
count (WBC).

Continuous variables were assessed for normal distribution
using histogram with Gaussian distribution graph and Shapiro-
Wilk test. A nonparametric test (Mann-Whitney) was used to
estimate a difference in the concentrations of IL1, IL8, AGP into
the comparisons groups: (1) CC – CH; (2) Ut – Fx and (3) (−1w)
– (+1w) – (+3w) – (+5w). When a significant difference was
found, the power to detect a difference (with a 95% confidence
interval) was calculated considering the number of cows per
group (cervicitis – Healthy) and the mean and standard error of
the mean (for IL1, IL8, AGP) found in each comparisons group.

FIGURE 2 | Time-course variations in the pre-and post-partum percentage of neutrophils in the vaginal fornix and uterine mucus of cows (n = 26) defined as clinical

cervicitis cows (n = 19) and healthy cows (n = 7) from three dairy herds in Quebec in 2016. Time-course variations (weeks −1w +1w +3w +5w) of neutrophils

percentage, time-course differences are indicated with superscript a-b (for healthy cows), and c-d (for clinical cervicitis cows). Means without a common superscript

differed (P < 0.05).

Frontiers in Veterinary Science | www.frontiersin.org 4 February 2021 | Volume 7 | Article 60577324

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Vallejo-Timarán et al. Cow Cervicitis Innate Immunity Response

The statistical differences found were reported only when the
power was ≥70%.

All analyses were conducted in Stata R© Statistical Software
(Release 15. College Station, TX: Stata Corp LP).

RESULTS

Clinical Characteristics of Cervicitis
This research showed that 23% of the cows (n = 19) at +5w
were categorized as cervicitis. In addition, some cases of CC
appeared with purulent vaginal discharge – CC + PVD (n = 4)
or subclinical endometritis – CC+SE (n= 9).

Percentage of PMN in the Mucus of the

Vaginal Fornix and the Uterus
The percentage of PMN in the vaginal fornix of CC cows changed
during the sampling time pre- and post-partum respectively. On
time +3w, PMN in the vaginal fornix of CC cows were 15.89%
(P = 0.001), 13.84% (P = 0.005) and 14.05% (P = 0.004) higher
than at−1,+1, and+5w respectively. There were not significant
differences between CH and CC animals at −1w however, there
were significant differences between CH and CC animals (p <

0.05) at +1, +3, and +5w respectively. In CC cows, the PMN%

was the highest at +3w and the lowest at +1 and +5w. In
uterine mucus, cows with CC showed a significant difference
(p< 0.05) in the PMN% in all the sampling times with the highest
percentage at +1w. However, there was no difference between
CC/CH (Figure 2).

Cytokine Variations by Examination Time,

Case/Control, and Sample Origin
The calculate R2 coefficient for IL1, IL8, and AGP were 0.75, 0.86,
and 0.98 respectively. No significant differences were found for
cytokines by sampling times. Comparison between CC and CH
cows showed statistical differences only for time +3w where the
concentrations of IL1 in Fx (1.05 ± 0.01 pg/ml) and in Ut (0.065
± 0.01 pg/ml) of CC cows were significantly higher (P = 0.005)
than in the Fx (0.038± 0.019 pg/ml) and in the Ut (0.035± 0.016
pg/ml) of CH cows (Figure 3). In addition, the concentrations of
IL8 in CC cows were more elevated than CH cows in both the
Fx (0.73 ± 0.14 pg/ml vs. 0.27 ± 0.14 pg/ml, P = 0.043) and
uterine (0.60 ± 0.11 pg/ml vs. 0.32 ± 0.16 pg/ml, P = 0.040)
at +3w respectively (Figure 4). The concentration of AGP in Fx
(Figure 5) for CC was 2.76 ng/ml higher than CH (P = 0.0018)
at +3w. Comparison between Fx and Ut for CC cows at +3w
showed that IL1 and AGP concentrations in Fx were 0.003 ng/ml

FIGURE 3 | Time-course variations (Mean ± SEM) in pre and post-partum concentrations of IL1 IL8 in the vaginal fornix and uterine mucus of cows (n = 26) defined

as clinical cervicitis cows (n = 19) and healthy cows (n = 7) from three dairy herds in Quebec in 2016. Time-course variations (weeks −1w +1w +3w +5w) of

Interleukin 1α (pg/ml) concentrations (Mean ± SEM). An asterisk indicates a significant difference at p ≤ 0.05 (*) or p ≤ 0.01 (**) for the Mann-Whitney Test (Ha: clinical

cervicitis cows 6= healthy cows).
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FIGURE 4 | Time-course variations (Mean ± SEM) in pre and post-partum concentrations of IL8 in the vaginal fornix and uterine mucus of cows (n = 26) defined as

clinical cervicitis cows (n = 19) and healthy cows (n = 7) from three dairy herds in Quebec in 2016. Time-course variations (weeks −1w +1w +3w +5w) of α1-acid

glycoprotein (pg/ml) concentrations (Mean ± SEM). An asterisk indicates a significant difference at p ≤ 0.05 (*) or p ≤ 0.01 (**) for the Mann-Whitney Test (Ha: clinical

cervicitis cows 6= healthy cows).

(P = 0.018) and 1.93 ng/ml (P = 0.002) higher respectively than
in the Ut samples. No significant difference was found between
Fx and Ut concentrations of IL1, IL8 and AGP in CH cows at
time+3w (p > 0.05).

Cytokine Variations by Clinical

Characteristics of Cervicitis
Cases of cervicitis (CC) diagnosed at+5w occurred concurrently
with other uterine disorders (Table 1). At the time −1w, Fx
IL1 was higher in cows with CC+SE compared with CH cows
(P = 0.016). At the time +3w, Fx IL1 and IL8 concentrations
were higher for CC+SE cows compared with CH cows (P <

0.05). At the time+5w, Fx IL8 and AGPwere higher for CC+ SE
cows compared with CH cows (P < 0.05). In uterine samples, at
time+3 w: (a) Ut IL1 was higher in cows with CC+ SE compared
with CC + PVD cows (P = 0.08); (b) Ut AGP was higher for CC
+ SE cows compared with CC+ PVD cows (P = 0.028).

White Blood Cell Count (WBC), Variations

by Examination Time and Case/Control
Formonocytes (Mon), neutrophils (PMN) eosinophils (Eos), and
basophils (Bas), there were no significant differences (p > 0.05)

between CC cows and healthy cows (CH). At the time +1w,
WBC was higher compared to−1,+3, and+5w (Figure 6).

DISCUSSION

Innate immunity plays an important role in keeping postpartum
reproductive tract microflora balance; where the cervix acts
as an anatomical barrier protecting the uterus from external
pathogens producing cervical mucus (12, 21, 22). During
postpartum, puerperal physiological modifications occurring in
the reproductive tract, changes in the local microflora and
arisen of potential pathogens, and physical traumas associated
with calving or obstetrical manipulations may trigger cervical
inflammation. In the present study, clinical cervicitis was
diagnosed in 23% of the cows examined at 5 weeks postpartum
showing a red, edematous, and prolapsed cervical fold. Moreover,
some cases were accompanied by purulent vaginal discharge
or subclinical endometritis. The authors measured an increase
of neutrophils in the reproductive tract (uterus and fornix),
a major production of pro-inflammatory cytokines (IL-1)
and chemokines (IL-8), and the recruitment of circulating
neutrophils and monocytes meaning that postpartum cervicitis
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FIGURE 5 | Time-course variations (Mean ± SEM) in pre-and post-partum concentrations of AGP in the vaginal fornix and uterine mucus of cows (n = 26) defined as

clinical cervicitis cows (n = 19) and healthy cows (n = 7) from three dairy herds in Quebec in 2016. Time-course variations (weeks −1w +1w +3w +5w) of α1-acid

glycoprotein (ng/ml) concentrations (Mean ± SEM). An asterisk indicates a significant difference at p ≤ 0.05 (*) or p ≤ 0.01 (**) for the Mann-Whitney Test (Ha: clinical

cervicitis cows 6= healthy cows).

is a process initially controlled by innate immunity. In addition,
cervicitis was accompanied by uterine inflammation (clinical and
subclinical endometritis) in 41% (n= 13) of the cases. Interaction
between clinical endometritis, subclinical endometritis, and
cervicitis is not well-characterized. However, even with a
clear physical partition of the reproductive tract and a well-
defined histologic definition of each organ in cows one can
hypothesize that the process of clearance of the reproductive tract
inflammation in postpartum cows may proceed from the upper
(uterus) to the lower organs (cervix). More studies are needed
to understand the process of inflammation and the interaction
between the different compartments of the reproductive tract of
the cow in a postpartum situation.

The current research describes the innate immune response
in the uterus and the vaginal fornix, and the variations occurring
during the pre- and postpartum periods (−1, +1, +3, +5w)
in cows with clinical cervicitis. The concentrations of IL-1, IL8,
and AGP in the Fx mucus of CC cows increased from −1 to
+3w reaching the highest concentration at +3 weeks followed
by a decrease at +5w. However, the concentrations of cytokines
and the chemokine stayed high during the whole postpartum
period (+1 to +5w) in CC cows. The present results correlate

with the increase of the bacterial community in the vagina most
likely coming from the environment in the weeks after calving
(20, 23). The postpartum period is characterized by calving-
associated physical barriers relaxation including an open cervix
and a negative pressure created by repeated uterine contraction
and relaxation. As a result, there is an enhancement of bacterial
contamination in bovine uteri and vagina after calving, initially
by Gram-negative bacteria follow by Gram-positive bacteria
decreasing the levels of neutrophils and cytokines (2). Therefore,
inflammatory cytokines are expressed in the vaginal and uterine
mucosa in a time-related manner during the postpartum period
with a significant increase around 3 weeks after calving (24).
As partitioning of the reproductive tract is reestablished with
closure of the cervix and bacteria trapped in the reproductive
tract, the innate immune response may persist longer in CC
cows comparatively to CH cows where bacterial clearance is
more prompt.

In the current research, the results of CC cows show an
increased concentration of AGP in relation to IL1 and IL8 in
Fx. The α1-acid alpha glycoprotein AGP is an Acute Phase
Protein normally expressed by the liver and usually found in
blood, however extrahepatic expression of bovine AGP has
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TABLE 1 | Mean ± SEM for AGP, IL1, and IL8 in vaginal fornix and uterine mucus of pre-and post-partum cows (n = 26) defined as healthy, clinical cervicitis, and clinical

cervicitis plus additional uterine disease conditions.

Week Sample Disease IL1 (pg/ml) IL8 (pg/ml) AGP (ng/ml)

M ± SEM M ± SEM M ± SEM

–1w Fx CH 0.02 ± 0.00 0.47 ± 0.16 1.39 ± 0.79

CC 0.06 ± 0.02 0.55 ± 0.18 2.51 ± 0.72

CC + PVD 0.03 ± 0.01 0.39 ± 0.13 1.82 ± 0.54

CC + SE 0.12 ± 0.03a 1.24 ± 0.37 5.02 ± 1.8

+1w Fx CH 0.06 ± 0.02 0.31 ± 0.13 2.11 ± 0.69

CC 0.07 ± 0.02 0.53 ± 0.21 3.38 ± 0.65

CC + PVD 0.07 ± 0.01 0.50 ± 0.15 3.22 ± 0.88

CC + SE 0.10 ± 0.02 0.98 ± 0.33 3.33 ± 0.77

Ut CH 0.05 ± 0.01 0.40 ± 0.14 2.73 ± 0.58

CC 0.06 ± 0.02 0.48 ± 0.18 2.32 ± 0.87

CC + PVD 0.06 ± 0.01 0.54 ± 0.10 2.63 ± 0.73

CC + SE 0.12 ± 0.04 1.16 ± 0.34 4.05 ± 1.40

+3w Fx CH 0.03 ± 0.01 0.27 ± 0.14 1.46 ± 0.48

CC 0.09 ± 0.01 0.58 ± 0.21 3.19 ± 0.31

CC + PVD 0.09 ± 0.01 0.55 ± 0.16 4.64 ± 0.77

CC + SE 0.13 ± 0.03a 1.37 ± 0.39a 4.85 ± 0.95

Ut CH 0.03 ± 0.01 0.32 ± 0.16 1.21 ± 0.16

CC 0.05 ± 0.02 0.52 ± 0.16 1.83 ± 0.63

CC + PVD 0.05 ± 0.01 0.45 ± 0.13 1.85 ± 0.50

CC + SE 0.11 ± 0.01b 1.08 ± 0.31 3.96 ± 0.74b

+5w Fx CH 0.04 ± 0.01 0.25 ± 0.11 1.93 ± 0.55

CC 0.07 ± 0.02 0.48 ± 0.21 2.37 ± 0.64

CC + PVD 0.06 ± 0.01 0.41 ± 0.14 2.70 ± 0.52

CC + SE 0.10 ± 0.02 1.40 ± 0.52a 7.5 ± 3.00a

Ut CH 0.04 ± 0.01 0.45 ± 0.19 1.47 ± 0.37

CC 0.07 ± 0.01 0.55 ± 0.23 2.16 ± 0.54

CC + PVD 0.04 ± 0.01 0.47 ± 0.14 2.37 ± 0.54

CC + SE 0.11 ± 0.02 1.27 ± 0.38 3.64 ± 1.23

Time-course variations (weeks –1w +1w +3w +5w) of Interleukin 1α (pg/ml), Interleukin 8 (pg/ml) and α1-acid glycoprotein (ng/ml) concentrations (Mean ± SEM) in vaginal fornix (Fx)

and uterine mucus (Ut) of cows with cervicitis CC, cervicitis plus purulent vaginal discharge (CC + PVD), cervicitis plus subclinical endometritis (CC + SE), and healthy CH.
a Indicate a significative difference Mann-Whitney Test p ≤ 0.05 (compared with CH cows).
b Indicate significative difference Mann-Whitney Test p ≤ 0.05 (compared with CC + PVD cows).

been reported in tissues like uteri and ovaries (25–29). The
protein AGP possesses an immunomodulatory activity and it
is believed to play an important role in the regulation of
local inflammation by reducing the tissue damages caused by
excessive activation of the complement. It modulates apoptosis
in bovine monocytes and the degranulation of neutrophils
involved in the fine-tuning of neutrophil activity during the
inflammation (27, 28, 30, 31). In the study, AGP concentrations
(Figure 5) increased during cervicitis, mainly at +3w (p < 0.05)
however, when cervicitis and subclinical endometritis were both
present AGP concentration in Fx was higher at 5 w (p < 0.05)
(Table 1). The present results agree with previous work that
demonstrated a higher level of plasma AGP in cows developing
uterine infection in comparison with cows without endometritis
(32). AGP can modulate locally the uterine innate immune
response in different cases such as normal uterine involution,
cervicitis or endometritis without the presence of a systemic

inflammatory process. In cows, AGP is contained in neutrophil
granules and released when activated. More specifically, the
highly glycosylated AGP is syntheses in myelocytes, stored,
and released in secondary granules by activated neutrophils
representing a fine-tuning of the neutrophil’s function (Down-
regulatory effect) reducing the damages caused by an excess of
inflammatory response (28, 31, 33). In vaginal samples of CH,
similar concentrations of AGP (Figure 5) were found during
the pre- and the postpartum period in concordance with the
changes in neutrophils (Figure 2) indicating some endogenous
homeostatic role. The present results infer that endometrial and
vaginal production of AGP has an important role in neutrophil
function in both in healthy and infected cows. However, there is
scarce information related with the role of AGP in postpartum
uterine disease in dairy cows and, a potential use of acute phase
proteins as predictor of postpartum uterine infections in dairy
cows have been reported (34), therefore more research is needed.
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FIGURE 6 | Time-course variations in pre-and post-partum white blood cell count of cows (n = 26) defined as clinical cervicitis cows (n = 19) and healthy cows

(n = 7) from three dairy herds in Quebec in 2016. Time-course variations (weeks −1w +1w +3w +5w) of blood cell count (×103 mm3 ) for monocytes (Mo),

Neutrophils (Neu), Eosinophils (Eos), Basophiles (Bas). Body mark (*) indicates a significative difference in CH cows at p ≤ 0.05 for sample time comparison (weeks

−1w +1w +3w +5w). Body mark (+) indicates a significative difference in CC cows at p ≤ 0.05 for sample time comparison (weeks −1w +1w +3w +5 w).

The parturition period requires extensive remodeling of the
cervix before parturition (cervical softening and ripening) for
the transformation of the cervix from a closed rigid structure
to one that opens for birth (35, 36). At −1w, a high blood
neutrophil count, an increased concentration of IL-8, and a
detectable IL1 and AGP concentrations were measured in CC
and CH cows. The present results agree with the increase
in expression of IL-8 enabling the influx of neutrophils in
the cervical tissue that excretes the matrix metalloproteinase
which contributes to the softening of the cervix (37, 38).
Moreover, parturition is associated with the local accumulation
of IL8, which acts synergistically with PGE2 to attract
polymorphonuclear neutrophils. Hence, activation of placental
leukocyte population releases proteolytic enzymes that degrade
the caruncles, thus facilitating fetal membrane separation and
advancing the progression of labor (37, 39). Therefore, fetal
membrane separation is directly linked to inflammatory changes
in the uteroplacental interface. The current results from −1w
prepartum to +1w postpartum might explain the link between

the increase of uterine IL-8, the blood monocytes levels, and the
endometrial concentrations of neutrophils. Increased apoptosis,
caruncular degradation, and IL-8 production around parturition
trigger a massive influx of neutrophil and mononuclear cells into
the uterus and the cervix that expel their placenta normally (39).
The prepartum increased IL8 concentration found in the present
research could be related to cervical ripening before parturition
which is a physiological pro-inflammatory process influenced by
regulatory cytokines.

In the first week postpartum, the current research found an
increase in uterine neutrophils percentage, blood neutrophils
and monocytes levels (Figures 2–6). This is an expected finding
considering that tissue macrophages release IL1 and IL8 acting as
a pro-inflammatory and chemo-attracting process coordinating
the recruitment of neutrophils to the site of infection enhancing
an inflammatory repairing response. The increase of blood
monocytes at +1w (Figure 6) may result in more differentiation
of monocyte in macrophages in the reproductive tissues for
a better clearance of pathogens and a more effective control
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of inflammation (15, 40). The abundance of monocyte around
parturition reflects the participation of macrophages in the
recognition and phagocytosis of cells undergoing apoptosis
and capture of bacterial lipopolysaccharides (41). The present
results agree with the important role of the expression of pro-
inflammatory cytokines and chemokines for calving; where IL1
and IL8 concentrations were at least 8-fold higher in the cervix at
parturition than during the gestation (38).

In conclusion, the present study describes cytokines and AGP
modulation of the local innate immune response in cows with
cervicitis during the postpartum period. The clinical findings of
the present study allow diagnosing the presence of a regulated
proinflammatory process in the external section of the cervix
with certain reliability. The prolapse of the second cervical
fold could be related to an inflammatory process in the inner
part of the cervix also (clinical cervicitis). The 3w postpartum
was found to be a critical point showing significative increase
in the concentration for all markers of inflammation studied.
Variations of IL1 and IL8 during the time course of the study were
associated with the neutrophils function and most likely part of
a normal homeostatic process. These cytokines concentrations
were higher in cows with clinical cervicitis than healthy cows.
With a proinflammatory protective effect, IL1, IL8 and AGP can
modulate locally the uterine innate immune response involving
neutrophils in normal uterine involution and in cases of cervicitis
or endometritis without the presence of a systemic inflammatory
process. Cervicitis can occur in the concomitance of other
recognized postpartum uterine clinical conditions (clinical -
subclinical endometritis) potentially reducing fertility. As a
limitation of the study, we found concentrations for IL1 and
IL8 below of the detection range reported for the kit, this is
related to the type of sample used [brush with cervical mucus
sample and brush with uterine mucus sample collected in a
sterile tube with 1ml of phosphate-buffered saline (PBS) and
stored frozen at −80◦C]. The kits were selected based on
the manufacturer’s recommendations for the type of sample.
Nevertheless, considering that studies on this topic are scarce,
and have different disease definitions, research methods, and

limitations (small number of observations, retrospective data,
the absence of a sample size calculation, discrepancies between
range detection reported for the kits and IL concentrations),
further information is needed to understand better the impact of
cervicitis on postpartum uterine disease and fertility.
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In the dog, implantation takes place at approximately 17 days of embryonal life and, while

exposed to relatively high circulating progesterone concentrations, embryos presence

is required for the formation of decidua. Furthermore, a balance between pro- and

anti-inflammatory responses in conceptus-maternal communication is crucial for the

onset of pregnancy. Strikingly, the understanding of such immune mechanisms in

canine reproduction is still elusive. Here, canine uterine samples from pre-implantation

(day 10–12, E+) and corresponding non-pregnant controls (E–), implantation (day 17,

Imp) and post-implantation (day 18–25, Post-Imp) stages of pregnancy were used to

investigate the expression and localization of several immune-related factors. The most

important findings indicate increased availability of CD4, MHCII, NCR1, IDO1, AIF1,

CD25, CCR7, and IL6 in response to embryo presence (E+), while FoxP3 and CCL3

were more abundant in E– samples. Implantation was characterized by upregulated

levels of FoxP3, IL12a, ENG, and CDH1, whereas CD4, CCR7, IL8, and -10 were

less represented. Following implantation, decreased transcript levels of TNFR1, MHCII,

NCR1, TLR4, CD206, FoxP3, and IL12a were observed concomitantly with the highest

expression of IL6 and IL1β. MHCII, CD86, CD206, CD163, TNFα, IDO1, and AIF1 were

immunolocalized in macrophages, CD4 and Nkp46 in lymphocytes, and some signals of

IDO1, AIF1, and TNF-receptors could also be identified in endothelial cells and/or uterine

glands. Cumulatively, new insights regarding uterine immunity in the peri-implantation

period are provided, with apparent moderated pro-inflammatory signals prevailing

during pre-implantation, while implantation and early trophoblast invasion appear to be

associated with immunomodulatory and rather anti-inflammatory conditions.

Keywords: dog (Canis lupus familiaris), immune system, uterus, early pregnancy, embryo-maternal

communication
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INTRODUCTION

The uterine mucosal immune system plays an important role
during maternal recognition and establishment of pregnancy.
This is accomplished by maintaining a balance between
the defense against pathogens and the tolerance toward the
allogeneic sperm and semiallogeneic embryo, adapting thereby
to different pregnancy-associated events (e.g., implantation,
placentation, parturition) and contributing to tissue remodeling
(1–3). This balance relies on the complex population of resident
immune cells, composed of, e.g., macrophages, natural killer
(NK) cells, B and T lymphocytes, regulated by local and
systemic signaling, including endocrine insults (1, 2, 4, 5),
and changing during the progression of pregnancy. This, i.e.,
regards the polarization of uterine macrophages. Thus, as shown
e.g., in humans, pre-implantation is marked by a predominant
presence of M1 (pro-inflammatory) macrophages, transitioning
to a mixed, M1/M2, population during trophoblast attachment
and a predominant presence of M2 macrophages following
placentation [reviewed in (6)]. While the role of all of the
different immune cell populations in the uterus is not fully
understood, some, like the NK are crucial in the onset of
pregnancy. In the human and mouse uterus they are required
for the formation of highly invasive (hemochorial) deciduate
placenta [reviewed in (7, 8)]. NK cells are the most prevalent
immune cell population in the uterus in these species and are
involved in the regulation of trophoblast invasion, playing key
roles in the remodeling of spiral arterioles during the formation
of decidual tissue [reviewed in (8)]. However, despite presenting
a deciduate endotheliochorial placenta, no such mechanisms are
known for the dog, nor has the composition of the immune
system been thoroughly studied in this species.

Furthermore, translational research from other species to
the dog is limited by the canine species-specific decidualization
mechanisms as a part of the peculiar reproductive physiology.
Thus, lacking an active luteolytic event, non-pregnant bitches
present a physiological pseudopregnancy that lasts frequently
longer than pregnancy, with luteal P4 circulating levels similar
to those observed in pregnant animals [reviewed in (9)].
Additionally, canine oocytes require oviductal maturation
to reach fertilization competence, while implantation and
development of a decidual endotheliochorial placenta start
around days 17–18 after fertilization (10–12). Despite the
high P4 levels observed during this period, no spontaneous
decidualization can be observed in non-pregnant bitches, as
the presence of the implanting blastocyst is needed to induce
the differentiation of maternal stromal cells into decidual cells
[reviewed in (13)]. Nevertheless, while the presence of an
embryo-derived antiluteolytic signal is not needed in this species,
cross-talk between the embryo and maternal tissue is still
required for the establishment of pregnancy. Indeed, the presence
of free-floating blastocysts has been associated with changes
in the uterine transcriptome indicating modulation of, e.g.,
extracellular matrix components and immune system-related
factors (14–16).

However, with regard to the involvement of the immune
system in the establishment of pregnancy, available information

for the dog pales in contrast to what is known for other species
with a deciduate placenta. Canine early pregnancy is associated
with increased circulating levels of acute phase and heat shock
proteins that, due to their high sensitivity to the health status of
the animal, have limited use asmarkers of pregnancy [reviewed in
(13)]. As for embryo-induced changes, earlier qualitative analyses
of the pre-implantation uterine immune milieu in pregnant and
pseudopregnant bitches described differences in the presence
of factors like CD4, CD8, INFγ, TNFα, and some interleukins
(17, 18). In a later study from our group, the presence of free-
floating embryos was associated with the predicted activation
of signaling pathways involving IL1, IL10, toll-like receptor
(TLR) and NFκB, and increased expression of chemokines and
other immune regulators (14). As for the period of implantation
and placentation, the available information is limited to the
observed increased availability of leukemia inhibitory factor
(LIF) and macrophage colony-stimulating (MCS) factor in
placentation sites, in contrast with early pregnancy (17, 19).
Furthermore, while immunohistochemical description of CD3+

T lymphocytes, macrophages and B lymphocytes is available
for non-pregnant bitches (20), nothing is known regarding the
uterine immune population of pregnant animals.

Consequently, while the immune system plays an important
role in the onset of pregnancy, there is only scarce information
available for the dog. To address this knowledge gap, the aim
of this study was to characterize factors constituting the uterine
immune milieu during the early stages of canine pregnancy,
i.e., during the free-floating embryo stage (pre-implantation),
at the time of implantation (day 17) and during placental
formation (post-implantation). We investigated the expression
and/or localization of twenty four different immune factors that
serve as markers of different immune cells subsets and/or are
involved in immune regulation. In addition, gene expression
of six factors involved in tissue growth and remodeling was
also evaluated.

MATERIALS AND METHODS

Tissue Collection and Preservation
Uterine- and utero-placental samples from 27 (n = 27) healthy,
mixed breed bitches aged 2–8 years old were allotted to the
present work. All samples had been used before and details
on animal manipulation and determination of pregnancy status
were described in (14, 21–23). Briefly, animals were monitored
for the onset of spontaneous ovulation by vaginal cytology
and progesterone (P4) measurements. Health condition of the
animals was evaluated by routine clinical examination. P4 levels
were determined by radioimmunoassay, as previously described
(24). Ovulationwas considered to have occurred when circulating
levels of P4 exceeded 5 ng/ml, and bitches were mated 2–3 days
later (time needed for oocyte maturation and completion of
the first meiotic division). Day of mating was considered day 0
of pregnancy. Samples were collected by ovariohysterectomy at
different pregnancy stages: pre-implantation (days 8–12, before
embryo apposition), at the day of implantation (Imp, day 17,
n = 5) and during early placentation (post-implantation stage,
Post-Imp, days 18–25, n = 5). During pre-implantation, early
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pregnancy was confirmed by uterine flushing and recovery of
embryos (E+, n= 9). Animals in which no embryo was recovered
between days 8–12 were considered not pregnant (E-, n =

8). Following surgery, retrieved uterine samples (including all
histological layers) were immediately trimmed of connective
tissues and washed in cold PBS. From Imp and Post-Imp
groups, implantation/placentation sites were collected (the Post-
Imp stage included the early utero-placental formation). For
RNA analysis, samples were immersed in RNAlater (Ambion
Biotechnology GmbH, Wiesbaden, Germany) for 24 h at 4◦C
and then stored at −80◦C until used for RNA isolation. For
histological analysis, samples were fixed for 24 h in 10% neutral
phosphate-buffered formalin, washed with PBS, dehydrated in a
graded ethanol series and embedded in the paraffin equivalent
HistoComp (Vogel, Giessen, Germany).

Animal experiments were carried out in accordance with
animal welfare legislation and were approved by the responsible
ethics committee of the Justus-Liebig University Giessen,
Germany (permits no. II 25.3-19c20-15c GI 18/14 and VIG3-19c-
20/15GI 18,14), and of the University of Ankara, Turkey (permits
no. Ankara 2006/06 and 2008-25-124). Samples from day 17 of
pregnancy were collected at the “Hospital Veterinário do Baixo
Vouga”, Portugal, after informed consent of the owners (22).

Total RNA Isolation, High Capacity Reverse

Transcription, Pre-amplification of cDNA,

and Semi-quantitative Real-Time TaqMan

PCR (qPCR)
Total RNA was isolated using the TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) following the manufacturer’s instructions
and concentration and purity were assessed with a NanoDrop
2000C spectrophotometer (ThermoFisher scientific AG
Reinach, Switzerland). The elimination of possible genomic
DNA contamination was performed using the RQ1 RNA-free
DNase Kit (Promega, Dübendorf, Switzerland) following the
instructions provided by the manufacturer. Reverse transcription
(RT) and pre-amplification of cDNAwere performed by applying
the High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems by ThermoFisher Scientific, Foster City, CA, USA),
using 10 ng total RNA as starting material. Next, the TaqMan
PreAmp Master Mix Kit (Applied Biosystems) was applied
following the supplier’s protocols and as previously described
(25). Briefly, all used predesigned commercially available
TaqMan systems (obtained from Applied Biosystems) and
self-designed primers and 6-carboxyfluorescein (6-FAM) and
6-carboxytetramethylrhodamine (TAMRA) labeled probes
(ordered from Microsynth AG, Balgach, Switzerland), were
pooled. Afterwards, cDNA from each sample was mixed
with PreAmp Master Mix and pooled TaqMan assays and
samples were amplified in an Eppendorf Mastercycler (Vaudax-
Eppendorf AG, Basel, Switzerland). A complete list of the
predesigned TaqMan systems and self-designed primers and
6-FAM and TAMRA probes used is presented in Table 1.

The expression of the 29 selected target genes was investigated
by real-time TaqMan PCR. The construction of self-designed
primers and probes was based on published coding sequences

(CDS). For genes where only predicted CDS were available
(i.e., CD206 and NCR1), products were commercially sequenced
(Microsynth) to confirm the specificity of amplicons. Efficiency
values of PCR reactions were validated to ensure approximately
100% as previously described (25, 26). The protocols used for
sample preparation and semi-quantitative real-time TaqMan
PCR were published previously (25–27). TaqMan PCR was run
with FastStart Universal Probe Master (ROX, Roche Diagnostics
AG, Switzerland) and 5 µl pre-amplified cDNA. Reactions
were run in duplicate in an automated ABI PRISM 7500
Sequence Detection System (Applied Biosystems). Autoclaved
water and minus-RT controls were used instead of cDNA as
negative controls, and relative quantification of gene expression
was performed with the comparative Ct method (11Ct),
as previously described (26, 27). Values were calibrated to
average expression in E– samples and normalized with the
expression of reference genes. In preliminary experiments, the
expression of three potential reference genes (GAPDH, β-ACTIN
and CYCLOPHILIN) was evaluated in all used samples and
their stability values were calculated using the online tool
RefFinder (28). β-ACTIN and GAPDH were selected as more
stable than CYCLOPHILIN and used as reference genes for
11Ct evaluation.

Immunohistochemical Staining
Immunohistochemical (IHC) detection of 12 protein targets
for which commercial canine cross-reacting antibodies were
available (listed in Table 2) was performed using the standard
indirect immunoperoxidase method, following our previously
described protocol for canine tissues (27, 29). Briefly, formalin-
fixed and paraffin-embedded tissue samples were cut in 2–
3µm thick sections, mounted on microscope slides (SuperFrost;
Menzel-Glaeser, Braunschweig, Germany), deparaffinized and
rehydrated. Slides were then heated in 10mM citrate buffer (pH
6.0) in a microwave oven for antigen retrieval and endogenous
peroxidase activity was quenched with 0.3% hydrogen peroxide
diluted in methanol. Non-specific binding sites were blocked
with 10% horse or goat serum (depending on the secondary
antibody used), and samples were incubated overnight at +4◦C.
Dilutions of the selected primary antibodies are described
in Table 2. Samples were then incubated with biotin-labeled
secondary antibodies (horse anti-goat IgG BA-9500, goat anti-
rabbit IgG BA1000 or horse anti-mouse IgG BA-2000, all
purchased from Vector Laboratories Inc., Burlingame, CA,
USA), diluted 1:100 in immunohistochemistry buffer (0.8mM
Na2HPO4, 1.47mM KH2PO4, 2.68mM KCl, and 137mM
NaCl, containing 0.3% Triton X; pH 7.2–7.4), followed by the
avidin-peroxidase Vectastain ABC kit (Vector Laboratories Inc.).
Peroxidase activity was detected using a liquid DAB + substrate
kit (Dako Schweiz AG, Baar, Switzerland). Contrast staining
was performed with hematoxylin and slides were mounted
with Histokit (Assistant, Osterode, Germany). Evaluation of
primary antibodies specificity was performed by replacing
the primary antibody with a non-immune IgG from the
same species and at the same concentration (isotype control,
rabbit IgG I-1000, goat IgG I-5000, and mouse IgG I-2000,
all from Vector Laboratories Inc.). Slides were evaluated
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TABLE 1 | List of gene symbols, corresponding gene names, and TaqMan systems used for semi-quantitative real time qPCR.

Gene Name Accession

numbers

Primer sequence Product

length (bp)

MHCII Major histocompatibility complex II NM_001011723.1 Forward 5′-GGA GAG CCC AAC ATC CTC ATC-3′ 90

Reverse 5′-GGT GAC AGG GTT TCC ATT TCG-3′

TaqMan probe 5′-TCG ACA AGT TCT CCC CAC C-3′

CD206/MCR1 Cluster of differentiation

206/mannose receptor C-Type 1

XM_005617091.3 Forward 5′-GGC AGG AAG ATT GTG TCG TCA T-3′ 108

Reverse 5′-TGG GCT GGG TTT GAG ATT TC-3′

TaqMan probe 5′-TGG GCA GAT CGA GCC TGC GAG-3′

NCR1 Natural cytotoxicity triggering

receptor 1

NM_001284448.1 Forward 5′-CTG GGA TCA CAC TGC CCA TAA T-3′ 103

Reverse 5′-CCT CTT CCT GCA AAG CCA GTA-3′

TaqMan probe 5′-CTT TCC TGG TCC TGA TGG CCC TCA-3′

IL1β Interleukin 1 beta NM_001037971.1 Forward 5′-TGC CAA GAC CTG AAC CAC AGT-3′ 97

Reverse 5′-CTG ACA CGA AAT GCC TCA GAC T-3′

TaqMan probe 5′-CAT CCA GTT GCA AGT CTC CCA CCA GC-3′

IL6 Interleukin 6 AF275796.1 Forward 5′-AAA GAG CAA GGT AAA GAA TCA GGA TG-3′ 124

Reverse 5′-GCA GGA TGA GGT GAA TTG TG-3′

TaqMan probe 5′-ACT CCT GAC CCA ACC ACA GAC GCC A-3′

IL8/CXCL8 Interleukin 8/ C-X-C motif

chemokine ligand 8

NM_001003200.1 Forward 5′-CCA CAC CTT TCC ATC CCA AA-3′ 114

Reverse 5′-CCA GGC ACA CCT CAT TTC CA-3′

TaqMan probe 5′-CTG AGA GTG ATT GAC AGT GGC CCA CAT TGT-3′

TNFα Tumor necrosis factor alpha NM_001003244 Forward 5′-TGC CCT TCC ACC CAT GTG-3′ 96

Reverse 5′-AGG GCT CTT GAT GGC AGA GA-3′

TaqMan probe 5′-CCC ACA CCA TCA GCC GCT TCG-3′

TNFR1 Tumor necrosis factor receptor 1 XM_849381 Forward 5′-TGT GTG GCT GCA GGA AGA AC-3′ 114

Reverse 5′-GCT TCT CTT GGC AGG AGA TCT-3′

TaqMan probe 5′-ACT CCA CCC TCT GCC TCA ATG GCA-3′

TNFR2 Tumor necrosis factor receptor 2 XM_005617982 Forward 5′-CCA GCA GAG CGA GTA CTT CGA-3′ 95

Reverse 5′-TCG AGG TCT TGG TGC AGA AGA-3′

TaqMan probe 5′-CAT GTG TCC CCC TGG CTC CCA C-3′

IDO1 Indolamin 2,3-dioxygenase 1 XM_532793.5 Forward 5′-TGA TGG CCT TAG TGG ACA CAA G-3′ 116

Reverse 5′-TCT GTG GCA AGA CTT TTC GA-3′

TaqMan probe 5′-CAG CGC CTT GCA CGT CTG GC-3′

AIF1 Allograft inflammatory factor 1 XM_532072.5 Forward 5′-CGA ATG CTG GAG AAA CTT GGT-3′ 107

Reverse 5′-TGA GAA AGT CAG AGT AGC TGAAGG T-3′

TaqMan probe 5′-TCC CCA AGA CCC ATC TGG AGC TCA A-3′

GAPDH Glyceraldehyde-3-phosphate

dehydrogenase

AB028142.1 Forward 5′-GCT GCC AAA TAT GAC GAC ATC A-3′ 75

Reverse 5′-GTA GCC CAG GAT GCC TTT GAG-3′

TaqMan probe 5′-TCC CTC CGA TGC CTG CTT CAC TAC CTT-3′

CD163 Cluster of differentiation 163 Pre-designed assay from Applied Biosystems, Prod.No. Cf02627321_m1

CD4 Cluster of differentiation 4 Pre-designed assay from Applied Biosystems, Prod.No. Cf02627842_m1

CD8 Cluster of differentiation 8 Pre-designed assay from Applied Biosystems, Prod.No. Cf02627888_m1

CD25/IL2Ra Cluster of differentiation 25/interleukin 2 receptor alpha Pre-designed assay from Applied Biosystems, Prod.No. Cf02623133_m1

FoxP3 Forkhead Box P3 Pre-designed assay from Applied Biosystems, Prod.No. Cf02741703_m1

IL10 Interleukin 10 Pre-designed assay from Applied Biosystems, Prod.No. Cf02624264_m1

IL12a Interleukin 12 Pre-designed assay from Applied Biosystems, Prod.No. Cf02628398_m1

TGFβ Transforming growth factor 1 beta Pre-designed assay from Applied Biosystems, Prod.No. Cf02623324_m1

CCL3 C-C motif chemokine ligand 3 Pre-designed assay from Applied Biosystems, Prod.No. Cf02671956_m1

CCL13 C-C motif chemokine ligand 13 Pre-designed assay from Applied Biosystems, Prod.No. Cf02622470_mH

CCR7 C-C motif chemokine receptor 7 Pre-designed assay from Applied Biosystems, Prod.No. Cf02654980_m1

TLR4 Toll-like receptor 4 Pre-designed assay from Applied Biosystems, Prod.No. Cf02622203_g1

IGF1 Insulin-like growth factor 1 Pre-designed assay from Applied Biosystems, Prod.No. Cf02627846_m1

(Continued)
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TABLE 1 | Continued

Gene Name Primer sequence

IGF2 Insulin-like growth factor 2 Pre-designed assay from Applied Biosystems, Prod.No. Cf02647136_m1

ENG Endoglin Pre-designed assay from Applied Biosystems, Prod.No. Cf02658400_m1

CDH1 Cadherin-1/epithelial cadherin (E-cadherin) Pre-designed assay from Applied Biosystems, Prod.No. Cf02624268_m1

ECM2 Extracellular matrix protein 2 Pre-designed assay from Applied Biosystems, Prod.No. Cf02641132_m1

MMP2 Matrix metalloperoteinase 2 Pre-designed assay from Applied Biosystems, Prod.No. Cf02741675_m1

β-ACTIN Beta-actin Pre-designed assay from Applied Biosystems, Prod.No. Cf03023880_g1

PPIA/Cyclophilin Peptidylprolyl isomerase A Pre-designed assay from Applied Biosystems, Prod.No. Cf03986523_gH

TABLE 2 | List of antibodies and corresponding dilutions used in

immunohistochemical staining.

Target protein Product reference and manufacturer Dilution

MHCII ORB101661 (Biorbyt, Cambridge, UK) 1:200

CD86 ORB49101 (Biorbyt, Cambridge, UK) 1:400

Nkp46 ORB157934 (Biorbyt, Cambridge, UK) 1:400

CD4 AB125711 (Abcam, Cambridge, UK) 1:400

CD8 AB101500 (Abcam, Cambridge, UK) 1:100

TNFα AB6671 (Abcam, Cambridge, UK) 1:200

TNFR1 AB19139 (Abcam, Cambridge, UK) 1:200

TNFR2 AB15563 (Abcam, Cambridge, UK) 1:200

IDO1 LS-C174759 (LSBio, Seattle, WA, USA) 1:50

AIF1 LS-B2403 (LSBio, Seattle, WA, USA) 1:400

CD206 SC-376108 (Santa Cruz Biotecnology Inc.,

Santa Cruz, CA, USA)

1:400

CD163 DB045 (DB Biotech, Kosice, SK) 1:400

qualitatively using a Leica DMRXE light microscope with a
Leica DFC425 camera (Leica Microsystems, Wetzlar, Germany).
Identification of macrophages and lymphocytes was performed
by observing positive staining against specific factors, in some
cases following staining of consecutive slides, and morphological
characterization of cells following descriptions available in the
literature (30, 31).

Statistical Analysis
Statistical evaluation of real-time TaqMan PCR was performed
using the software GraphPad 2.06 (GraphPad Software Inc,
San Diego, CA, USA). To evaluate the differences between
the analyzed groups (i.e., in response to the presence or
absence of embryos in the pre-implantation period, and between
pre-implantation, implantation, and post-implantation stages)
parametric one-way analysis of variance (ANOVA) followed
by Tukey-Kramer multiple comparisons post-test were applied.
Furthermore, the comparison between CD4 and CD8 expression
in each experimental group was performed with an unpaired
two-tailed Student’s t-test. Numerical results for relative gene
expression are presented as mean ± standard error of the mean
(SEM). P < 0.05 was considered statistically significant.

TABLE 3 | Surface markers selected for identification of macrophage and

lymphocyte subsets.

Macrophage phenotype Selected markers

M1 ↑MHCII, CD86, CD4

M2a CD206

M2b ↓MHCII, CD86

M2c CD163

T lymphocyte subpopulation Selected markers

Tc (cytotoxic) CD8

Th (helper) CD4, CD25

Treg (regulatory) CD4, CD25, FoxP3

NK (natural killer) Nkp46 (NCR1)

Selection of investigated markers was performed based on current literature (6, 32, 33,

36-40). (↑ = high expression, ↓ = low expression).

RESULTS

With the aim of characterizing the presence and localization
of several subsets of macrophages and lymphocytes in the
early pregnant canine uterus, several relevant immune system
markers, described in Table 3, were evaluated. Furthermore, the
expression of several cytokines, immune regulators, and factors
involved in tissue growth and remodeling was also assessed. The
expression of the 29 target genes was detectable in samples from
all experimental groups, although the transcript abundance of
some of them at specific stages (indicated in Figures) was low
and, sometimes, below detection limits. Among these were FoxP3
and IL12a in samples from the Post-Imp stage (Figures 1H, 3E,
respectively) and CCL13 on the day of implantation (day 17,
Figure 3K). In addition, specific staining was obtained with all
tested antibodies in all evaluated samples.

Detection of Macrophages and

Lymphocytes Markers
To investigate the presence of different macrophage phenotypes
in the canine uterus during the establishment of pregnancy,
the expression of MHCII, CD206, and CD163 was evaluated.
Pregnancy status (E+ vs. E–) and/or stage, significantly affected
the expression of transcripts encoding for MHCII (P < 0.01)
and CD206 (P < 0.0001), but no significant changes were
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FIGURE 1 | Relative gene expression of selected immune cell markers in the canine early pregnant uterus. Relative gene expression as determined by

semi-quantitative real time (TaqMan) PCR (mean ± SEM). (A–E,G–I) One-way ANOVA was applied to test the effects of time (pregnancy stage) on gene expression

revealing: P = 0.005 for MHCII, P < 0.0001 for CD206, P = 0.2 for CD163, P = 0.0032 for CD4, P = 0.06 for CD8, P = 0.02 for CD25, P = 0.01 for FoxP3 and P <

0.0001 for NCR1. In the case of P < 0.05, the analysis was followed by a Tukey-Kramer multiple comparisons post-test. (F) Comparison of relative gene expression

between CD4 and CD8 was evaluated by applying Student’s unpaired two-tailed t-test at each investigated stage. Bars with asterisks differ at: *P < 0.05, **P < 0.01,

***P < 0.001.

observed in the expression of CD163 (P > 0.05, Figure 1C).
The presence of embryos in the early pregnant uterus prior to
implantation (E+) was associated with a higher expression of
MHCII, in contrast to its non-pregnant counterparts (E–, P <

0.01, Figure 1A). This was not the case for CD206, for which
the presence of embryos had no effect on the transcript levels
(Figure 1B). However, considering the progression of pregnancy,

the expression of MHCII and CD206 was the lowest post-
implantation (Post-Imp) when compared with E+ forMHCII (P
< 0.05, Figure 1A) or all previous stages for CD206 (P < 0.001,
Figure 1B).

The different subsets of T lymphocytes were assessed by
evaluating the uterine availability of transcripts encoding for
CD4, CD8, CD25, FoxP3, and NCR1 (that encodes for NKp46).
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Significant changes in the expression of CD4 (P < 0.01), CD25
(P < 0.05), FoxP3 (P < 0.01), and NCR1 (P < 0.0001) were
observed in relation to the presence/absence of pregnancy and/or
its stage, while CD8 did not differ significantly (P > 0.05) across
all analyzed groups (Figure 1). In the early pre-implantation
period (days 8–12, E+), the presence of an embryo was associated
with increased expression ofCD4 (P< 0.01, Figure 1D),CD25 (P
< 0.05, Figure 1G), and NCR1 (P < 0.05, Figure 1I), compared
with E- samples, while FoxP3 was downregulated (P < 0.01,
Figure 1H). Regarding pregnancy stage, CD4 expression was
also the highest during pre-implantation (E+), in contrast
with the later stages, i.e., Imp and Post-Imp, when its uterine
expression was significantly suppressed (P < 0.05, Figure 1D). In
addition, CD4 expression at the E+ stage was significantly higher
than CD8 (P < 0.05, Figure 1F). As for FoxP3, although the
presence of embryos had a suppressive effect on its expression,
its expression increased during Imp (P < 0.05, Figure 1H).
Interestingly, following implantation the levels of FoxP3 mRNA
were significantly suppressed and fell below detection limits
in most of the samples (Figure 1H). Similarly, the expression
of NCR1 decreased significantly after implantation (Post-Imp),
compared with E+ and Imp (P < 0.01 and P < 0.001,
respectively, Figure 1F).

To further evaluate the immune infiltrate in the canine uterus
during the peri-implantation period, the immunolocalization
of factors selected as markers of different immune cell subsets
was also evaluated by IHC. Regarding factors expressed
by macrophages, some MHCII positive cells were observed
in the superficial layer of the endometrium of pregnant
animals during the pre-implantation stage (Figure 2A), with
a similar localization pattern observed for CD86 (Figure 2B).
Likewise, CD206-positive signals were observed in macrophages
mainly localized in superficial endometrial layers during pre-
implantation (E+, Figure 2C). However, their localization
appeared to change in subsequent stages of pregnancy, as
cells expressing CD206 could be found scattered throughout
the different layers of the endometrium and around deep
uterine glands during implantation (Figure 2D) and in Post-
Imp samples (Figure 2E). Isolated CD206-positive cells could
also be identified in the myometrium in the different pregnancy
stages (represented on Figure 2E). As for CD163, sporadic
positive cells were observed in the superficial layer of the
endometrium in pre-implantation (E+, Figure 2F) and Imp
(Figure 2G) samples, while single cells identified as macrophages
were present in the deep layers of the endometrium during
post-implantation (Figure 2H). The differentiation between
CD4-positive lymphocytes (MHCII-negative) and macrophages
(MHCII-positive) was based on cell morphology and staining
of consecutive slides against CD4 and MHCII (Figures 2I,J).
CD4-positive lymphocytes were observed within the connective
tissue in the superficial layer during the pre-implantation stage
(Figures 2I,K). Additionally, scarce cells staining positive to CD8
could also be found in the same region of the endometrium
(Figure 2L). At the time of implantation, lymphocytes expressing
CD4 were mainly localized in the superficial layer of the
endometrium (Figure 2M, top panel), with some being localized
within blood vessels (Figure 2M, bottom panel). Moreover,

staining against NKp46 was observed in numerous cells localized
mainly at the surface layer of the endometrium and around
blood vessels in pre-implantation (E+) and Imp samples
(Figures 2N,O). However, during the post-implantation stage,
NK cells were observed not only around superficial uterine glands
(Figure 2P, left panel), but also around deep uterine glands
(Figure 2P, right panel).

Cytokines and Other Immune Regulators
To further characterize the immunemilieu during the early stages
of canine pregnancy, the expression of different cytokines was
evaluated, including members of the TGF and TNF families,
chemokines, and their receptors (Figure 3). The presence of
the embryo and/or establishment of pregnancy were related to
changes in the expression of IL1β (P < 0.0001), IL6 (P <

0.0001), IL8 (P < 0.0001), IL10 (P < 0.01), IL12a (P < 0.05),
TNFR1 (P < 0.05), CCL3 (P < 0.01), and CCR7 (P < 0.01).
In contrast, TGFβ (Figure 3F), TNFα (Figure 3G), and TNFR1
(Figure 3I) were not significantly affected (P > 0.05) by time in
any of the analyzed groups. Furthermore, although no significant
changes in the expression of CCL13 were observed between
the E–, E+, and Post-Imp groups (P > 0.05), its expression
was apparently strongly suppressed at the time of implantation,
being below detection limits in several samples (Figure 3K). The
exposure of the uterus to embryos (E+) was associated with
increased expression of IL6 (P < 0.05, Figure 3B) and CCR7
(P < 0.05, Figure 3L), when compared with E– samples, while
the availability of CCL3 transcripts was significantly lower in
E+ (P < 0.05) and Post-Imp samples (P < 0.01, Figure 3J).
Implantation was associated with the highest availability of IL12a
(P < 0.01, Figure 3E), whereas its abundance was severely
affected in the Post-Imp stage as it could not be detected in several
samples (Figure 3E). This was different from what was observed
for IL1β and IL6 transcripts. Their strongly increased expression
was observed during early placentation compared with the
Imp stage (P < 0.001, Figures 3A,B, respectively). In contrast,
early pregnancy was characterized by diminishing IL8 levels,
decreasing continuously following the onset of pregnancy, during
implantation (Imp) and early placental development (Post-Imp)
(P < 0.01, Figure 3C). Similar effects were observed for IL10,
which was significantly reduced following the attachment of
embryos and Post-Imp (P < 0.05, Figure 3D). Finally, TNFR1
was downregulated during the progression of early pregnancy,
being significantly lower in Post-Imp (P < 0.05, Figure 3H)
compared with pre-implantation (E+) samples. As for CCR7,
following its upregulated levels induced by embryo presence, its
uterine levels were significantly suppressed during implantation
(P < 0.05, Figure 3L).

In addition to cytokines, the presence of other factors involved
in the uterine response to early pregnancy was assessed (TLR4,
IDO1, and AIF1, Figures 4A–C). Stage- or embryo-dependent
effects were observed in all three factors: P < 0.01 for TLR4, and
P < 0.05 for IDO1 and AIF1. The mRNA availability of TLR4
decreased dramatically and was the lowest post-implantation,
when compared with all earlier stages (P < 0.05, Figure 4A). In
contrast, IDO1 and AIF1 responded positively to the presence of
free-floating embryos (P < 0.05, Figures 4B,C); their expression
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FIGURE 2 | Immunolocalization of selected markers of macrophages and lymphocytes in the canine uterus. Immunohistochemical detection of MHCII, CD86, CD206,

CD163, CD4, CD8, and NKp46 (encoded by NCR1) at selected stages during early pregnancy. MHCII (A) and CD86 (B) were localized in individual macrophages

distributed in the superficial layer of the endometrium during pre-implantation. (C–E) CD206 signals were observed in macrophages localized in the superficial layer of

the endometrium during pre-implantation, around uterine glands (C). At the time of implantation, CD206-positive macrophages were present around uterine glands

(D, left panel), and scattered in the endometrium during implantation (D, right panel), and post-implantation period (E). Isolated cells could also be identified in the

myometrium in Post-Imp samples (E). (F–H) CD163 was expressed by macrophages detected in the superficial layer of the endometrium during pre-implantation (F)

and implantation (G). At post-implantation, single CD163-positive macrophages were localized in deep layers of the endometrium, close to the myometrium (H). To

differentiate CD4-expressing macrophages (MHCII+) and lymphocytes (MHCII−), consecutive slides were stained against CD4 (I) and MHCII (J). Both CD4 (K) and

CD8-positive lymphocytes (L) were localized in the superficial layer of the endometrium during pre-implantation. During implantation (M), individual CD4+ lymphocytes

were identified in endometrial superficial layer (top panel) and within blood vessels (bottom panel). Nkp46 (NK cells) were localized in the superficial layer of the

endometrium (N) and around blood vessels (O) during pre-implantation and implantation stages. In samples from post-implantation stage (P), NK cells were identified

around superficial (left panel) and deep uterine glands (right panel). (solid arrow = macrophages; open arrow = lymphocytes; closed arrowhead = uterine gland; open

arrowhead = blood vessel; asterisk = myometrium). No staining was observed in the isotype controls [inset in (A–C,F,I,L,N)].
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FIGURE 3 | Relative gene expression of selected cytokines in the canine uterus. (A–L) Relative gene expression as determined by semi-quantitative real time

(TaqMan) PCR (mean ± SEM). One-way ANOVA was applied, revealing: P < 0.0001 for IL1β, P < 0.0001 for IL6, P < 0.0001 for IL8, P = 0.01 for IL10, P = 0.02 for

IL12a, P = 0.16 for TGFβ, P = 0.19 for TNFα, P = 0.02 for TNFR1, P = 0.19 for TNFR2, P = 0.006 for CCL3, P = 0.083 for CCL13 and P = 0.01 for CCR7. In the

case of P < 0.05, this was followed by a Tukey-Kramer multiple comparisons post-test. Bars with asterisks differ at: *P < 0.05, **P < 0.01, ***P < 0.001.
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FIGURE 4 | Relative gene expression and localization of TLR4, IDO1 and AIF1 in the canine uterus. (A–C) Relative gene expression as determined by

semi-quantitative real time (TaqMan) PCR (mean ± SEM). One-way ANOVA was applied to test the variation among the investigated groups, revealing: P = 0.0033 for

TLR4, P = 0.03 for IDO1, and P = 0.04 for AIF1. In the case of P < 0.05, this was followed by Tukey-Kramer multiple comparisons post-test. Bars with asterisks differ

at: *P < 0.05, **P < 0.01. (D–M) Immunohistochemical localization of members of the TNF-system, IDO1, and AIF1 in the canine uterus at selected stages of early

pregnancy. Signals of TNFα were present in macrophages during the pre-implantation (D) and implantation (E) periods. Similarly, both TNFR1 (F) and TNFR2 (G,H)

were present in macrophages. In addition, weaker signals for both receptors were also observed in epithelial cells of uterine glands during pre-implantation (F,G) and

in endothelial cells (F,H). Positive signals of IDO1 were detected in macrophages between superficial glands during pre-implantation (I) and were also detected in

endothelial cells at the time of implantation (J). At post implantation, weaker signals were observed in macrophages localized in deep endometrium layers, as well as

in endothelial cells (K). AIF1 positive signals were identified in macrophages close to superficial uterine glands in pre-implantation (L) and implantation (M) stages,

while at post-implantation they were localized in the deep layer of the endometrium (N). Some weak signals were also observed in uterine glands at the

pre-implantation period (L), while apparently stronger signals were observed in the same glands at implantation (M) and post-implantation (N). Weak positive signals

were also detected in endothelial cells (M, N) (solid arrow = macrophages; closed arrowhead = uterine gland; open arrowhead = blood vessel). No staining is

observed in the isotype controls [inset in (D,F,G,I,L)].

was, however, not further affected during the establishment of
early pregnancy (P > 0.05).

The localization of different factors involved in immune
regulation, i.e., members from the TNF-system, IDO1 and AIF1,
was further evaluated (Figures 4D–N). TNFα-positive signals

were observed in cells identified as macrophages in the superficial
layer of the endometrium in pre-implantation (E+) and Imp
samples (Figures 4D,E), with some rare cells being localized
in the myometrium (not shown). As for its receptors, positive
signals for TNFR1 could be identified in immune cells localized
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around superficial glands, with weaker signals also being visible
in endothelial cells and glandular epithelial cells (Figure 4F).
Regarding TNFR2, immune cells also presented positive signals
in E+ and Imp samples (Figures 4G,H). However, only at the
time of implantation could positive staining of the endothelium
be observed (Figure 4H). Positive signals of IDO1 could be found
during the pre-implantation phase in macrophages localized
close to the luminal surface of the endometrium (Figure 4I).
At the time of implantation, additional signals for IDO1 were
present in some single cells localized within the myometrium
(not shown) as well as, to a lesser extent, in endothelial cells
(Figure 4J). Despite a similar localization pattern in Post-Imp
samples, with IDO1 signals being present in macrophages
and endothelial cells, positive signals appeared to be weaker
at this stage and macrophages were mainly localized around
deep uterine glands (Figure 4K) and within the connective
tissue of the myometrium (not shown). As for AIF1, positive
signals during pre-implantation were observed in macrophages
localized close to superficial uterine glands and in the epithelial
cells of these glands (Figure 4L). At the time of implantation,
positive signals in glandular epithelium appeared stronger than
in pre-implantation (Figure 4M). In addition, a low number
of positively stained macrophages was still observed around
the superficial glands and some weaker signals were detected
in endothelial cells (Figure 4M). Finally, in Post-Imp samples,
weak signals were observed in macrophages around deep
glands (Figure 4N), with positive staining also detected in
the epithelium of these deep glands and in endothelial cells
(Figure 4N).

IGFs and Markers of Tissue Remodeling
The uterine expression of selected factors acting as growth factors
or involved in tissue remodeling was evaluated (Figure 5). Time-
dependent effects were observed in the expression of IGF1 (P
< 0.001), IGF2 (P < 0.01), ENG (P < 0.0001), CDH1 (P <

0.001), ECM2 (P < 0.0001), and MMP2 (P < 0.05). These were
related predominantly to the stages of pregnancy as none of
these factors were significantly modulated in response to the
presence or absence of an embryo between days 8–12 (E– vs.
E+). Interestingly, following the significant induction of ENG
and CDH1 in response to embryo attachment (E+ vs. Imp, P <

0.05 and P < 0.001, respectively; Figures 5C,D), the expression
of all factors was significantly reduced after initiation of invasion
and placentation (Post-Imp) (P < 0.05, Figures 5A–F).

DISCUSSION

Considering the importance of the immune system in conceptus-
maternal communication during the establishment of pregnancy,
highlighted in several species, the lack of knowledge regarding
the dog is striking. This relates not only to the characterization of
local immune signaling, but also to the absence of information
regarding the immune cell population present in the uterus
during pregnancy. Here, by investigating the expression and/or
localization of selected markers in the dog uterus, we aimed
to determine the presence of different subsets of macrophages
and T lymphocytes known to play a role in the establishment

of pregnancy in other species. The evaluation of the expression
of different cytokines and growth factors was aimed at further
characterization of the uterine immune milieu, addressing the
functional dynamics between the implanting conceptus and
maternal structures.

The differentiation between subsets of macrophages and
lymphocytes presents several challenges, with different
phenotypes expressing similar surface markers. Thus, the
selection of a range of factors, as presented in Table 3, is
required for such differentiation. Macrophages can polarize
into M1 (classical activation, involved in the pro-inflammatory
Th1 response) and M2 (alternative activation) phenotypes,
with the latter presenting M2a (involved in the Th2 immune
response), M2b (involved in pro-inflammatory responses
and immune regulation), or M2c (tissue repair/remodeling)
characteristics (6, 32–35). Both CD86 and MHCII are expressed
in M1 and M2b macrophages, although the latter have a lower
expression of MHCII (32, 33). Thus, while the evaluation of
CD86 gene expression would not have been useful in validating
the presence of each of these two different phenotypes, the
immunohistochemical detection of MHCII allowed their
differentiation. Furthermore, the expression of CD206 and
CD163 was also investigated targeting the evaluation of
macrophages with M2a and M2c functions (32). With regard
to lymphocytes, the expression of CD8 by cytotoxic T cells is
widely recognized, while NK cells can be identified by their
production of NKp46 (encoded by NCR1) (36). Furthermore,
both activated helper (Th) and regulatory (Treg) T cells
phenotypes express CD4 and CD25 (37–40). Thus, the detection
of FoxP3, a specific marker of Treg cells, was further required
for differentiation among these cell populations (40). The
evaluation of several immune factors that can be associated
with different immune cell subsets (e.g., the expression of
TLR4 and CCR7 by M1 macrophages) further substantiated the
present analysis.

In agreement with previous findings (14, 17, 18), the presence
of the embryo was associated with the modulation of the
uterine immunemilieu during the pre-implantation period (E+).
Among the factors evaluated, the expression of MHCII, CD4,
CD25, and NCR1 was upregulated, while lower expression of
FoxP3 was observed. MHCII, which is essential for antigen
recognition by T cells, is expressed in a wide variety of
antigen presenting cells, including macrophages, monocytes, and
dendritic cells. Its expression in other endometrial cells, like
epithelial and stromal cells, has been reported in some species,
e.g., in humans and rodents (41, 42), but in the present study
positive signals were restricted to macrophages localized within
the endometrial stroma. Interestingly, these MHCII-positive
signals were colocalized with the cellular distribution of CD86-
positive cells, suggesting that the increased expression of MHCII
in the pre-implantation period, in contrast to E- and Post-
Imp, appears to be associated with an increased infiltration of
macrophages with M1 characteristics. As for lymphocytes, the
increased expression of NCR1, a specific marker of NK cells,
suggests an increased infiltration of these cells in response to the
presence of the embryos. The potential importance of NK cells
during early pregnancy will be addressed below.
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FIGURE 5 | Relative gene expression of selected factors involved in tissue remodeling in the canine uterus. (A–F) Relative gene expression as determined by

semi-quantitative real time (TaqMan) PCR (mean ± SEM). One-way ANOVA was applied, revealing: P = 0.0007 for IGF1, P = 0.0032 for IGF2, P < 0.0001 for ENG, P

= 0.0002 for CDH1, P < 0.0001 for ECM2, P = 0.0174 for MM2. In the case of P < 0.05, this was followed by a Tukey-Kramer multiple comparisons post-test. Bars

with asterisks differ at: *P < 0.05, **P < 0.01, ***P < 0.001.

Furthermore, the increased availability of CD4 and CD25,
accompanied by a decreased expression of FoxP3, a specific
marker of Treg cells (40), appears to indicate an increased
presence of Th cells in the uterus prior to implantation. This
was further supported by the significantly higher expression
of CD4 than of the cytotoxic CD8 (43). Even though the
discrimination between Th subpopulations was not performed
in the present work, the apparently concomitantly increased
abundance of M1 and NK cell markers in the pre-implantation
period suggests the presence of a dominant Th1 immunity
in response to embryo presence. Pre-implantation was also
marked by increased expression of the anti-inflammatory IL10
and a decreased expression of the chemoattractant CCL3.
Adding to our observation of a lower expression of CD8
than CD4, this might be related to the presence of local
immunomodulatory signals involved in the immunotolerance
toward the embryo. Moreover, the canine embryo could be
also involved in modulating the uterine immune response
through the expression of factors like prostaglandin synthase 2
(PTGS2/COX2), PGE2 synthase (PTGES), and IGFs, as shown
previously (15). In particular, PGE2 appears to be of importance
for modulating the uterine immune milieu by being associated
with suppression of cytotoxic activities of local immune cells

[reviewed in (44)]. Furthermore, uterine-derived signals might
also be involved in this immunomodulatory process. As also
shown in our previous study, both IDO1 and AIF1 were
upregulated in response to embryo presence (14). IDO1 plays
a crucial role in prevention of immune-driven fetal rejection
in the mouse (45). By controlling tryptophan degradation, this
enzyme regulates leukocyte activation and is involved in a
plethora of immunomodulatory mechanisms, i.e., decreasing NK
cells cytotoxic activity, promoting Treg cell activation while
inhibiting the functions of other T cell subsets and promoting the
conversion of M1 macrophages to the M2 phenotype (46–49). In
contrast, the role of AIF1 in the uterus is still poorly understood,
but it has been associated not only with immunomodulatory
processes, but also with proliferative and vascular mechanisms
in several systems (50–53). Thus, IDO1 and AIF1 might be
involved in the modulation of immune response in the pre-
implantation period. In addition to both factors being localized
in macrophages, IDO1 positive signals were also present in
the endometrial endothelium during implantation and AIF1
expression was observed in epithelial glandular cells. Based on
this, the modulation of the inflammatory signaling observed in
the pre-implantation period appears to involve different uterine
cell populations.

Frontiers in Veterinary Science | www.frontiersin.org 12 February 2021 | Volume 7 | Article 62592143

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Tavares Pereira et al. Early Canine Pregnancy, Uterine Immunity

In contrast with the pre-implantation period, MHCII and
TLR4 were strongly downregulated during early placentation.
Similarly, CCR7 together with CD4 were suppressed toward
implantation and early placentation, cumulatively suggesting a
decrease in M1 activity. This decrease in M1 activity following
the establishment of pregnancy appears to reflect the situation
described previously for other species, like the human and cow,
where a shift between M1 and M2 activity is observed following
placentation (6, 54). In humans, the decrease in M1 activity
appears to be crucial for the maintenance of pregnancy, as the
imbalance in the M1/M2 macrophage population is associated
with an inadequate remodeling of uterine vascularization and
spontaneous abortion [reviewed in (6, 38)]. Following this line,
in the dog, implantation and, thus, early decidualization, was
also marked by upregulated expression of FoxP3. This suggests
an increased activity of the immunosuppressive Treg cells,
even more strongly implying the functional transition from a
proinflammatory to a modulatory immune reaction to embryo
presence, attachment, and the ongoing morpho-functional
remodeling of the uterus.While the full understanding of the role
of Treg in the uterus is still missing, a decreased number of these
cells is associated with recurrent abortions and preeclampsia in
humans, and their depletion in mice leads to pregnancy loss
(38, 39, 55). Thus, the presence of immunosuppressive Treg
cells appears to be crucial in embryo-maternal contact and could
also apply to canine reproduction. With regard to the regulation
of this immune population, PGE2 increases the expression of
FoxP3 in human peripheral CD4+CD25+ mononuclear cells
(56). Thus, by expressing PTGES (15), the implanting canine
embryo might be responsible for a local increase of PGE2
that could be involved in this increased presence of Treg cells.
Furthermore, IL12a is described as being upregulated in actively
suppressing Treg cells (57, 58), while IL6 can inhibit Treg cell
activity and FoxP3 expression (59). Thus, considering that IL12a
presented its highest expression during implantation, while IL6
was downregulated, it appears plausible that these interleukins
might be involved in the regulation of Treg cell presence in
the uterus at the time of implantation. Furthermore, besides
modulating Treg activity, IL12a is also involved in the activation
of NK cells (60, 61). As mentioned elsewhere, these cells play
a key role in the development of the decidua in humans
and mice, mainly by modulating blood vessel development
(7, 8). Following the increased expression of NCR1 observed
here in the pre-implantation and implantation periods, there
appears to be an increased number of NK cells in the uterus
during the establishment of canine pregnancy. Furthermore, the
localization of NK cells close to uterine blood vessels in the
superficial layer of the endometrium during pre-implantation
and implantation might also suggest the involvement of this
population in the modulation of uterine vascularization and
decidualization as described in other species presenting decidua
(7, 8). However, this hypothesis still needs to be verified
for the dog.

Regarding the factors involved in uterine remodeling, ENG
and CDH1 became upregulated at the time of implantation
compared with their expression in the pre-implantation uterus.
ENG acts as a TGFβ receptor and, in the murine uterus, is

associated with uterine receptivity for the implanting embryo
(62). CDH1, that encodes for E-cadherin, is an important
factor in cell adhesion and is involved in the functional
modulation of endometrial morphology and implantation in
several species [reviewed in (63)]. Thus, the increased expression
of these factors implies their involvement in the canine
implantation process.

Finally, the post-implantation period was marked by
decreased availability of markers of M1 (MHCII, TLR4) and M2a
(CD206, IL10) macrophages, T cells (CD4), NK cells (NCR1),
and an apparent decrease of the marker of Treg cells FoxP3,
in addition to other cytokines (IL8, IL12a, TNFR1). Although
the quantification of immune cells in the uterus was not
within the scope of the present work, these expression patterns
suggest a decreased immune activity in the uterus during this
period, despite the significantly increased expression of the pro-
inflammatory IL1β . We found it interesting that the localization
of CD206, CD163, and NKp46 positive cells was predominantly
associated with the superficial uterine compartments during
pre-implantation, contrasting with their increased presence
in deeper endometrial layers following early placentation, i.e.,
during the post-implantation stage. It appears that not only
the composition of the uterine immune population is affected
with the progression of pregnancy, but also its localization in
the uterus appears to change. These effects imply the presence
of immunosuppressive signals possibly required to allow the
invasion of the trophoblast during the placentation process.
Furthermore, the expression of growth factors (IGF1, IGF2)
and markers of tissue remodeling (ENG, CDH1, ECM2, and
MMP2) was decreased during the post-implantation stage, at
the time where the development of the placenta is accompanied
by significant tissue remodeling. Nevertheless, considering
that the samples analyzed in this study were derived from
implantation sites, the decreased expression of factors involved
in tissue growth and remodeling might actually reflect the
proteolytic activity of the trophoblast over the endometrium
during invasion.

Conclusions
The evaluation of several immune cell-specific markers and
other immune factors provided new insights into the uterine
immunological status and possible functional dynamics during
the early stages of canine gestation (summarized in Figure 6).
The presence of the embryo clearly modulated the uterine
milieu, inducing a controlled pro-inflammatory signaling
in the pre-implantation period. This early stage appears
to be under the influence of Th cells, that prevail over
cytotoxic lymphocytes, accompanied by an increased presence
of macrophages with proinflammatory M1 characteristics.
Furthermore, the increased presence of NK cells during the pre-
implantation and implantation periods suggests the involvement
of this population in endometrial remodeling. Interestingly, Treg
cells appear to have an important role at the time of implantation,
probably being involved in the suppression of immune responses
toward the invading embryo. To which extent the immune
system-derived factors contribute to the concomitantly occurring
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FIGURE 6 | Schematic presentation of the proposed model of immune system–mediated events in the canine uterus during establishment of pregnancy. Arrows (↑

and ↓) indicate increased or decreased expression, respectively, of different selected factors during establishment of pregnancy: pre-implantation (days 10–12),

implantation (day 17 of embryonal life), and post-implantation (day 25 of pregnancy). The presence of the free-floating embryo during pre-implantation is associated

with increased inflammatory activity, marked by upregulated expression of markers of M1 macrophages (MHCII) and Th lymphocytes (CD4, CD25). This reaction

appears to be moderated by the increased expression of immunomodulatory factors like IDO1, AIF1, and IL10. There is a shift in the immune milieu at the time of

implantation, with decreased transcripts of MHCII and increased transcripts of Treg markers (FoxP3). Both pre-implantation and implantation stages show increased

expression of the NK cell marker NCR1. During implantation, concomitantly, the first morphological signs of decidualization are observed in subepithelial endometrial

layers. The contribution of the immune system-derived factors to the decidualization process needs further clarification. In the post-implantation period, the expression

of several factors investigated is decreased at the implantation sites, indicating a decreased local immune activity in response to embryo invasion.

canine-specific decidualization, remains to be investigated. Post-
implantation proteolytic activity of the early invading trophoblast

at implantation sites appears to be associated with locally

decreased immune activity accompanied by lowered expression

of IGFs and factors involved in tissue remodeling. In the

modulation of immune responses, local factors like IDO1 and
AIF1, derived from different uterine cellular components, and

embryo-derived factors like PGE2 might be involved. Still to
be considered is the species-specific uterine exposure to high

circulating P4 levels. The immunosuppressive properties of P4
have been described in several mammals, including humans
and rodents [reviewed in (64)]. Thus, the potential role of
P4 in modulating local uterine immune responses in the dog
appears plausible and should be taken into consideration in
future research. Finally, the increased presence of NK and
Treg cells in the pre-implantation and/or implantation stages
implies similarities between the canine uterine immune milieu
and the situation observed in humans and rodents [reviewed
in (7, 8, 39)]. In fact, in our previous microarray paper, a
higher correlation of embryo-induced effects in the uterus was
observed between the dog and humans than with other domestic

mammals (14). Such similarities appear to be further linked to
the preparation of the uterus for the formation of the decidua
and, possibly, also for the placentation. However, despite sharing
the common reproductive goals of avoiding embryo rejection and
successful implantation, and taking into account the restricted
(shallow) invasion of the trophoblast during the formation of
the canine endotheliochorial placenta, there may be species-
specific regulatory features related to the local immune response
in the dog.
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Caspases, a family of cysteine protease enzymes, are a critical component of apoptotic

cell death, but they are also involved in cellular differentiation. The expression of caspases

during apoptotic processes in reproductive tissues has been shown in some species;

however, the expression and regulation of caspases in the endometrium and placental

tissues of pigs has not been fully understood. Therefore, we determined the expression

of caspasesCASP3,CASP6,CASP7,CASP8,CASP9, andCASP10 in the endometrium

throughout the estrous cycle and pregnancy. During the estrous cycle, the expression of

all caspases and during pregnancy, the expression of CASP3, CASP6, and CASP7 in the

endometrium changed in a stage-specific manner. Conceptus and chorioallantoic tissues

also expressed caspases during pregnancy. CASP3, cleaved-CASP3, and CASP7

proteins were localized to endometrial cells, with increased levels in luminal and glandular

epithelial cells during early pregnancy, whereas apoptotic cells in the endometrium were

limited to some scattered stromal cells with increased numbers on Day 15 of pregnancy.

In endometrial explant cultures, the expression of some caspases was affected by steroid

hormones (estradiol-17β and/or progesterone), and the cytokines interleukin-1β and

interferon-γ induced the expression of CASP3 and CASP7, respectively. These results

indicate that caspases are dynamically expressed in the endometrium throughout the

estrous cycle and at the maternal-conceptus interface during pregnancy in response

to steroid hormones and conceptus signals. Thus, caspase action could be important

in regulating endometrial and placental function and epithelial cell function during the

implantation period in pigs.
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INTRODUCTION

The structure and function of the uterus changes significantly
during the reproductive cycle and pregnancy in mammalian
species. The degree of change in the endometrium during the
cycle varies by species, with the most dramatic changes found
in humans and non-human primates, which form a hemochorial
type placenta (1–3). In pigs, which form a true epitheliochorial
type placenta, the endometrium also undergoes morphological
and functional change during the estrous cycle and pregnancy
(4). During the estrous cycle in pigs, endometrial change is
affected mainly by the ovarian steroid hormones estrogen and
progesterone (5, 6), and during early pregnancy, it is driven by
conceptus-derived signals, including estrogen and the cytokines
interleukin-1β (IL1B), interferon-δ (IFND), and interferon-γ
(IFNG), in addition to ovarian steroid hormones (4, 7, 8).

Apoptosis, a programmed cell death, plays a critical role in
a variety of physiological processes in multicellular organisms.
For example, it maintains functional tissue homeostasis by
eliminating unwanted or dysfunctional cells (9, 10). Apoptosis
occurs in the endometrium during the estrous cycle and
pregnancy to regulate endometrial homeostasis (11, 12). In
the human endometrium, apoptotic cell death is observed in
endometrial epithelial and stromal cells, with a higher apoptotic
rate in the late secretory to early proliferative phases than in the
late proliferative to mid-secretory phases of the menstrual cycle
(13). In pigs, cells undergoing apoptosis are detected mainly in
endometrial stroma during the estrous cycle and early pregnancy
and in luminal epithelial cells at the proestrus phase of the estrous
cycle, but apoptotic cell death does not occur as dramatically in
pigs as it does in primates during the reproductive cycle (14).

Apoptotic cell death is induced by intrinsic and extrinsic
pathways. The intrinsic pathway is mediated by various
intracellular stress and mitochondrial factors, whereas the
extrinsic pathway is triggered by extracellular death signals, such
as tumor necrosis factor (TNF) superfamily members: TNF-α,
Fas ligand (FASLG), and TNF-related apoptosis-inducing ligand
(TRAIL, also known as TNFSF10) (15, 16). The two pathways
result in the activation of caspases, which are cytoplasmic cysteine
protease enzymes, to induce apoptotic cell death. Caspases play
essential roles in apoptosis and inflammation and are divided
into two groups, initiator caspases (CASP8, CASP9, and CASP10)
and executioner caspases (CASP3, CASP6, and CASP7) (9,
17, 18). Once the executioner caspases are activated by the
initiator caspases, they recognize the aspartic residue of various
intracellular target proteins and cleave them to cause apoptotic
cell death. In that way, caspases are used as a representative
marker for cells in which apoptosis has occurred. However, the
apoptotic signaling pathway that activates caspases also plays an
important role in the differentiation of various cell types, such
as immune cells, trophoblasts, spermatocytes, epithelial cells, and
stem cells (19, 20). It has been suggested that caspase activation
is locally regulated during cellular remodeling without causing
apoptotic cell death and that transient caspase activity is used for
cell fate determination (10, 21).

Although endometrial changes during the estrous cycle and
pregnancy involve the apoptotic process and the function

of caspases is essential during apoptotic cell death and
cellular differentiation, the pattern of caspase expression in the
endometrium during the estrous cycle and pregnancy is not
fully understood in pigs. We hypothesized that caspases are
expressed in the endometrium during the estrous cycle and at
the maternal-conceptus interface during pregnancy to regulate
apoptosis and cellular differentiation. Therefore, we determined
in pigs (1) the expression of caspases (CASP3, CASP6, CASP7,
CASP8, CASP9, and CASP10) in the endometrium during the
estrous cycle and pregnancy, conceptus tissues during early
pregnancy, and chorioallantoic tissues during mid- to late
pregnancy; (2) the localization of caspases and apoptotic cells in
the endometrium; and (3) the regulation of caspase expression
by the steroid hormones estrogen and progesterone and by the
cytokines IL1B and IFNG in endometrial tissues.

MATERIALS AND METHODS

Animals and Tissue Preparation
All experimental procedures involving animals were conducted
in accordance with the Guide for the Care and Use of
Research Animals in Teaching and Research and approved by
the Institutional Animal Care and Use Committee of Yonsei
University and the National Institute of Animal Science. Sexually
mature Landrace and Yorkshire crossbred female gilts of similar
age (6–8 months) and weight (100–120 kg) were assigned
randomly to either cyclic or pregnant status, as described
previously (22). Gilts assigned to the pregnant uterus status group
were artificially inseminated with fresh boar semen at the onset
of estrus (Day 0) and 12 h later. The reproductive tracts of the
gilts were obtained immediately after slaughter on Days 0, 3, 6, 9,
12, 15, or 18 of the estrous cycle or Days 10, 12, 15, 30, 60, 90, or
114 of pregnancy (n= 3–6/day/status). Pregnancy was confirmed
by the presence of apparently normal filamentous conceptuses
in uterine flushings on Days 10, 12, and 15 and the presence
of embryos and placenta on later days of pregnancy. Conceptus
tissues were obtained from uterine flushings on Days 12 and 15 of
pregnancy. Uterine flushings were obtained by introducing and
recovering 25ml of phosphate-buffered saline (PBS; pH 7.4) into
each uterine horn. Chorioallantoic tissues were obtained on Days
30, 60, 90, and 114 of pregnancy (n = 3–4/day). Endometrial
tissues from prepubertal gilts (n = 8; approximately 6 months of
age) that had not undergone the estrous cycle, with no corpus
luteum formed, were obtained from a local slaughterhouse.
Endometrium, dissected free of myometrium, was collected from
the middle portion of each uterine horn, snap-frozen in liquid
nitrogen, and stored at −80◦C prior to RNA extraction. For
immunohistochemistry, cross-sections of the endometrium were
fixed in 4% paraformaldehyde in PBS (pH 7.4) for 24 h and then
embedded in paraffin as previously described (23).

Explant Cultures
To determine the effects of steroid hormones, IL1B, and IFNG
on the expression of caspase mRNA in the endometrium,
endometrial tissue was dissected from the myometrium and
placed into warm phenol red-free Dulbecco’s modified Eagle’s
medium/F-12 (DMEM/F-12) (Sigma) containing penicillin G
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(100 IU/ml) and streptomycin (0.1 mg/ml), as described
previously (23–25) with some modifications. The endometrium
was minced with scalpel blades into small pieces (2–3 mm3), and
500mg were placed into T25 flasks with serum-free modified
DMEM/F-12 containing 10µg/ml insulin (Sigma), 10 ng/ml
transferrin (Sigma), and 10 ng/ml hydrocortisone (Sigma). To
analyze the effect of steroid hormones on the expression of
caspases, endometrial explants from immature gilts, immediately
after mincing, were cultured with rocking in the presence of
increasing doses of estradiol-17β (E2; 0, 5, 50, or 500 pg/ml;
Sigma) or progesterone (P4; 0, 0.3, 3, or 30 ng/ml; Sigma)
for 24 h in an atmosphere of 5% CO2 in air at 37◦C. The
doses were chosen to encompass the full concentration range
of physiological levels of E2 and P4 in the endometrium during
the estrous cycle and pregnancy (8). To analyze the effect of
IL1B on CASP3 and the effect of IFNG on CASP7 expression,
endometrial explant tissues from Day 12 of the estrous cycle
were treated with E2 (10 ng/ml), P4 (30 ng/ml), and increasing
doses of IL1B (0, 1, 10, and 100 ng/ml; Sigma) or IFNG (0, 1,
10, and 100 ng/ml; R&D Systems, Minneapolis, MN, USA) at
37◦C for 24 h. To determine the effect of the steroid hormones
on the expression of CASP3 during the implantation period,
endometrial explant tissues from Day 12 of the estrous cycle
were treated with ethanol (control), E2 (10 ng/ml; Sigma, USA),
P4 (30 ng/ml; Sigma, USA), P4+E2, P4+E2+ICI182,780 (ICI;
an estrogen receptor antagonist; 200 ng/ml; Tocris Bioscience,
Ellisville, MO, USA), or P4+E2+RU486 (RU; a progesterone
receptor antagonist; 30 ng/ml; Sigma, USA) for 24 h. The explant
tissues were then harvested, and total RNA was extracted for
a real-time RT-PCR analysis to determine the expression levels
of caspase mRNA. These experiments were conducted using
endometrium from three gilts on Day 12 of the estrous cycle in
triplicate and eight immature gilts.

Total RNA Extraction, Reverse

Transcription-Polymerase Chain Reaction

(RT-PCR), and Cloning of Porcine Caspase

cDNA
Total RNAwas extracted from endometrial and conceptus tissues
using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according
to the manufacturer’s recommendations, as described previously
(22). The quantity of RNA was assessed spectrophotometrically,
and RNA integrity was validated following electrophoresis in 1%
agarose gel. Four micrograms of total RNA from endometrial,
conceptus, and chorioallantoic tissues were treated with DNase
I (Promega, Madison, WI, USA) and reverse transcribed using
SuperScript II Reverse Transcriptase (Invitrogen) to obtain
cDNA. The cDNA templates were then diluted at a 1:4 ratio
with sterile water and amplified by PCR using Taq polymerase
(Takara Bio, Shiga, Japan) and specific primers based on porcine
caspase mRNA sequences. The PCR conditions, sequences of
primer pairs for caspases, and expected product sizes are listed
in Supplementary Table 1. The PCR products were separated on
2% agarose gel and visualized by ethidium bromide staining. The
identity of each amplified PCR product was verified by sequence
analysis after cloning into the pCRII vector (Invitrogen).

Quantitative Real-Time RT-PCR
To analyze the levels of caspase expression in the endometrial
and chorioallantoic tissues, real-time RT-PCR was performed
using an Applied Biosystems StepOnePlus System (Applied
Biosystems, Foster City, CA, USA) with the SYBR Green
method, as described previously (22). Complementary DNA was
synthesized from 4 µg of total RNA isolated from different
uterine endometrial and chorioallantoic tissues, and the newly
synthesized cDNA (total volume of 21 µl) was diluted 1:4 with
sterile water and used for PCR. Power SYBR Green PCR Master
Mix (Applied Biosystems) was used for the PCR reactions. The
final reaction volume of 20 µl contained 2 µl of cDNA, 10 µl
of 2× Master mix, 2 µl of each primer, and 4 µl of distilled
H2O. The annealing temperature and number of cycles for PCR
were the same for all products obtained. The results are reported
as expression relative to that detected on Day 0 of the estrous
cycle, that on Day 30 of pregnancy in chorioallantoic tissues,
or that in control explant tissues after normalization of the
transcript amount to the geometric mean of endogenous porcine
ribosomal protein L7 (RPL7) and ubiquitin B (UBB), and TATA
binding protein (TBP) controls, all using the 2−11CT method as
previously described (26).

Immunohistochemical Analysis
To identify the type(s) of porcine endometrial cells expressing
CASP3, cleaved-CASP3, CASP7, poly (ADP-ribose) polymerase
(PARP1), an enzyme that is cleaved during apoptosis and used as
a hallmark for apoptosis (27), and cleaved-PARP1, sections were
immunostained. Sections (5µm thick) were deparaffinized and
rehydrated in an alcohol gradient. Tissue sections were boiled in
citrate buffer (pH 6.0) for 10min. Then, they were washed with
PBST (PBS with 0.1% Tween-20) three times, and a peroxidase
block was performed with 0.5% (v/v) H2O2 in methanol for
30min. Tissue sections were then blocked with 10% normal goat
serum for 30min at room temperature. Rabbit polyclonal anti-
CASP3 antibody (5µg/ml; Cell Signaling, Danvers, MA, USA),
rabbit polyclonal anti-cleaved-CASP3 antibody (5µg/ml; Cell
Signaling), mouse monoclonal anti-CASP7 antibody (5µg/ml;
Enzo Life Sciences, Farmingdale, NY, USA), rabbit polyclonal
anti-PARP1 antibody (1µg/ml; Santa Cruz Biotechnology, Santa
Cruz, CA, USA), or rabbit monoclonal anti-cleaved-PARP1
antibody (1µg/ml; GeneTex, Irvine, CA, USA) were added
and incubated overnight at 4◦C in a humidified chamber. For
each tissue tested, purified normal rabbit IgG or mouse IgG
was substituted for the primary antibody as a negative control.
Tissue sections were washed with PBST three times. Biotinylated
goat anti-rabbit or anti-mouse secondary antibody (1µg/ml;
Vector Laboratories, Burlingame, CA, USA) was added and
incubated for 1 h at room temperature. Following washes with
PBST, a streptavidin peroxidase conjugate (Invitrogen) was added
to the tissue sections, which were then incubated for 10min
at room temperature. The sections were washed with PBST,
and aminoethyl carbazole substrate (Invitrogen) was added to
the tissue sections, which were then incubated for 10min at
room temperature. The tissue sections were washed in water,
counterstained with Mayer’s hematoxylin, and coverslipped.
Images were captured using an Eclipse TE2000-U microscope
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(Nikon, Seoul, Korea) and processed with Adobe Photoshop CS6
software (Adobe Systems, Seattle, WA, USA).

TUNEL Assay and Immunofluorescence
Apoptotic cells in endometrial tissue sections were analyzed
using the terminal deoxynucleotidyl transferase-mediated dUTP
nick end labeling (TUNEL) assay with an In Situ Cell Death
Detection Kit (Roche Diagnostics, Mannheim, Germany) used
according to the manufacturer’s recommendations, as described
previously (28). Endometrial tissue sections (5µm thick) were
deparaffinized and rehydrated in an alcohol gradient. The
sections were then boiled with 0.1M citrate buffer (pH 6.0) for
3min, cooled at room temperature for 10min, and then washed
three times in PBS. For a positive control for TUNEL staining,
the sections were treated with DNase I (3 U/ml; Promega)
in 50mM Tris-HCl (pH 7.5), 10mM MgCl2, and 1 mg/ml
bovine serum albumin (BSA; Bovogen Biologicals, Melbourne,
Australia) for 10min at room temperature and then washed
with PBS. Tissue sections were then blocked with 0.1M Tris-
HCl (pH 7.5) containing 3% (w/v) BSA and 20% (v/v) normal
bovine serum for 30min at room temperature. The TUNEL
reaction was performed according to the kit instructions. After
the TUNEL reactions, tissue sections were washed with PBS.
The tissue sections were counterstained with 4’,6-diamidino-2-
phenylindole (DAPI), and fluorescence images were captured
using an Eclipse TE2000-U microscope (Nikon, Seoul, Korea)
with Adobe Photoshop CS6 software (Adobe Systems, Seattle,
WA, USA).

Statistical Analysis
Data from real-time RT-PCR for caspase expression were
subjected to ANOVA using the general linear models procedures
in SAS (Cary, NC, USA). As sources of variation, the model
included day, pregnancy status (cyclic or pregnant, Days 12 and
15 post-estrus), and their interactions to evaluate steady-state
levels of caspase mRNA. Data from real-time RT-PCR performed
to assess the effects of day of the estrous cycle (Days 0, 3, 6,
9, 12, 15, and 18) and pregnancy (Days 10, 12, 15, 30, 60, 90,
and 114) and the effects of day of pregnancy (Days 30, 60,
90, and 114) on chorioallantoic tissues were analyzed using a
least squares regression analysis. The effects of E2, P4, IL1B,
and IFNG doses on explant cultures were analyzed by one-way
ANOVA followed by Tukey’s post-test. Data from real-time RT-
PCR to assess the effects of steroid hormones and their receptor
antagonists on explant culture were analyzed by preplanned
orthogonal contrasts (control vs. E2; control vs. P4; P4 vs. P4+E2;
P4+E2 vs. P4+E2+ICI; and P4+E2 vs. P4+E2+RU). Data are
presented as means with standard error of the mean. A P-value
<0.05 was considered significant, and P-values 0.05–0.10 were
considered to indicate a trend toward significance.

RESULTS

Expression of Caspase mRNA in the

Endometrium During the Estrous Cycle

and Pregnancy
In real-time RT-PCR analyses, we found that CASP3, CASP6,
CASP7, CASP8, CASP9, and CASP10 mRNA was expressed

in the endometrium during the estrous cycle and pregnancy
(Figure 1). During the estrous cycle, the steady-state levels of
CASP3 (quadratic, P = 0.0572), CASP6 (quadratic, P < 0.01),
CASP7 (linear, P < 0.05), CASP8 (quadratic, P < 0.01), and
CASP10 (quadratic, P < 0.05) mRNA changed, with the highest
levels of CASP3, CASP6, CASP7, and CASP8 in the proestrus
phase and that of CASP10 in the proestrus to metestrus phase.
On Days 12 and 15 post-estrus, the expression of CASP3 was
affected by day (P < 0.05), status (P < 0.01), and the day x status
interaction (P < 0.05). The expression of CASP6 was affected
by the day x status interaction (P < 0.05), that of CASP7 was
affected by day (P < 0.05), that of CASP8 was affected by status
(P < 0.01), and that of CASP9 was affected by day (P < 0.01).
The expression of CASP10 was not affected by day, status, or
the day x status interaction. During pregnancy, the steady-state
levels of CASP3 (linear, P = 0.0526), CASP6 (cubic, P = 0.073),
CASP7 (linear, P < 0.05), and CASP10 (quadratic, P < 0.05), but
not CASP8 or CASP9 mRNA, changed with the highest levels on
Day 12 for CASP3, on Day 15 for CASP7, and Day 60 for CASP6
and CASP10.

Expression of Caspase mRNA in

Conceptuses During Early Pregnancy and

Chorioallantoic Tissues in Later Stages of

Pregnancy
In RT-PCR analysis using cDNAs from conceptuses from
Days 12 and 15 of pregnancy, we found that CASP3, CASP6,
CASP7, CASP8, and CASP10 mRNA but not CASP9 mRNA in
conceptuses from both days of early pregnancy (Figure 2A).
These caspases were also detectable in endometrial tissues from
same days. In addition, we performed real-time RT-PCR analyses
to determine whether the expression of CASP3, CASP6, CASP7,
CASP8, CASP9, and CASP10 mRNA changed in chorioallantoic
tissues during pregnancy. The abundance of CASP3, CASP6,
CASP7, CASP8, CASP9, and CASP10 mRNA in chorioallantoic
tissues changed, with the highest levels on Day 30 for CASP3 and
at term for CASP6, CASP7, CASP8, CASP9, and CASP10 (linear
effect of day for CASP6, CASP7, CASP8, CASP9, and CASP10, P
< 0.01; quadratic effect of day for CASP3, P < 0.01) (Figure 2B).

Localization of CASP3, Cleaved-CASP3,

and CASP7 Proteins in the Endometrium

on Days 12 and 15 Post-estrus
Having determined that CASP3, CASP6, CASP7, CASP8, CASP9,
and CASP10 mRNA was present in the endometrium during
the estrous cycle and pregnancy and in conceptuses and
chorioallantoic tissues during pregnancy and that the expression
of CASP3 and CASP7 mRNA was highest during early
pregnancy, we next determined the cellular localization of the
CASP3, cleaved-CASP3 (an active form), and CASP7 proteins
in the endometrium on Days 12 and 15 post-estrus using
immunohistochemistry (Figure 3). CASP3 proteins were mainly
detected in endometrial luminal (LE) and glandular epithelial
(GE) cells and in scattered stromal cells, with stronger signal
intensity on Days 12 and 15 of pregnancy than during the estrous
cycle, and they were localized subcellularly to both the cytoplasm

Frontiers in Veterinary Science | www.frontiersin.org 4 February 2021 | Volume 8 | Article 64191651

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Jung et al. Caspase Expression in Porcine Endometrium

FIGURE 1 | Expression of CASP3 (A), CASP6 (B), CASP7 (C), CASP8 (D), CASP9 (E), and CASP10 (F) mRNA in the endometrium during the estrous cycle and

pregnancy in pigs. Endometrial tissue samples from cyclic (Cy) and pregnant (Px) gilts were analyzed by real-time RT-PCR, and data are reported as the expression

relative to that detected on Day 0 of the estrous cycle after normalization to the transcript amount of the endogenous RPL7, UBB, and TBP mRNAs. Data are

presented as the mean with standard error. Statistical significances for the effect of day during the estrous cycle and pregnancy are indicated; ns, not significant.

and the nucleus (Figure 3A). The active form of CASP3, cleaved-
CASP3 protein, was localized primarily to the nucleus of LE cells
and some stromal cells in the endometrium on Days 12 and
15 of pregnancy (Figure 3B). Both CASP3 and cleaved-CASP3
proteins were detected in the small intestine used as a positive

control. CASP7 protein was localized to the cytoplasm of LE
and stromal cells in the endometrium, but only on Day 15
of pregnancy (Figure 3C). Trophectoderm cells in conceptuses
were also positive for CASP7 protein on Day 15 of pregnancy
(Figure 3C). CASP7 protein was detected in the lymph node used
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FIGURE 2 | Expression of CASP3, CASP6, CASP7, CASP8, CASP9, and CASP10 by conceptuses from Days 12 and 15 of pregnancy (A) and chorioallantoic tissues

during mid- to late pregnancy (B). (A) RT-PCR analyses of CASP3, CASP6, CASP7, CASP8, CASP9, and CASP10 mRNA in conceptuses on Days 12 and 15 of

pregnancy were performed using total RNA preparations. RPL7 was used as a positive control. RTase ±, with (+) or without (–) reverse transcriptase; M, molecular

marker; D12 Endo, endometrium on day 12 of pregnancy; D12 Con, Day 12 conceptus; D15 Con, Day 15 conceptus. (B). Real-time RT-PCR analyses of the

expression of CASP3, CASP6, CASP7, CASP8, CASP9, and CASP10 mRNA in chorioallantoic tissues on Days 30, 60, 90, and 114 of pregnancy. Data are reported

as expression relative to that detected on Day 30 of pregnancy after normalization to the transcript amount of the endogenous RPL7, UBB, and TBP mRNAs control,

and data are presented as means with standard errors.

as a positive control. Immunohistochemistry for cleaved-CASP7
was not done due to the lack of an appropriate antibody to detect
porcine cleaved-CASP7 protein.

TUNEL Staining and PARP Cleavage

Analysis for in situ Apoptotic Cell Death in

the Endometrium During the Estrous Cycle

and Pregnancy
Because CASP3 and CASP7 proteins were localized to
endometrial epithelial and stromal cells during the estrous
cycle and pregnancy, we determined whether cells expressing
CASP3 and CASP7 were undergoing apoptotic cell death.
Because apoptotic cells undergo DNA degradation and PARP1,
an enzyme involved in DNA repair, is cleaved by caspases
(29), we performed the TUNEL assay and immunostaining
of PARP1 and cleaved-PARP1 in endometrial tissues from
pregnant pigs. We found that apoptotic cells in the endometrium
during pregnancy were predominantly in stromal cells, not
in epithelial cells, with many apoptotic cells found on Day 15
of pregnancy and very few cells found during the later stages
of pregnancy (Figure 4A). PARP1 protein was localized to
most cell types in the endometrium on Days 12 and 15 of the
estrous cycle and pregnancy (Figure 4B), but cleaved-PARP1,
a marker for apoptotic cells, was localized primarily to stromal
cells on Day 15 of pregnancy (Figure 4C). The PARP1 and
cleaved-PARP1 proteins were also detected in the ovary used as a
positive control.

Effects of the Steroid Hormones E2 and P4

on Caspase Expression in Endometrial

Tissue of Prepubertal Gilts
Because the expression of caspases changed during the estrous
cycle and because E2 from the ovary and P4 from the corpus

luteum regulate the expression ofmany endometrial genes during
the cycle (4, 8), we hypothesized that E2 and P4 might affect
the expression of caspases in the endometrium. Therefore, we
obtained endometrial tissues from immature gilts, which had
not been exposed to cyclical ovarian hormones, and treated
them with increasing doses of E2 or P4. We found that the
expression of CASP7 mRNA was decreased by E2 (0 vs. 500
pg/ml, P < 0.05), but the expression of CASP3, CASP6, CASP8,
CASP9, and CASP10 mRNA was unaffected by E2 (Figure 5).
The expression of CASP7 (0 vs. 30 ng/ml, P < 0.05), CASP8
(0 vs. 3 ng/ml and 0 vs. 30 ng/ml, P < 0.01), and CASP10
(0 vs. 3 ng/ml, P < 0.01; 0 vs. 30 ng/ml, P < 0.05), but
not CASP3, CASP6, and CASP9, was affected by P4 treatment
(Figure 6).

Effects of IL1B and Steroid Hormones on

CASP3 and the Effect of IFNG on CASP7

Expression in Endometrial Tissues
Because the expression ofCASP3 andCASP7 was highest onDays
12 and 15 of pregnancy, respectively, and porcine conceptuses
secrete estrogen and IL1B2 into the uterine lumen on Day 12
and IFND and IFNG on Day 15 (4, 8), we assumed that the
expression of CASP3 on Day 12 could be affected by estrogen
and IL1B and that of CASP7 on Day 15 of pregnancy could
be affected by IFNG. We treated endometrial explant tissues
from Day 12 of the estrous cycle with increasing doses of
IL1B and steroid hormones and found that IL1B induces the
expression of CASP3 (0 vs. 1 ng/ml, P < 0.05; Figure 7A),
but steroid hormones and their receptor antagonists do not
affect the expression of CASP3 (Figure 7B). When increasing
doses of IFNG were administered, the IFNG induced the
expression of CASP7 (0 vs. 10 pg/ml, 0 vs. 100 pg/ml; P < 0.01)
(Figure 7C).
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FIGURE 3 | Immunohistochemical localization of CASP3 (A), cleaved-CASP3 (B), and CASP7 (C) proteins in the endometrium on Days 12 and 15 post-estrus.

Representative uterine sections from Days 12 or 15 of pregnancy immunostained with normal IgG are shown as negative controls, and tissue sections from the small

intestine and lymph node serve as positive controls for CASP3, cleaved-CASP3, and CASP7 immunostaining. D, Day; C, estrous cycle; P, pregnancy; LE, luminal

epithelium; GE, glandular epithelium; BV, blood vessel; Tr, trophectoderm. Bars = 100µm and 20µm in insets.

FIGURE 4 | TUNEL staining (A) and immunohistochemical localization of PARP1 (B) and cleaved-PARP1 (C) proteins for in situ apoptotic cell death in the

endometrium during the estrous cycle and pregnancy. Cells undergoing apoptosis in the endometrium during pregnancy were localized using the TUNEL assay (green),

and tissue morphology is shown by DAPI staining. Representative uterine sections from Day 15 of pregnancy immunostained with normal IgG are shown as negative

control and tissue sections from the ovary serve as positive controls for PARP1 and cleaved-PARP1 immunostaining. D, day; P, pregnancy; LE, luminal epithelium; GE,

glandular epithelium; St, stroma; BV, blood vessel; Tr, trophectoderm. Arrowheads indicate cleaved-PARP1-positive cells. Bar = 100µm and 20µm in inset.

DISCUSSION

The significant findings of this study in pigs were: (1) caspases

CASP3, CASP6, CASP7, CASP8, CASP9, and CASP10 were

expressed in the endometrium during the estrous cycle and
pregnancy in a stage- and pregnancy status–specific manner;

(2) conceptuses on Days 12 and 15 of pregnancy and
chorioallantoic tissues from Day 30 of pregnancy to term
expressed caspases, except CASP9, on Days 12 and 15 of
pregnancy; (3) CASP3, cleaved-CASP3, andCASP7 proteins were
localized to endometrial cells, with increased signal intensity in
LE and GE cells during early pregnancy; (4) apoptotic cells in
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FIGURE 5 | Effect of estradiol on CASP3 (A), CASP6 (B), CASP7 (C), CASP8 (D), CASP9 (E), and CASP10 (F) mRNA in endometrial explant cultures. Endometrial

explants from immature gilts were cultured at 37◦C in DMEM/F-12 with increasing doses of estradiol-17β (E2; 0, 5, 50, and 500 pg/ml) for 24 h. Experiments were

performed with endometria from eight gilts. The abundance of mRNA, determined by real-time RT-PCR, is relative to that of CASP3, CASP6, CASP7, CASP8, CASP9,

and CASP10 mRNA in the control group of endometrial explants (0 pg/ml E2 ) after normalization to the transcript amount of RPL7, UBB, and TBP mRNAs. Data are

presented as the mean with standard error. The asterisk denotes statistically significant difference when values were compared with the control group: *P < 0.05.

the endometrium were localized to some scattered stromal cells,
with increased numbers on Day 15 of pregnancy; (5) E2 and P4
affected the expression of some caspases in endometrial tissues;
and (6) IL1B and IFNG upregulated the expression of CASP3 and
CASP7, respectively, in endometrial explant tissues.

Caspases are essential mediators of apoptosis and play an
important role in a variety of biological processes (9, 10, 17).
Two groups of caspases, initiator caspases and executioner

caspases, are activated during the pathway to apoptotic
activation. Caspases are expressed in the endometrium during
the reproductive cycle and pregnancy and that they mediate
apoptotic cell death in various species (2, 30, 31). However,
the expression of all initiator and executioner caspases in the
endometrium throughout the estrous/menstrual cycle and at the
maternal-conceptus interface during pregnancy has not been
fully studied in any species. The results of this study indicate the
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FIGURE 6 | Effect of progesterone on CASP3 (A), CASP6 (B), CASP7 (C), CASP8 (D), CASP9 (E), and CASP10 (F) mRNA in endometrial explant cultures.

Endometrial explants from immature gilts were cultured at 37◦C in DMEM/F-12 with increasing doses of progesterone (P4; 0, 0.3, 3, and 30 ng/ml) for 24 h.

Experiments were performed with endometria from eight gilts. The abundance of mRNA, determined by real-time RT-PCR, is relative to that of CASP3, CASP6,

CASP7, CASP8, CASP9, and CASP10 mRNA in the control group of endometrial explants (0 ng/ml P4) after normalization to the transcript amount of RPL7, UBB,

and TBP mRNAs. Data are presented as the mean with standard error. The asterisks denote statistically significant differences when values were compared with the

control group: *P < 0.05; **P < 0.01.

variable expression of the initiator and executioner caspases in
the endometrium during the estrous cycle and pregnancy and in
conceptus/chorioallantoic tissues throughout pregnancy in pigs.

During the estrous cycle, the expression of caspases CASP3,
CASP6, CASP7, CASP8, and CASP10 changed with the stage of
the cycle, with the highest levels in the proestrus phase forCASP3,
CASP6, and CASP7 and in the proestrus to metestrus phase for

CASP8 and CASP10. These data indicate that the expression of
caspases is dynamically regulated in the endometrium during
the estrous cycle and may be related to cyclic remodeling of
this tissue in pigs. The incidence of apoptotic cell death in LE
cells was previously shown by TUNEL assay to be highest in
the estrus phase in pigs (14), suggesting that caspases expressed
in the proestrus phase could cause apoptotic cell death in
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FIGURE 7 | Effects of IL1B (A) and steroid hormones (B) on the expression of CASP3 and the effect of IFNG on CASP7 (C) in endometrial explant cultures.

Endometrial explants from gilts on Day 12 of the estrous cycle were cultured (A) with increasing doses of IL1B (0, 1, 10, and 100 ng/ml) in the presence of with E2

(estradiol-17β; 10 ng/ml) and P4 (progesterone; 30 ng/ml), (B) with steroid hormones [control (C), E2 (E), P4 (P), E2 + P4 (PE), E2+P4+ICI (I, an estrogen receptor

antagonist) (PEI), or E2+P4+RU (R; a progesterone receptor antagonist) (PER)], or (C) with increasing doses of IFNG (0, 1, 10, and 100 ng/ml) in the presence of with

E2 (10 ng/ml) and P4 (30 ng/ml). The abundance of mRNA expression, determined by real-time RT-PCR analyses, was relative to that for CASP3 and CASP7 mRNA in

the control group of endometrial explants after normalization to the transcript amounts of RPL7, UBB, and TBP mRNAs. Data are presented as means with standard

error. These treatments were performed in triplicate using tissues obtained from each of three gilts. The asterisks denote statistically significant differences when

values were compared with the control group: *P < 0.05; **P < 0.01.

the endometrium in the estrus phase. In bovine endometrium,
CASP3 expression does not change during the estrous cycle, but
active forms of CASP3 proteins increase at the follicular and
early luteal phases compared with the mid- to late luteal phase
(2). Furthermore, CASP8 expression in the bovine endometrium
increases toward the follicular phase from the luteal phase (31).
Thus, it seems that the endometrial expression of some caspases
increases in pigs and cows as the cycle moves toward the
estrus phase.

The pattern of caspase expression in the endometrium during
the estrous cycle led us to postulate that the expression of caspases
and the activation of apoptotic signaling could be related to
cyclical changes in the endometrium triggered by the actions
of steroid hormones from the ovary. In this study, we found
that P4 decreased the expression of CASP8 and CASP10 in
endometrial explant tissues. Because the endometrial expression
of CASP8 and CASP10 was low at the diestrus phase and high
at the proestrus to metestrus phase of the estrous cycle, it is
likely that P4 causes the decreased levels of CASP8 and CASP10
expression in the endometrium at the diestrus phase of the cycle
in pigs. However, P4 increased the expression of CASP7, whereas
E2 decreased the expression of CASP7 in endometrial explant
tissues, even though the endometrial expression of CASP7 was
high in the proestrus phase of the cycle, when plasma levels of P4
and E2 decrease and increase, respectively (8). These data indicate
that the regulation of CASP7 expression in the endometrium
during the estrous cycle is much more complex than can be
explained by the simple action of P4 and E2 and thus needs
further analysis.

Although the levels of caspase expression during pregnancy
have not been much studied in any species, it has been shown
that the levels of active Casp3 protein in the rat endometrium
are highest at mid-pregnancy (30). In this study, the endometrial
expression of caspases CASP3, CASP6, CASP7, and CASP10
during pregnancy changed, with the highest levels occurring
during early pregnancy for CASP3 and CASP7 and during

mid-pregnancy for CASP6 and CASP10, suggesting that the
expression of caspases is pregnancy stage–specific and varies
with the type of caspase. In particular, we observed that the
expression of CASP3 and CASP7 was highest on Days 12
and 15 of pregnancy, respectively, which is the period when
conceptuses interact with the endometrium for implantation
(4, 7, 8). Because the implanting porcine conceptus secretes
estrogen and IL1B on Day 12 of pregnancy and type I and II
IFNs, IFND and IFNG, around Day 15 of pregnancy (4, 8), we
postulated that estrogen and/or IL1B might be responsible for
inducing CASP3 expression in the endometrium on Day 12 and
that IFNG might be responsible for inducing CASP7 expression
on Day 15 of pregnancy. Indeed, our results performed using
endometrial explant culture revealed increased expression of
CASP3 in response to IL1B but not E2, whereas CASP7
expression was stimulated by IFNG. These data indicate that the
expression of CASP3 and CASP7 in the endometrium during
early pregnancy in pigs is induced by conceptus-derived IL1B and
IFNG, respectively.

Because CASP3 and CASP7 are well-known executioner
caspases during apoptosis (9, 17), we determined which
cell type(s) expressed CASP3 and CASP7 proteins in the
endometrium during early pregnancy and whether the cells
expressing CASP3 and CASP7 were undergoing apoptotic cell
death. Our results show that CASP3 and active CASP3 proteins
were predominantly localized to LE and stromal cells on Days 12
and 15 of pregnancy and that the CASP7 protein was primarily
localized to LE cells on Day 15 of pregnancy. Interestingly,
however, results from the TUNEL assay and cleaved-PARP1
staining show that only stromal cells in the endometrium,
not epithelial cells, were undergoing apoptosis during early
pregnancy. These data suggest that CASP3 and CASP7 might
not be involved in endometrial epithelial apoptosis during early
pregnancy in pigs.

Executioner caspases CASP3, CASP6, and CASP7 play
critical roles in both apoptotic cell death and cell differentiation
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in various cell types, such as keratinocytes, muscle cells,
neurons, and stem cells (18). Also, the initiator caspase
CASP8, which is expressed by cytotrophoblast cells, is
involved in the differentiation of cytotrophoblast cells into
the syncytiotrophoblast layer in human placental villi (32–34).
Thus, the increased endometrial expression of CASP3 and
CASP7 in response to conceptus-derived signals at the time of
conceptus implantation could be expected to act on epithelial
cell differentiation instead of activating apoptosis. Indeed, at
the time of implantation LE cells of the porcine endometrium
show various aspects of differentiated cellular characteristics:
changed morphology (35–37), increased production of secretory
proteins, including fibroblast growth factor 7 (38) and secreted
phosphoprotein 1 (39), and increased expression of immunity-
related molecules, including interferon α/β receptor 1 and
2 (40), interferon gamma receptor 1 and 2 (25), cysteine-X-
cysteine motif chemokine ligand 12 (41), TNF superfamily
10 (28), and cytotoxic T-lymphocyte-associated protein 4
(Yoo and Ka, unpublished data). The expression of most of
those molecules in endometrial epithelial cells is induced
by conceptus signals, estrogen, IL1B, or IFNG, and those
molecules play important roles in conceptus implantation.
Thus, it is likely that CASP3 and CASP7 are also involved
in activating the differentiation process of endometrial LE
cells in response to conceptus-derived signals. However, the
nature of the differentiated cellular characteristics mediated
by CASP3 and CASP7 in endometrial LE cells still needs
further study.

Our results also show that caspases were expressed in
conceptus tissues during early pregnancy and in chorioallantoic
tissues during mid- to late pregnancy. In particular, the levels
of CASP6, CASP7, CASP8, CASP9, and CASP10 expression in
chorioallantoic tissues increased as the pregnancy came to term.
However, as determined by TUNEL assay in this study, apoptotic
cells were barely detectable in chorioallantoic tissues during
pregnancy. It has been shown that CASP3 proteins levels in
porcine placental tissue are higher on Day 30 than onDays 60, 80,
and 90 of pregnancy, what coincides with the expression pattern
of CASP3 mRNA in this study (42). In ovine placentas, CASP3
and CASP9 proteins increase toward term, and the levels of active
CASP3 and CASP9 are increased in placentas with intrauterine
growth restriction pregnancy compared with normal pregnancy
(43). In bovine placental tissues obtained at parturition, CASP3
and CASP8 mRNA and proteins are expressed (44), and CASP8
and CASP10 are expressed in human placental villi at term
(33, 45). Thus, the expression of caspases in placental tissues
is common among mammalian species and increases toward
term. In addition, because accumulated evidence shows that
apoptotic cell death increases in the placenta when pregnancy
complications occur, such as intrauterine growth restriction,
preeclampsia and preterm premature rupture of membranes in
humans (46, 47), and in placental tissues derived from somatic

cell nuclear transfer–cloned embryos in pigs (48), it is likely that
caspases are important in regulating placental function and are
activated in situations of inappropriate placental development
during pregnancy.

CONCLUSION

In conclusion, the results of this study in pigs show that caspases
are expressed in the endometrium, with differential expression
patterns throughout the estrous cycle and pregnancy, and in the
conceptus and chorioallantoic tissues during pregnancy; CASP3
and CASP7 are localized primarily to endometrial epithelial
cells during early pregnancy; the steroid hormones E2 and P4
regulate the expression of caspases in endometrial tissues; and
IL1B and IFNG induce the expression of CASP3 and CASP7,
respectively, in endometrial tissues. These results suggest that
caspases dynamically expressed in the endometrium and at
the maternal-conceptus interface could play important roles in
the establishment and maintenance of pregnancy in pigs by
regulating apoptosis and epithelial differentiation.
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Recent studies have elucidated the role of several pro-inflammatory factors as mediators

of inflammatory processes in the bovine endometrium. Only few studies, however, have

analyzed samples collected from different regions of the uterus of the same animal.

In this study, we tested the hypothesis that on a molecular level, clinical endometritis

is characterized by inflammatory responses spread over the entire endometrium.

Furthermore, we assume that subclinical endometritis is described by an inflammation of

local regions of the uterus. Therefore, the objective of this study was to assess the mRNA

expression of uterus-associated pro-inflammatory factors at five pre-defined endometrial

sites, i.e., corpus uteri, left horn base, left horn tip, right horn base, and right horn tip,

in cows with clinical and subclinical endometritis and in healthy controls. We analyzed

the mRNA expression of interleukin 1 alpha, interleukin 1 beta, C-X-C motif chemokine

ligand 8, prostaglandin-endoperoxide synthase 2, protein tyrosine phosphatase receptor

type C, carcinoembryonic antigen related cell adhesion molecule 1, and mucin 4 and 16.

Based on vaginoscopy and endometrial cytology (≥ 5% polymorphonuclear neutrophils)

between 28 to 34 days in milk, 18 Simmental cows were categorized in clinical

endometritis group (n = 7), subclinical endometritis group (n = 4), and healthy group

(n = 7). In general, the analyses revealed a great variation of mRNA expression between

sites and animals. Differences were found between different uterine health statuses, but

the variation between the sampling sites within the groups was not significant (P > 0.05).

This indicates that inflammatory processes at the end of the postpartum period can be

regarded as multi-focal or spread throughout the uterus independent from the uterine

health status.

Keywords: mRNA, pro-inflammatory factors, uterine health, endometrium, cows

INTRODUCTION

Postpartum (pp) uterine disorders, such as metritis, clinical endometritis (CE), and subclinical
endometritis (SE), have negative short- and long-term impact on bovine fertility (1–3). Bacterial
infections provoke the release of pro-inflammatory factors, such as prostaglandins and cytokines,
e.g., interleukin 1A (IL1A), interleukin 1 B (IL1B), and C-X-C motif chemokine ligand 8 (CXCL8)
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(4–6). These chemoattractants play a central role in the innate
immune response to regulate the migration of immune cells,
e.g., polymorphonuclear neutrophils (PMN), which accomplish
phagocytosis in the uterine tissue (7). Detailed information
about the physiological function of pro-inflammatory factors
involved in inflammatory processes was recently reviewed by
Pascottini et al. (8).

The cytobrush (CB) technique was reported as a reliable and
accurate method for endometrial sampling and the diagnosis of
SE by determining the proportion of PMN in the smears (9–11).
It has been discussed whether a single sample is representative for
the entire endometrium and affects the accuracy of the diagnosis
of SE [reviewed by (12, 13)]. The CB technique can also be used
to evaluate the mRNA expression in the endometrial samples. An
increased mRNA expression of cytokines was found in cows with
SE and CE compared with healthy controls (14, 15). Repeated
sampling of the same cows showed no or only few intra-cow
variations of the mRNA expression of selected factors (16, 17).

The aim of the present study was to assess mRNA pattern of
transcripts involved in physiological and pathological processes,
obtained from different endometrial sites in vivo in cows
with different uterine health status. In this study, we tested
the hypothesis that on a molecular level, clinical endometritis
is characterized by inflammatory responses spread over the
entire endometrium. Furthermore, we assume that subclinical
endometritis is characterized by an inflammation of local regions
of the uterus. As additional comparison group, we included
healthy control cows.

MATERIALS AND METHODS

Study Design
This study was approved by the institutional ethics committee
and the national authority according to §8 of Law for Animal
Experiments, Tierversuchsgesetz-TVG (BMWFW-68.205/0156-
WF/II/3b/2014) and performed at the research farm VetFarm
Kremesberg, University of Veterinary Medicine Vienna, Austria.

The herd comprised ∼80 lactating dairy cows, housed in free
stall barns with cubicles. Eighteen Simmental cows (14multipara,
four primipara, no history of Cesarean section or dystocia) were
enrolled. All cows were examined between day 28 to 34 pp
by transrectal palpation and vaginoscopy, followed by uterine
CB sampling at five pre-defined sites. Cows with purulent or
mucopurulent vaginal discharge were defined as affected with CE
(18). Subclinical endometritis was characterized by the absence
of vaginal discharge, but with ≥ 5% PMN in one of the five
endometrial smears (19). The absence of vaginal discharge and
a proportion of < 5% PMN in the cytological samples defined
the healthy control (HC) cows.

Endometrial Sampling
Five endometrial samples were collected by CB technique from
each cow in the same order of sampling, as described (13). In
brief, the CB (Gynobrush, Heinz Herenz, Hamburg, Germany)
was inserted through a metal tube (50 cm in length, 6mm inner
diameter) and forwarded under manual control to the sites in the
following order: (i) corpus uteri (CU), (ii) base of the left horn

(LHB), (iii) tip of the left horn (LHT), (iv) base of the right horn
(RHB), and (v) tip of the right horn (RHT). After retraction, the
CB was rolled onto a microscope slide and thereafter stored in
tubes at −80◦C for RNA analysis. The slides were dried, fixed,
stained (Hemacolor Merck, Darmstadt, Germany) and examined
under a microscope by using X 400 magnification (Olympus
CX21, Olympus, Tokyo, Japan). The percentage of PMN was
determined by counting 300 endometrial cells and PMN in
total (11).

Total RNA Extraction, Reverse

Transcription, and Real-Time PCR
After thawing the CB, total RNA was extracted using RNeasy
Plus Mini Kit (Qiagen, Hilden, Germany) according to the
manufacturer’s instructions. Quantification of total RNA was
performed by spectrophotometry (NanoDrop ND-1000 Peqlab
Biotechnology, Erlangen, Germany) at 260 nm. Quality and
integrity of the isolated total RNA was assessed using the
Bioanalyzer 2100 and the Agilent RNA 6000 Nano Kit (both
Agilent Technologies,Waldbronn, Germany). The RNA integrity
number of the isolated RNA was greater 8.0 and the OD 260/280
> 2.0. Possible genomic DNA contaminations were removed
by using DNase. Reverse transcription to generate DNA was
performed as described (16). In brief, single stranded cDNA
was generated from 100 ng total RNA per sample with the
addition of 200U RevertAid Reverse Transcriptase and 2.5µM
random hexamer primers (both Thermo Scientific, Schwerte,
Germany) in a total volume of 60 µl. To confirm the absence of
any genomic DNA or contaminations, samples without reverse
transcriptase were prepared as negative controls. The generated
DNA served as template for real-time PCR to quantify mRNA
of the selected factors in the endometrial cells. Gene transcripts,
primer sequences and further parameter used for real-time PCR
are listed in Supplementary Table 1.

Real-time PCR was conducted using the Rotor-Gene 3000
(Corbett Research, Mortlake, Australia), as described (16). In
brief, amplification of 1 µl cDNA per sample was carried
out in the presence of 0.4µM of each primer (forward and
reverse) and 5 µl 2 × SensiMix SYBR Low-ROX (Bioline,
Luckenwalde, Germany) in a total reaction volume of 10 µl.
Denaturation at 95◦C for 10min was followed by a three-
step amplification in 45 cycles: denaturation at 95◦C for 15 s,
annealing for 20 s (Supplementary Table 1), and extension at
72◦C for 30 s. Subsequently, a melting curve program (50–
99◦C) with continuous fluorescence measurement confirmed
specific amplification.

Quantification of mRNA was performed with dilution
series and comparison with standards amplified simultaneously.
Messenger RNA expression of each sample was normalized
with the succinate dehydrogenase complex flavoprotein subunit
A (SDHA) and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) real-time PCR data. Calculation of mRNA expression
of protein tyrosine phosphatase receptor type C (PTPRC;
formerly known as CD45) and carcinoembryonic antigen related
cell adhesion molecule 1 (CEACAM1; formerly known as
CD66a), prostaglandin-endoperoxide synthase 2 (PTGS2), IL1A,
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IL1B, C-X-C motif chemokine ligand 8 (C-X-C motif) ligand 8
(CXCL8; formerly known as IL8), and mucins (MUC) MUC4 and
MUC16 was performed using Rotor-Gene 6.1 software.

Statistical Analysis
Statistical analyses were performed with SPSS Statistics version
23.0 (IBM, New York, USA). Data was tested for normality
with Kolmogorov-Smirnov test. For each sample, normalized
mRNA expression for the selected factors at the five pre-defined
endometrial sites was calculated. Median, interquartile range
(IQR), mean and standard deviation (SD) of normalized mRNA
expression were calculated to describe the variation within cows
with different uterine health status. At the level of endometrial
sites, the variance of normalized mRNA expression, determined
as the coefficient of variation (CV: quotient of SD and mean)
was calculated. The normally distributed data was analyzed by
ANOVA using the CV as dependent variable and HC, SE, and
CE as factors to compare with. Scheffe test was conducted for
post hoc multiple comparisons. Normalized mRNA expression
of selected transcripts on cow-level, categorized according to
uterine health status, was shown in box plots and compared by
Kruskal-Wallis test and pairwise by Mann-Whitney-U test. The
level of significance was set at P < 0.05.

RESULTS

Seven cows were diagnosed with CE, four with SE, and sevenwere
regarded as healthy (HC). Descriptive statistics and statistical
analyses of mRNA expression at the five different endometrial

sites related to uterine health (CE, SE, HC) are presented
in Tables 1–3. Proportion of normalized mRNA expression
of selected pro-inflammatory factors from cows with different
uterine health status (SE, CE, and HC) and significant differences
are shown in Figure 1.

Endometrial mRNA Expression at the Five

Sampling Sites
Comparing the median mRNA expression at the five pre-defined
sites resulted in no differences within cows with SE, CE, and
HC cows (Kruskal-Wallis test: P > 0.05, Tables 1–3). Overall,
the high IQR indicated a great variation of mRNA expression
at all different endometrial sites, in particular in cows with CE
(Tables 1–3). Moreover, the CV of mRNA expression at the five
endometrial sites was high and revealed no differences between
the groups CE, SE, and HC (Table 4).

Endometrial mRNA Expression Related to

Uterine Health Status
Median mRNA expression of IL1A, IL1B, and CXCL8 was
increased in cows with SE and CE compared with HC cows,
whereas MUC16 mRNA expression was only increased in SE
cows compared with HC cows (P < 0.05; Figure 1). Expression
of IL1A, IL1B, and CXCL8 mRNA in SE was 27-, 17-, and 30-
fold higher than in HC cows. Expression of MUC16 mRNA was
2.6-fold higher in SE compared with HC cows. No differences
of median mRNA expression between groups were found for
PTPRC, CEACAM1, PTGS2, andMUC4 (P > 0.05).

TABLE 1 | Median, interquartile range (IQR), mean, and standard deviation (SD) of normalized mRNA expression for different pro-inflammatory factors and mucins in the

endometrium at the corpus uteri (CU), the base of the left horn (LHB), the tip of the left horn (LHT), the base of the right horn (RHB) and the tip of the right horn (RHT)

collected from seven cows with clinical endometritis (CE) on day 28 to 34 postpartum.

CE cows (n = 7) Endometrial sites

Factor LHT RHT RHB LHB CU

PTGS2 Median (IQR) 1.6 (50.1) 0.5 (209.6) 1.6 (331.6) 3.2 (21.9) 1.1 (16.6)

Mean (SD) 177.8 (437.9) 84.0 (178.3) 132.9 (265.0) 111.4 (281.7) 205.4 (535.2)

PTPRC Median (IQR) 0.7 (2.5) 1.0 (0.8) 1.5 (5.8) 0.6 (1.7) 0.6 (1.7)

Mean (SD) 1.5 (1.5) 0.6 (1.5) 2.8 (3.9) 1.1 (1.2) 1.7 (2.6)

CEACAM1 Median (IQR) 3.3 (2.8) 2.5 (9.7) 1.5 (9.4) 1.2 (4.2) 1.6 (6.1)

Mean (SD) 2.6 (5.0) 4.5 (6.5) 4.7 (6.3) 5.5 (10.8) 5.1 (8.9)

Il1A Median (IQR) 659.9 (2,237) 608.5 (26,878) 1,815 (19,737) 228.4 (3,865) 1,841 (5,871)

Mean (SD) 36,761 (95,367) 10,872 (23,531) 8,296 (15,950) 13,039 (31,750) 26,511 (65,930)

Il1B Median (IQR) 0.8 (86.3) 0.3 (147.9) 1.1 (36.0) 0.5 (40.1) 0.6 (98.8)

Mean (SD) 242.0 (578.9) 59.2 (89.9) 14.7 (25.3) 13.8 (22.7) 182.9 (440.3)

CXCL8 Median (IQR) 1.6 (377.5) 0.8 (283.0) 1.1 (171.9) 2.0 (59.6) 0.7 (6.3)

Mean (SD) 476.2 (1,034) 113.4 (214.3) 69.1 (147.8) 34.7 (65.3) 590.0 (1,557)

MUC4 Median (IQR) 41.6 (107.8) 27.4 (279.0) 35.5 (52.5) 3.3 (101.5) 47.6 (138.7)

Mean (SD) 54.4 (50.1) 118.0 (180.2) 29.6 (26.9) 36.5 (55.6) 122.0 (203.7)

MUC16 Median (IQR) 2.3 (2.5) 1.5(2.7) 0.8 (7.9) 0.9 (2.1) 3.2 (2.8)

Mean (SD) 2.3 (1.6) 1.7 (1.6) 3.8(5.6) 1.8 (1.7) 2.5 (1.3)

PTGS2, prostaglandin-endoperoxide synthase 2; PTPRC, protein tyrosine phosphatase receptor type C; CEACAM1, carcinoembryonic antigen related cell adhesion molecule 1; IL1A,

interleukin 1 alpha; IL1B, interleukin 1 beta; CXCL8, C-X-C motif chemokine ligand 8; MUC4, mucin 4; MUC16, mucin 16.
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TABLE 2 | Median, interquartile range (IQR), mean, and standard deviation (SD) of normalized mRNA expression for different pro-inflammatory factors and mucins in the

endometrium at the corpus uteri (CU), the base of the left horn (LHB), the tip of the left horn (LHT), the base of the right horn (RHB) and the tip of the right horn (RHT)

collected from four cows with subclinical endometritis (SE) on day 28 to 34 postpartum.

SE cows (n = 4) Endometrial sites

Factor LHT RHT RHB LHB CU

PTGS2 Median (IQR) 19.2 (141.0) 3.9 (3.4) 25.2 (56.8) 80.2 (554.0) 27.3 (417.9)

Mean (SD) 56.0 (85.9) 4.0 (1.8) 28.7 (30.0) 212.9 (326.0) 149.4 (262.6)

PTPRC Median (IQR) 0.6 (1.9) 2.1 (3.4) 0.4 (1.8) 0.7 (0.4) 0.9 (1.9)

Mean (SD) 1.2 (1.2) 2.1 (1.8) 1.0 (1.1) 0.7 (0.2) 1.1 (1.0)

CEACAM1 Median (IQR) 3.3 (16.4) 2.8 (8.1) 0.5 (16.2) 3.6 (24.7) 2.3 (21.0)

Mean (SD) 6.9 (9.5) 3.9 (4.4) 5.7 (10.6) 9.7 (14.8) 7.9 (12.9)

Il1A Median (IQR) 826.0 (6,414) 1.8 (5.3) 12.8 (4,446) 7.9 (14,777) 34.6 (17,190)

Mean (SD) 2,415 (3,808) 2.4 (2.9) 1,489 (2,959) 4,928 (9,846) 5,748 (11,444)

Il1B Median (IQR) 1.6 (.2) 0.3 (1.6) 1.3 (4.1) 1.8 (8.2) 5.9 (20.0)

Mean (SD) 3.3(4.7) 0.6 (0.9) 2.0 (2.2) 3.5 (4.7) 9.4 (11.1)

CXCL8 Median (IQR) 3.2 (28.6) 2.5 (56.7) 4.0 (31.0) 15.8 (27.7) 6.2 (524.1)

Mean (SD) 11.3 (17.9) 20.2 (36.8) 12.2 (19.0) 15.1 (15.6) 177.6 (346.3)

MUC4 Median (IQR) 6.1 (43.2) 98.0 (243.9) 9.6 (70.3) 12.4 (60.2) 9.2 (631.1)

Mean (SD) 17.1 (25.8) 114.7 (134.0) 26.8 (41.6) 24.9 (34.4) 213.7 (415.0)

MUC16 Median (IQR) 2.8 (3.5) 1.2 (1.6) 2.4 (5.4) 3.3 (1.8) 2.4 (2.2)

Mean (SD) 3.0 (1.8) 1.3 (0.9) 3.5 (3.1) 3.5 (0.9) 2.5 (1.1)

PTGS2, prostaglandin-endoperoxide synthase 2; PTPRC, protein tyrosine phosphatase receptor type C; CEACAM1, carcinoembryonic antigen related cell adhesion molecule 1; IL1A,

interleukin 1 alpha; IL1B, interleukin 1 beta; CXCL8, C-X-C motif chemokine ligand 8; MUC4, mucin 4; MUC16, mucin 16.

TABLE 3 | Median, interquartile range (IQR), mean, and standard deviation (SD) of normalized mRNA expression for different pro-inflammatory factors and mucins in the

endometrium at the corpus uteri (CU), the base of the left horn (LHB), the tip of the left horn (LHT), the base of the right horn (RHB) and the tip of the right horn (RHT)

collected from seven healthy cows (HC) on day 28 to 34 postpartum.

HC cows (n = 7) Endometrial sites

Factor LHT RHT RHB LHB CU

PTGS2 Median (IQR) 6.1 (10.2) 3.1 (5.3) 7.0 (8.1) 9.2 (22.2) 4.6 (17.2)

Mean (SD) 33.3 (76.0) 3.6 (3.4) 7.2 (8.1) 39.1 (78.0) 17.7 (29.9)

PTPRC Median (IQR) 0.5 (0.8) 0.6 (1.4) 0.5 (0.2) 0.6 (0.5) 0.5 (0.4)

Mean (SD) 0.8 (0.6) 0.9 (0.6) 0.5 (0.5) 0.7 (0.8) 0.3 (0.5)

CEACAM1 Median (IQR) 4.0 (11.8) 2.5 (4.2) 2.7 (13.6) 3.1 (35.8) 4.1 (10.0)

Mean (SD) 5.7 (6.4) 4.0 (5.0) 6.5 (9.0) 13.7 (17.3) 6.0 (5.4)

Il1A Median (IQR) 0.01 (1.9) 0.4 (22.4) 5.6 (206.4) 0.3 (203.3) 0.2 (0.6)

Mean (SD) 258.8 (683.8) 64.8 (160.4) 410.5 (946.9) 98.6 (185.3) 26.9 (70.6)

Il1B Median (IQR) 0.1 (0.2) 0.1 (0.6) 0.1 (0.2) 0.1 (0.2) 0.01 (0.1)

Mean (SD) 0.2 (0.2) 0.4 (0.6) 0.1 (0.2) 0.1 (0.1) 0.1 (0.1)

CXCL8 Median (IQR) 0.1 (0.2) 0.01 (0.8) 0.1 (0.2) 0.1 (0.2) 0.1 (0.2)

Mean (SD) 0.2 (0.3) 0.7 (1.3) 0.6 (1.3) 0.2 (0.3) 0.1 (0.2)

MUC4 Median (IQR) 6.5 (23.4) 11.2 (130.0) 1.2 (30.8) 15.0 (21.5) 6.6 (20.2)

Mean (SD) 19.2 (30.4) 68.1 (90.1) 31.9 (66.3) 18.2 (25.0) 24.8 (49.3)

MUC16 Median (IQR) 1.0 (5.7) 0.9 (2.3) 0.8 (1.3) 0.9 (3.5) 2.8 (4.6)

Mean (SD) 2.3 (2.8) 1.3 (1.2) 1.3 (1.7) 1.7 (2.1) 2.2 (2.4)

PTGS2, prostaglandin-endoperoxide synthase 2; PTPRC, protein tyrosine phosphatase receptor type C; CEACAM1, carcinoembryonic antigen related cell adhesion molecule 1; IL1A,

interleukin 1 alpha; IL1B, interleukin 1 beta; CXCL8, C-X-C motif chemokine ligand 8; MUC4, mucin 4; MUC16, mucin 16.

DISCUSSION

In the course of an inflammatory process, cells of the immune
system synthesize a broad range of pro-inflammatory factors.

The mRNA expression of certain cytokines and glycoproteins
are dependent on the health status of the bovine endometrium,
the stage of the estrus cycle and anatomical sections of the
uterus (15–17). This study aimed to provide new information
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FIGURE 1 | (A–D): mRNA expression of normalized (A) IL1A, (B) IL1B, (C) CXCL8 and (D) MUC16 collected from four cows (20 samples) with subclinical

endometritis (SE), seven cows (31 samples*) with clinical endometritis (CE) and seven (35 samples) healthy cows (HE). In CE, four samples were missing because of

failed cytobrush sampling. Only diagrams showing significant results of pro-inflammatory factors and mucins are presented. Different letters indicate significant

differences between groups: a:b < 0.05. The circle mean outliers and asterisks mean extreme outliers (values).

about the inflammatory response at different sites of the uterus
and for cows with different uterine health status at the end
of the postpartum period, i.e., when the regeneration of the
epithelium is supposed to be completed. Our hypothesis was
that on a molecular level, clinical endometritis is characterized
by inflammatory responses spread over the entire endometrium,
whereas subclinical endometritis is described by an inflammation
of local regions of the uterus. The results of the multi-site
comparison between the mRNA expressions of the selected
transcripts, however, did not support our hypothesis since the
variation of mRNA expression was independent from uterine
health status. In this study, we analyzed a limited number

of factors. Our selection was based on previous studies and
represented factors associated with uterine disorders. In further
research, the inflammatory response on molecular level should
be investigated including more transcripts, additional signs of
uterine inflammation as well as cow-specific factors, such as
stage of lactation, parity, and the previously pregnant and
non-pregnant uterine horns.

The mRNA expression at different uterine sites has hardly
been investigated. Gabler et al. (16) reported first information
showing no region-dependent mRNA expression for different
PGE synthases and ILs comparing the corpus uteri, the
ipsilateral, and contralateral horn from uterine tissues collected
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TABLE 4 | Oneway ANOVA of the coefficient of variation (CV) for the normalized mRNA expression of selected transcripts in five pre-defined endometrial sites obtained

from seven cows with clinical endometritis (CE), four with subclinical endometritis (SE), and seven healthy control cows (HC) on days 28 to 34 postpartum.

Factor Group Mean SD SEM CI lower bound CI upper bound P

PTGS2 CE 1.2 0.6 0.2 0.659 1.827 0.26

SE 0.94 0.2 0.1 0.693 1.192

HC 0.7 0.4 0.1 0.417 1.109

PTPRC CE 0.8 0.5 0.2 0.372 1.197 0.83

SE 0.8 0.4 0.2 0.107 1.452

HC 0.6 0.2 0.1 0.431 0.867

CEACAM1 CE 0.7 0.3 0.1 0.454 1.042 0.73

SE 0.6 0.2 0.1 0.263 0.972

HC 0.7 0.2 0.1 0.475 0.937

IL1A CE 1.1 0.6 0.2 0.552 1.670 0.82

SE 1.4 0.7 0.3 0.339 2.413

HC 1.3 0.7 0.3 0.676 1.932

IL1B CE 1.2 0.41 0.1 0.802 1.503 0.75

SE 1.2 0.7 0.4 0.105 2.373

HC 1.0 0.4 0.1 0.676 1.378

CXCL8 CE 1.3 0.4 0.2 0.929 1.752 0.60

SE 1.3 0.5 0.21 0.487 2.045

HC 1.1 0.4 0.2 0.703 1.439

MUC4 CE 0.8 0.6 0.2 0.295 1.339 0.40

SE 1.1 0.3 0.2 0.568 1.661

HC 0.7 0.5 0.2 0.220 1.162

MUC16 CE 0.6 0.3 0.1 0.339 0.877 0.94

SE 0.6 0.2 0.1 0.280 0.842

HC 0.6 0.2 0.1 0.426 0.739

Mean, standard deviation (SD), and standard error of the mean (SEM) of CV. Lower and upper bound of confidence interval (CI) and P-value of multiple comparison (Scheffe test).

PTGS2, prostaglandin-endoperoxide synthase 2; PTPRC, protein tyrosine phosphatase receptor type C; CEACAM1, carcinoembryonic antigen related cell adhesion molecule 1; IL1A,

interleukin 1 alpha; IL1B, interleukin 1 beta; CXCL8, C-X-C motif chemokine ligand 8; MUC4, mucin 4; MUC16, mucin 16.

at the abattoir. Bauersachs et al. (17) identified a couple of
genes with lower expression in the corpus uteri of healthy
heifers after slaughtering, but the majority of transcripts
were similar expressed across the uterine horns. In our
study, mRNA expression was not different, but overall, the
results indicate a high variation of mRNA expression of
selected factors at the five different sites. Interleukin 1 beta
is contributing to inflammatory processes by stimulating the
production of CXCL5 and by activating vascular endothelial
cells to promote migration of neutrophils (20, 21). C-X-
C motif chemokine ligand 8 is responsible for recruitment
of PMN (22), which may explain the higher abundance in
endometric cows.

In agreement with other studies (15, 23, 24), the mRNA
expression of IL1A, IL1B, and CXCL8 was increased in cows
showing signs of CE and SE compared with healthy control cows.
These results indicate the immune-modulating response of ILs
to infections. In the present study, the mRNA expression of
MUC16 was more abundant in SE compared with healthy cows.
In contrast, Wagener et al. (25) found higher MUC16 mRNA
expression in the follicular phase of subfertile and healthy cows.
Mucins are protective glycoproteins for epithelial tissues against
bacterial invasion (26), therefore, an upregulation in endometric
cows with SE can be expected.

This study provides some new aspects of inflammatory
reactions in the bovine endometrium on a molecular level and
contributes to our understanding of uterine pathologies. In
addition, multi-site sampling and analysis of pro-inflammatory
factors may be used to improve or validate the diagnosis
of endometritis.
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The main aim of this study was to examine if a female mouse body in preimplantation

pregnancy can distinguish between embryos of normal and impaired biological quality

in the local and peripheral compartments. Normal (control group) and TNFα (tumor

necrosis factor-α)-treated embryos (experimental group) at the morula stage were

non-surgically transferred into the uteri of CD-1 strain [Crl:CD1(Icr)] female murine

recipients. Twenty-four hours after the embryo transfer, females were euthanised,

and uteri and spleens were dissected. In uterine tissues (local compartment), we

assessed the expression of 84 genes comprising nine signal transduction pathways,

using a modified RT² Profiler PCR Array. In the spleen (peripheral compartment), we

determined the proteome of splenic CD4+ lymphocytes using 2D protein electrophoresis

with subsequent protein identification by mass spectrometry. Sample clustering and

differential gene expression analyses within individual signal transduction pathways

revealed differential expression of genes in the uteri of females after transplantation

of normal vs. TNFα-treated embryos. The most affected signal transduction cascade

was the NFKB (Nuclear factor NF-kappa-B) pathway, where 87.5% of the examined

genes were significantly differentially expressed. Proteomic analysis of splenic CD4+ T

lymphocytes revealed significant differential expression of 8 out of 132 protein spots.

Identified proteins were classified as proteins influenced by cell stress, proteins engaged

in the regulation of cytoskeleton stabilization and cell motility, and proteins having

immunomodulatory function. These results support the hypothesis that even before

embryo implantation, the body of pregnant female mice can sense the biological quality

of an embryo both at the local and peripheral level.
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INTRODUCTION

The maternal recognition of the embryo is essential during
implantation for the establishment of pregnancy and its
maintenance. During the preimplantation period of the
pregnancy paracrine signaling is the main way of interaction
between the mother and the embryo. At this time, the uterine
mucosa is strongly influenced by steroid hormones, which
change the secretory activity of the endometrium and ensures
optimal development of the embryo (1–3). On the other hand,
the presence of an embryo in the uterus itself modulates
the metabolism of endometrial tissue by influencing the
expression of genes involved primarily in tissue remodeling
and immunological processes (3). The presence of the embryo
in the uterus before implantation is also signaled outside the
tissues of the reproductive system. This process is particularly
marked in cells of the immune system (4, 5). Additionally,
recent work by Behura et al. (6) showed that the expression
of genes of the receptors and their ligands in uterine and
brain tissues at the preimplantation period of pregnancy
is related. The mechanism of signal transmission from the
uterus to the brain remains unknown. On the other hand, the
neural connections of the sympathetic and parasympathetic
systems and the sensory fibers with immune cells at the
periphery indicate that signal transmission between distant
compartments of the body may be guided by neurochemical
conduction (7). The functional significance of these links
needs further investigation. Nevertheless, it can be assumed
that the early embryo-uterine-immune and nervous system
interaction underlie the fundamental mechanisms of pregnancy
maintenance, including fetal immune tolerance (4, 8), and also
still not the well-recognized mechanism of brain control of
early pregnancy.

During the pre-implantation phase not only embryo
recognition takes place. It is a moment of critical decisions that
are being made by a pregnant female: continuation of gestation
or its rejection. In humans, pregnancy rejection could be
expressed by the incidence of early embryo death and pregnancy
loss and is estimated to constitute ∼30% of known pregnancies
(9). A similar phenomenon is observed in pigs and cattle, where
approximately 30% of early pregnancies are lost (10, 11). This
high embryo death rate before implantation signifies the result of
an intensive embryo selection process. This process is dependent
on mutual interactions between the mother and embryo, and
its dysfunction leads to the survival of unwanted embryos with
low biological competence. In turn, this situation results in an
increased abortion rate in more advanced stages of pregnancy
(12). Therefore, proper assessment of the biological competence
of an embryo by the pregnant female is critical for avoiding an
unnecessary energy investment and maternal stress associated
with pregnancy failure. The preimplantation embryos manifest
their presence both in local and peripheral compartments of
the immune system. Our previous work has shown that locally,
in the uterus, the presence of the embryo before implantation
selectively affects the murine gene expression regulated by signal
transduction pathways. In the majority of signaling pathways in
pregnant female mice compared to females in pseudopregnancy

down-regulation of the uterine gene expression was observed
(13). Our results are similar to those reported by other authors,
who have shown that normal pregnancies modulate gene
expression in the endometrium before the trophoblastic invasion
(14–20). It is worth noting that gene expression of some
signaling pathways in horses, pigs, and cattle, mainly those
induced by interferons, is conservative, which indicates common
mechanisms of pregnancy recognition inmammals (21). Existing
studies have revealed that in vitro cultured human decidual cells
can distinguish the biological quality of embryos (12). Therefore,
it is suggested that human decidua may act as a natural biosensor
of the developmental potential of pregnancy. Although an early
foeto–maternal dialogue in the uterus is well-documented, the
recognition and response of the maternal peripheral immune
system to the presence of fetal antigens remains unknown.
It is still debated whether maternal peripheral leukocytes’
awareness of conceptus antigens is an important event for
the establishment of a pregnancy-related immune alteration.
Nevertheless, peripheral Th1/Th2 switch during pregnancy and
diminished frequency of transgenic T lymphocytes specific for
male H-Y antigens in pregnant females with male fetuses indicate
pregnancy-induced immunomodulation (22). This observation
points to the ability of lymphocytes to recognize pregnancy-
related antigens at the periphery. Moreover, in BALB/c females
mated with transgenic males that express a green fluorescent
protein (GFP) the presence of GFP DNA was confirmed in
the spleen, blood, and some maternal organs beginning on 0.5
days post coitum (dpc). GFP expression was under the control
of the β-actin promoter (homozygous, C57BL/6 background).
This observation is another evidence, which confirms the
presence of paternal antigens in maternal tissues during early
pregnancy (23) and suggests the possibility of their immune
recognition. Besides, our previous work showed that splenic
antigen-presenting cells (APCs) change their costimulatory
phenotype in preimplantation pregnancy (24, 25). Also, we
revealed that the presence of a preimplantation embryo changes
the proteome of splenic T CD4+ lymphocytes in pregnant female
mice compared to pseudopregnant mice (26). These examples
support the hypothesis that the maternal peripheral immune
system recognizes early pregnancy and is able to adjust its
immunophenotype to a new semi-allogeneic antigen challenge.
On the other hand, in the preimplantation period of abortion-
prone pregnancy (CBA/J♀xDBA/2J♂), significant differences
in the frequency of female splenic regulatory T lymphocytes
are observed in comparison to normal pregnancies (27). This
finding suggests that the process of development of peripheral
immune tolerance is different during the early stages of normal
and compromised pregnancy.

Here, we studied the expression of genes related to uterine
pathways of signal transduction and protein expression in
peripheral lymphocytes in female recipients of normal and
TNFα-treated embryos. TNFα has adverse effects on early
embryonic development. It induces stable phosphatidylserine
redistribution in the plasma membrane of embryos.
Phosphatidylserine redistribution is believed to be an early
signal in the process of apoptosis. It also significantly increases
the incidence of apoptotic cells in blastocyst (28). However,
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TNFα-treated embryos continued their development to the
stage of the hatched blastocyst. What is important is that after
the transfer into recipient mice, TNFα pre-treated blastocysts
got implanted at approximately the same rate as control
embryos did (28). Nevertheless, the rate of resorption among
fetuses after exposure to this cytokine increased significantly
(28, 29). Therefore, TNFα-treated embryos can be described as
developmentally compromised, yet implantation-competent.

Taking into consideration all the aforementioned mechanisms
of early recognition of preimplantation pregnancy, we
wondered whether TNFα-treated embryos with a compromised
developmental potential may signal their presence differently
from normal embryos under ex vivo conditions both in the local
and peripheral compartment. For this purpose, we screened
the expression of uterine genes involved in signal transduction
pathways (local compartment) and protein expression in splenic
lymphocytes (peripheral compartment) in female recipients of
normal or TNFα-treated embryos.

MATERIALS AND METHODS

Animals
Outbred CD-1 [Crl:CD1(Icr)] mice purchased from Charles
River Laboratories (Sulzfeld, Germany) were housed under
specific pathogen-free (SPF) conditions on a dark–light cycle
12:12. All surgical procedures were performed under isoflurane
anesthesia and meloxicam analgesia. Every effort was made to
minimize the animals’ suffering. All the animal experiments
were approved by the Local Ethics Committee for Experiments
on Animals at the Hirszfeld Institute of Immunology and
Experimental Therapy in Wroclaw (approval No. 41/2010).

We studied two groups of femal mice (n = 10 in each group):
after non-surgical transfer of normal embryos (NE) or TNFα-
treated embryos (TNE).

Female Embryo Donors and Collection of
Embryos
Embryo donors were 4–6 weeks old super ovulated female mice.
Superovulation was induced by two intraperitoneal injections.
First- 5 IU of pregnant mare serum gonadotropin (Folligon,
Intervet, Poland) and 46 h later 5 IU of human chorionic
gonadotropin (Chorulon, Intervet, Poland). Six hours after the
last injection, females were mated with males (of previously
confirmed fertility). The day when the vaginal plug was observed
was designated as 0 dpc (days post coitum). At 1 day of pregnancy,
the embryo donor mice were euthanised, and the uteri with
oviducts and ovaries were dissected. The oviducts and uteri
were checked for the presence of embryos by uterine flushings
undermicroscopic examination on a heating table. Embryos were
collected into 400 µL of warm embryo-manipulation medium
M2 (Sigma, Poland). From one superovulated female mouse, on
average 32 ± 9 embryos were flushed. A layout of the entire
experiment is presented in Figure 1.

Embryo Culture and TNFα Treatment
On the day of collection (1 dpc), morphologically normal
embryos (2-cell stage embryos) were pooled from 2 to 3 female

donors and randomly distributed into two groups: normal
(control) embryos and TNFα-treated embryos. Each drop of the
medium contained 8–10 embryos. Collected embryos from the
first group were then cultured at 37◦C in 30 µL microdrops
of the M16 medium (Sigma, Poland) under mineral oil in
the atmosphere containing 5% of CO2, whereas embryos from
the second group were cultured in drops with the addition of
50 ng/ml mouse recombinant TNFα (Sigma Poland). Embryos
from both the experimental and control group were used in
the experiments on developmental progress, phosphatidylserine
expression, and embryo transfer.

Developmental Progress Assessment of
Normal and TNFα-Treated Embryos
Collected embryos (1 dpc) of both groups were cultured as
indicated above and inspected under a stereoscopic microscope
at 1, and 3 dpc. The numbers of 2-cell embryos (arrested), 3–
5-cell embryos, and >5-cell embryos (morula) were determined
at each examination. Then morulae were selected and washed
10 times in fresh constitutive changes of M2 medium drops,
transferred to a fresh M16 medium, and then observed for two
consecutive days, i.e., 3 and 4 dpc. The numbers of morulae,
blastocysts, and hatched blastocysts were determined on each day
of observations.

Phosphatidylserine Expression in TNFα-
Treated Embryos
Collected embryos (1 dpc) of both groups were cultured up to
the morula stage as indicated in section Embryo Culture and
TNFα Treatment. Randomly selected morulae from both groups
of embryos (n= 10) were stained with annexin V and propidium
iodide (Annexin-V-FLUOS Staining Kit, Roche Diagnostics,
Poland) to confirm the expression of phosphatidylserine as an
early sign of apoptosis induction in blastomeres in embryos
(28, 30). Briefly, the embryos were transferred to freshly prepared
and preheated microdrops of PBS supplemented with Ca2+

Mg2+, supplemented with bovine serum albumin (BSA; Sigma,
Poland). The embryos were washed three times, each time
in a fresh microdrop of PBS (100 µL). Afterward, they were
stained at room temperature for 10min with the Annexin-
V-FLUOS (Sigma, Poland) solution reagent with the addition
of propidium iodide (20 µL of working-strength solution).
After that, the embryos were washed in 10 µL microdrops
of fresh PBS with Ca2+ Mg2+. Before the evaluation under a
fluorescence microscope (Leica), the embryos were transferred
into microdrops of fresh PBS with the addition of an anti-
fade solution (Sigma, Poland). The observations were performed
immediately after completed staining.

Female Embryo Recipients and Embryo
Transfer
Prior to the transfer of embryos, the oestrous cycle of 6-
to 8-week-old recipient females was controlled by Cytocolor
staining (MerckMilipore) of vaginal smears. The females in the
proestrus phase (before an oestrous phase, in which ovulation
takes place) were mated with vasectomised males to induce
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FIGURE 1 | The layout of the entire experiment. Female mouse donors were superovulated by PMSG (Pregnant Mare Serum Gonadotropin) and hCG (human

Choriogonadotropin) injections and mated with fertile males. Embryos were collected at the 1st day post-coitum (dpc) and cultured for the next 24 h in the presence or

without TNFα. Embryos were transferred into progesterone-treated and mated with vasectomized males, female recipients. Uteri and spleens from recipient females

were dissected. Gene expression and proteome of CD4+ lymphocytes were examined in obtained tissues. A separate group of embryos was examined in vitro for

checking the developmental progress and phosphatidylserine expression.

pseudopregnancy (3). The successful mating was confirmed by
the presence of the vaginal plug and was designated as day 0
of pseudopregnancy. At 0 and 1 dpc, the recipient females were
treated with a subcutaneous supply of progesterone P4 (Sigma,
Poland) at a dose of 0.2mg per 100 µl per animal to reduce
uterine contractions and to prevent the expulsion of transferred
material (31).

Embryos from the control and experimental group designated
for transfer were cultured for 24 h, i.e., until 2 dpc as indicated
in section Embryo Culture and TNFα Treatment. Then, they
were carefully washed 10 times in a sequence of fresh warm M2
medium drops. Only morulae with the best morphological score
(evenly sized blastomeres with a smooth profile) were selected
and subdivided into groups of embryos designated for transfer to
female recipient mice. In total 400 embryos (200 in each group)
were transferred into recipient females.

At 2 dpc of pseudopregnancy, non-surgical embryo transfer
of normal embryos or TNFα-treated embryos was performed
using an NSET R© Device (ParaTechs, USA). The procedure
was performed on females without anesthesia, by inserting the
catheter into one of the uterine horns (through the vagina) and
with the expulsion of 20 embryos (in 1.8 µl of medium M16)
per mouse, according to the manufacturer’s instructions. To
restrict stressful conditions connected with handling and catheter
insertion, overall manipulation time not exceeded 10–20 s. The
whole procedure was performed in silence without the presence
of bystanders.

At 24 h after the embryo transfer, at 3 dpc, the female
recipients were euthanised, and spleens and uteri were dissected.
The uteri were analyzed for the presence of embryos (successful
transfer confirmation) by uterine flushings under microscopic
examination. For further investigation only pregnant (embryo

containing) whole uterine horns were preserved. The dissected
spleens were preserved for subsequent isolation of CD4+ T cells.
Dissected uteri were cut and sampled randomly for subsequent
RNA isolation and gene expression experiments.

RNA Isolation and cDNA Synthesis
Collected uterine horns were homogenized and total RNA was
isolated as previously described (13). Isolated total RNA was
purified using the RNeasy Mini Kit (Qiagen, USA) with an
additional step of DNase digestion (DNase I, Qiagen, USA). The
resulting RNA (from each group) was combined into three pools
consisting of RNA samples from 3, 3, and 4 uteri, respectively.
Total RNA (∼1 µg from each uterus) was transcribed to
cDNA with the use of RT2 First Strand Kit (Qiagen, USA).
Obtained cDNAwas further used for the uterine preimplantation
transcriptome investigation.

Real-Time PCR
Real-time PCR was carried out using the SensiFAST SYBR Hi-
ROX Kit (Bioline Ltd., Blirt, Poland) and an ABI StepOnePlus
Thermal Cycler System (Applied Biosystems) as previously
described (13). In brief, custom RT2 Profiler PCR Arrays
(SABioscience, USA) used for real-time PCR (n = 3 for each
group) were designed as previously explained (13). Each array
allowed us to identify most relevant genes belonging to 9
signaling pathways: the NFKB pathway, TGFB pathway, P53
pathway, Mitogenic pathway, NOTCH pathway, LDL pathway,
WNT pathway, Hedgehog pathway, and JAK–STAT pathway
(Table 1). Array used for these experiments, enables analysis of
the expression of 84 downstream genes responsive to activation
or inhibition of signal transduction pathway. Each array included
primers for target genes and a panel of reference genes.
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TABLE 1 | The list of 84 analyzed genes (divided into nine signaling pathways) and their relative expression levels in groups TNE and NE as measured by a real-time PCR

array.

Gene

symbol

GeneBank Gene description 2−1Ct

TNE

group

Standard

deviation

TNE

2−1Ct

NE

group

Standard

deviation

NE

Fold change

2−1Ct TNE/2−1Ct

NE

NFKB pathway

Birc3 NM_007464 Baculoviral IAP repeat-containing 3 0.0053 1.72E-05 0.0103 0.00009 0.51

Cxcl1 NM_008176 Chemokine (C-X-C motif) ligand 1 0.0002 1.31E-05 0.0011 0.00014 0.18

Icam1 NM_010493 Intercellular adhesion molecule 1 0.0079 0.000961 0.0088 0.00389 0.9

Il2 NM_008366 Interleukin 2 0.0000 2.1E-08 0.0000 0.00001 0

Myd88 NM_010851 Myeloid differentiation primary response gene 88 0.0023 0.000201 0.0013 0.00024 1.77

Nfkbia NM_010907 Nuclear factor of kappa light polypeptide gene enhancer in

B cells inhibitor, α

0.0334 0.000166 0.0481 0.00213 0.69

Nos2 NM_010927 Nitric oxide synthase 2, inducible 0.0027 5.69E-05 0.0011 0.00002 2.45

Stat1 NM_009283 Signal transducer and activator of transcription 1,

transcript variant 2

0.0134 0.000453 0.00353 0.0187 3.8

Vcam1 NM_011693 Vascular cell adhesion molecule 1 0.0011 3.81E-05 0.0021 0.00010 0.52

TGFB pathway

Atf4 NM_009716 Activating transcription factor 4 0.0309 0.00083 0.0586 0.01619 0.53

Cdkn1a NM_007669 Cyclin-dependent kinase inhibitor 1A (P21), transcript

variant 1

0.0013 0.000137 0.0016 0.00012 0.81

Cdkn1b NM_009875 Cyclin-dependent kinase inhibitor 1B 0.0235 0.001351 0.0199 0.00044 1.18

Cdkn2a NM_009877 Cyclin-dependent kinase inhibitor 2A, transcript variant 1 0.0002 2.43E-05 0.0004 0.00015 0.5

Cdkn2b NM_007670 Cyclin-dependent kinase inhibitor 2B (p15, inhibits CDK4) 0.0010 0.00018 0.0010 0.00007 1

Id1 NM_010495 Inhibitor of DNA binding 1 0.0226 0.003536 0.0274 0.00110 0.82

Id2 NM_010496 Inhibitor of DNA binding 2 0.0440 0.000839 0.0457 0.00370 0.96

Myc NM_010849 Myelocytomatosis oncogene, transcript variant 1 0.0226 0.000277 0.0331 0.01068 0.68

Sox4 NM_009238 SRY (sex determining region Y)-box 4 0.0014 7.33E-05 0.0009 0.00014 1.56

P53 pathway

Bax NM_007527 BCL2-associated X protein 0.0145 0.001641 0.0173 0.00006 0.84

Cdkn1a NM_007669 Cyclin-dependent kinase inhibitor 1A (P21). transcript

variant 1

0.0013 0.000137 0.0016 0.00012 0.81

Egfr NM_007912 Epidermal growth factor receptor. transcript variant 2 0.0019 0.000246 0.0246 0.01164 0.08

Fas NM_007987 Fas (TNF receptor superfamily member 6) 0.0057 0.001815 0.0075 0.00453 0.76

Gadd45a NM_007836 Growth arrest and DNA-damage-inducible 45 alpha 0.0097 0.001188 0.0085 0.00021 1.14

Pcna NM_011045 Proliferating cell nuclear antygen 0.0511 0.000501 0.0539 0.00594 0.95

Rb1 NM_009029 Retinoblastoma 1 0.0051 0.000255 0.0054 0.00035 0.94

Tnf NM_013693 Tumor necrosis factor 0.0002 8.15E-05 0.0005 0.00031 0.4

Trp53 NM_011640 Transformation related protein 53, transcript variant 1 0.0073 6.79E-05 0.0089 0.00002 0.82

Mdm2 NM_010786 Transformed mouse 3T3 cell double minute 2, transcript

variant 1

0.0135 0.000672 0.0171 0.00004 0,79

Igfbp3 NM_008343 Insulin-like growth factor binding protein 3 0.1362 0.057531 0.0606 0.00524 2.25

Atf2 NM_009715 Activating transcription factor 2, transcript variant 2 0.0199 0.002011 0.0217 0.00132 0.92

Bax NM_007527 BCL2-associated X protein 0.0145 0.001641 0.0173 0.00006 0.84

MITOGENIC pathway

Egr1 NM_007913 Early growth response 1 0.0171 0.000259 0.0246 0.01164 0.7

Egfr NM_007912 Epidermal growth factor receptor, transcript variant 2 0.0019 0.000246 0.0017 0.00001 1.12

Fos NM_010234 FBJ osteosarcoma oncogene 0.0057 0.001815 0.0075 0.00453 0.76

Jun NM_010591 Jun proto-oncogene 0.0188 0.000799 0.0231 0.00711 0.81

Nab2 NM_008668 Ngfi-A binding protein 2, transcript variant 1 0.0004 0.00019 0.0006 0.00012 0.67

Map3k1 NM_011945 Mitogen-activated protein kinase kinase kinase 1 0.0033 2.92E-05 0.0044 0.00062 0.75

Map3k2 NM_011946 Mitogen-activated protein kinase kinase kinase 2 0.0100 0.00062 0.0132 0.00179 0.76

Mapk1 NM_011949 Mitogen-activated protein kinase 1, transcript variant 1 0.0425 0.003356 0.0436 0.00033 0.97

Mapk3 NM_011952 Mitogen-activated protein kinase 3 0.0281 0.001653 0.0271 0.00196 1.04

Map2k1 NM_008927 Mitogen-activated protein kinase kinase 1 0.0111 0.001117 0.0099 0.00150 1.12

(Continued)
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TABLE 1 | Continued

Gene

symbol

GeneBank Gene description 2−1Ct

TNE

group

Standard

deviation

TNE

2−1Ct

NE

group

Standard

deviation

NE

Fold change

2−1Ct TNE/2−1Ct

NE

Map2k2 NM_023138 Mitogen-activated protein kinase kinase 2 0.0016 9.83E-05 0.0021 0.00047 0.76

Atf2 NM_009715 Activating transcription factor 2, transcript variant 2 0.0199 0.002011 0.0217 0.00132 0.92

Trp53 NM_011640 Transformation related protein 53, transcript variant 1 0.0073 6.79E-05 0.0089 0.00002 0.82

NOTCH pathway

Ccnd1 NM_007631 Cyclin D1 0.0201 0.002465 0.0342 0.01177 0.59

Cd44 NM_009851 CD44 antigen, transcript variant 1 0.0285 0.00288 0.0413 0.01007 0.69

Hes1 NM_008235 Hairy and enhancer of split 1 (Drosophila) 0.0071 0.000701 0.0152 0.00414 0.47

Hes5 NM_010419 Hairy and enhancer of split 5 (Drosophila) 0.0004 6.81E-06 0.0003 0.00014 1.33

Hey1 NM_010423 Hairy/enhancer-of-split related with YRPW motif 1 0.0018 1.92E-05 0.0016 0.00013 1.13

Hey2 NM_013904 Hairy/enhancer-of-split related with YRPW motif 2 0.0008 1.21E-05 0.0008 0.00013 1

Id1 NM_010495 Inhibitor of DNA binding 1 0.0226 0.003536 0.0274 0.00110 0.82

Jag1 NM_013822 Jagged 1 0.0110 0.001173 0.0142 0.00150 0.77

Il2ra NM_008367 Interleukin 2 receptor, alpha chain 0.0004 4.78E-06 0.0004 0.00008 1

Notch1 NM_008714 Notch 1 0.0043 0.000661 0.0039 0.00112 1.1

Ppard NM_011145.3 Peroxisome proliferator activated receptor delta 0.0018 0.000179 0.0017 0.00017 1.06

Pparg NM_011146 Peroxisome proliferator activated receptor gamma,

transcript variant 2

0.0006 3.34E-05 0.0007 0.00002 0.86

LDL patway

Ccl2 NM_011333 Chemokine (C-C motif) ligand 2 0.0028 0.000353 0.0131 0.00875 0.21

Csf1 NM_001113529Colony stimulating factor 1 0.0030 0.000419 0.0055 0.00278 0.55

Csf2 NM_009969 Colony stimulating factor 2 (granulocyte-macrophage) 0.0002 2.41E-05 0.0003 0.00000 0.67

Sele NM_011345 Selectin, endothelial cell 0.0009 2.45E-05 0.0009 0.00009 1

Selp NM_011347 Selectin, platelet 0.0031 5.59E-05 0.0032 0.00056 0.97

Vcam1 NM_011693 Vascular cell adhesion molecule 1 0.0011 3.81E-05 0.0021 0.00010 0.52

WNT patway

Axin2 NM_015732 Axin2 0.0066 0.000882 0.0082 0.00153 0.8

Birc5 NM_009689 Baculoviral IAP repeat-containing 5, transcript variant1 0.0190 0.000796 0.0136 0.00227 1.4

Ccnd1 NM_007631 Cyclin D1 0.0201 0.002465 0.0342 0.01177 0.59

Ccnd2 NM_009829 Cyclin D2 0.0133 0.000735 0.0160 0.00200 0.83

Cdh1 NM_009864 Cadherin 1 0.0100 0.000315 0.0110 0.00368 0.91

Jun NM_010591 Jun proto-oncogene 0.0188 0.000799 0.0231 0.00711 0.81

Lef1 NM_010703 Lymphoid enhancer binding factor 1, transcript variant 1 0.0090 0.000215 0.0075 0.00225 1.2

Myc NM_010849 Myelocytomatosis oncogene, transcript variant 1 0.0226 0.000277 0.0331 0.01068 0.68

Pparg NM_011146 Peroxisome proliferator activated receptor gamma,

transcript variant 2

0.0006 3.34E-05 0.0007 0.00002 0.86

Tcf7 NM_009331 Transcription factor 7, T cell specific 0.0065 0.000102 0.0075 0.00083 0.87

Vegfa NM_009505 Vascular endothelial growth factor A, transcript variant 2 0.0138 2.42E-06 0.0191 0.00146 0.72

Wisp1 NM_018865 WNT1 inducible signaling pathway protein 1 0.0028 0.000233 0.0039 0.00016 0.72

HEDGEHOG pathway

Bcl2 NM_009741 B cell leukemia/lymphoma 2, transcript variant 1 0.0095 4.77E-06 0.0100 0.00192 0.95

Bmp2 NM_007553 BZne morphogenetic protein 2 0.0008 0.000125 0.0012 0.00032 0.67

Bmp4 NM_007554 Bone morphogenetic protein 4 0.0047 6.82E-05 0.0068 0.00176 0.69

Foxa2 NM_010446 Forkhead box A2, transcript variant 2 0.0008 3.07E-05 0.0007 0.00027 1.14

Hhip NM_020259 Hedgehog-interacting protein 0.0017 0.000204 0.0016 0.00049 1.06

Ptch1 NM_008957 Patched homolog 1 0.0076 0.000214 0.0071 0.00056 1.07

Wnt2 NM_023653 Wingless-type MMTV integration site family, member 2 0.0002 4.67E-06 0.0003 0.00001 0.67

Wnt5a NM_009524 Wingless-type MMTV integration site family, member 5A,

transcript variant 1

0.0246 0.002775 0.0337 0.00140 0.73

Wnt6 NM_009526 Wingless-type MMTV integration site family, member 6 0.0005 0.000164 0.0006 0.00002 0.83

(Continued)
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TABLE 1 | Continued

Gene

symbol

GeneBank Gene description 2−1Ct

TNE

group

Standard

deviation

TNE

2−1Ct

NE

group

Standard

deviation

NE

Fold change

2−1Ct TNE/2−1Ct

NE

JAK/STAT pathway

Cxcl9 NM_008599 Chemokine (C-X-C motif) ligand 9 0.0001 6.72E-05 0.0006 0.00025 0.17

Ccnd1 NM_007631 Cyclin D1 0.0201 0.002465 0.0342 0.01177 0.59

Gata3 NM_008091 GATA binding protein 3 0.0010 1.48E-06 0.0010 0.00012 1

Il4ra NM_001008700Interleukin 4 receptor, Ralpha 0.0082 0.000112 0.0055 0.00146 1.49

Irf1 NM_008390 Interferon regulatory factor 1. transcript variant 1 0.0123 0.000843 0.0149 0.00041 0.83

Mmp10 NM_019471 Matrix metallopeptidase 10 0.0123 0.000843 0.0005 0.00021 24.6

Nos2 NM_010927 Nitric oxide synthase 2, inducible 0.0027 5.69E-05 0.0011 0.00002 2.45

Socs3 NM_007707 Suppressor of cytokine signaling 3 0.0063 0.000131 0.0046 0.00127 1.37

Crucial to implantation genes

Hoxa10 NM_008263 Homeobox A10. transcript variant 1 0.1223 0.00938 0.1143 0.02479 1.07

Lif NM_008501 Leukemia inhibitory factor, transcript variant 1 0.0015 0.000563 0.0008 0.00041 1.88

Ptgs2 NM_011198 Prostaglandin-endoperoxide synthase 2 0.0005 9.42E-05 0.0019 9.12E-05 0.25

Statistically significant differences (Student’s t-test, n = 3) in gene expression are boldfaced; p < 0.05.

The panel consisted of 5 genes: glyceraldehyde 3-phosphate
dehydrogenase (Gapdh), glucuronidase β (Gusb), hypoxanthine
guanine phosphoribosyl transferase (Hprt), heat shock protein
α family class B member 1 (Hsp90ab1), and beta actin (Actb).
Actb was automatically designated to normalize PCR Array data
according to manufacturer instructions and due to the most
stable expression, as its threshold cycle (Ct) value did not differ
by more than a factor of 0.5 between the arrays (data not
shown). The transcriptome obtained in the experimental group
was compared to that of the control group. Changes in the
threshold cycle (1Ct) values were calculated for each gene by
subtracting the mean threshold cycle (Ct) of the Actb reference
gene from the threshold cycle value of a gene in question. The
normalized quantity of transcripts was calculated as 2−1Ct.

Unsupervised Clustering of RT-PCR Data
Unsupervised hierarchical clustering has been performed using
1Ct as an input. The decision on the optimal number of sample
clusters was made based on consensus partitioning implemented
in the “cola” Bioconductor package. Partitioning was performed
by use of hierarchical clustering. We tested a range of clusters
(K) from 2 to 5 across increasing variable subsets (from “10” to
“70” in 10 steps) with 20 repeats and random resampling of 80%
of samples. Optimal K has been deduced based on inspection
of plots generated by the “cola” package including PAC score,
Shilouette score, Rand and Jaccard indexes.

CD4+ T-Cell Isolation and Separation
A single-cell suspension of splenocytes was obtained by
immediately squeezing the collected spleen through the cell
strainer into an ammonium chloride solution (8.3 g/L) enabling
erythrocyte lysis. Splenocytes were sorted using the EasySepTM

Mouse CD4+ T Cell Isolation Kit (StemCellTM Technologies).
Flow-cytometric analysis involving staining with a fluorescein
isothiocyanate (FITC)-conjugated anti-mouse CD4 antibody
(eBioscience) confirmed the purity of the isolated cells. The

average purity was 88.0% ± 5.01 of CD4+ cells among all the
isolated lymphocytes. The average concentration of isolated cells
was (3.5 ± 2.45)× 106/ml [(1.0–9.5) × 106 cells/ml per sorting].
Isolated CD4+ cells were then separated for membrane lysis and
protein separation by 2-dimensional electrophoresis (2-DE).

2-DE and Imaging
Sample preparation for 2-DE analysis was performed using
the same procedure as previously described (26). Due to low
protein content, 7 µg of each sample (two replicates of each
individual) was used for the 2-DE separation. The isoelectric
focusing (IEF) was carried out on 7 cm IPG strips with nonlinear
pH interval 4–7 (Bio-Rad, USA) with the aid of the Protean R©

IEF Cell (Bio-Rad, USA) using the rapid protocol for the 7 cm
strip (3,000V, 50 µA, 15,000 Vh). Once separated by IEF, the
strips were further incubated in the basal equilibration buffer
(6M urea, 0.5M Tris/HCl pH 6.8, 2% w/v SDS, 30% w/v
glycerol) with an addition of 1% (w/v) of dithiothreitol for
15min. Next, the strips were placed in the same basal buffer
with an addition of 2.5% (w/v) of iodoacetamide for another
20min. After the equilibration process. The proteins covered
with negatively charged SDS molecules were separated using
SDS-PAGE on the 12% polyacrylamide gels using Protean PlusTM

Dodeca CellTM electrophoretic chamber (Bio-Rad, USA) at
100V for 120min at room temperature. Subsequently, gels with
resolved proteins were visualized with silver stain according to
Chevallet et al. (32). Gel images were digitalized using GS-800TM

Calibrated Densitometer (Bio-Rad, USA). Then, protein spots
expression patterns on digital images representing both control
and experimental conditions were analyzed using PDQuest v.
8.0.1 Advanced (Bio-Rad, USA). The proteins spots that appeared
on at least four gels representing the replicate group were
further processed. The gel matching was performed on the
basis of the master image protein spots distribution pattern.
Normalized spots volumes were taken for the quantitative
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analysis of the protein spots abundance. The experimental and
intragroup variability was assessed as a coefficient of variation
(CV%). The significance level (P-values below or equal to
0.05 were assumed to indicate significance) was used to select
differentially expressed protein spots. The differences between
the control and experimental groups were expressed as arithmetic
mean and on that basis, fold change ratio was calculated.
The molecular weights of protein spots were calculated against
the Precision Plus ProteinTM Standard Plugs (Bio-Rad, USA)
mass ruler. Experimental pIs were calculated on the basis of
pH gradient distribution of the IPG strips. The qualitative
gels served as a source of protein spots harvested for protein
identification. For this purpose, pooled protein samples (∼70
µg of lymphocyte total protein) were separated in 2 replicates.
Protein spots detection was performed using colloidal Coomassie
stain according to the methodology described by Pink et al. (33).

Mass Spectrometry
Significantly altered spots were manually excised from the
preparative 2-D gels, destained and trypsin digested according
to the protocol previously described by Chełmońska-Soyta et al.
(15). The obtained peptide mixtures were then extracted from the
gel pieces with 100% acetonitrile (ACN). Next, the equal volumes
(1:1µl) of peptide mixtures and CHCAmatrix solution (5 mg/ml
α-cyano-4-hydroxy-cinnamic acid, 0.1% v/v trifluoroacetic acid
in 50% v/v ACN) were deposited on the targets of MALDI-
MSP AnchorChipTM 600/96 plate (Bruker Daltonics, Germany).
External calibration within the peptides mass range between
700 and 3,200 Da was performed using peptide mass standard
II (Bruker Daltonics, Germany). Mass spectra acquisition was
carried out in the positive ionization with reflection mode
using MicroflexTM MALDI TOF mass spectrometer (Bruker
Daltonics, Germany). Peptide mass lists were compared with in
silico protein digestion data deposited in the protein sequence
databases (NCBI and Uniprot) using MASCOT search engine.
The following query criteria were applied: cysteine modification,
methionine oxidation, 150 ppm peptide mass tolerance, one
trypsin missed cleavage site. Probabilistic scoring algorithm was
used to assess the significance of protein identification followed
by the minimal 20% of sequence coverage value. Determination
of subcellular protein distribution was analyzed using Euk-
mPLoc 2.0 (http://www.csbio.sjtu.edu.cn/bioinf/euk-multi-2/).

Statistical Analysis
Statistical analysis was carried out in the R program. Shapiro
test was used to assess the shape of the data distribution. The
Mann–Whitney test (non-parametric), Student’s t-test, or χ

2 test
(embryo developmental assessment) was performed based on the
shape of the data distribution. Data with P-values below 0.05 were
considered significant.

RESULTS

Embryo Development Assessment
The culture of collected embryos up to the morula stage in the
presence of TNFα revealed no significant differences (χ2 test,
p > 0.05) in the development rate in comparison to untreated

embryos (Table 2). To check the developmental competency
of in vitro–obtained morulae, the embryos were examined at
consecutive time points until the stage of the hatched blastocyst
(4 dpc). The developmental rates of washed morulae were similar
between the two groups of embryos (Table 3).

Phosphatidylserine Expression
As in our previous experiments (30), we confirmed the
expression of phosphatidylserine using FITC-labeled Annexin V
in all the examined TNFα-treated embryos, whereas it was not
detectable in embryos of the control group. We did not observe
PI staining in nuclei of examined embryos. In several TNFα-
treated embryos, expression of phosphatidylserine was observed
in single blastomeres; however, in most of the examined embryos,
a uniform pattern of staining was recorded (Figure 2).

Real-Time PCR
Real-time PCR analysis resulted in significantly altered (p< 0.05)
expression of 16 genes. The expression of 3 of these genes was up-
regulated and the remaining 13 were down-regulated in the TNE
group compared to the NE group. Table 1 presents differentially
expressed genes assigned to the nine selected pathways. All
the statistically significant down-regulated genes belonged to
eight out of nine investigated pathways [NFKB, WNT, Janus
kinase (JAK)/Signal Transducer and Activator of Transcription
(STAT), protein 53 (P53), HEDGEHOG, NOTCH, low-density
lipoprotein (LDL), and MITOGENIC] with 43.8 and 18.7%
belonging to NFKB andWNTpathways, respectively. Taking into
consideration the number of significantly altered, i.e., down- and
up-regulated genes in each pathway as compared to all the genes
in the pathway, the most affected pathway was NFKB, with 87.5%
of differentially expressed genes (Table 1). The percentage of
differentially expressed genes in the remaining pathways ranged
from 7.7% (Mitogenic pathway) to 25% (WNT pathway). In
addition to the nine analyzed signaling pathways, three genes
relevant to the preimplantation process were also analyzed:
homeobox A10 (Hoxa10), leukemia inhibitory factor (Lif ), and
prostaglandin-endoperoxide synthase 2 (Ptgs2). The transfer of
embryos cultured in the presence of TNFα caused a statistically
significant decrease in Ptgs2 (p < 0.05) gene expression in the
TNE group in comparison with the NE group (Table 1).

Clustering Analysis
Unsupervised clustering reveals clear separation of NE and TNE
groups, which confirms that TNFα-treated embryos influence
the expression of selected genes (genes are grouped in 3 groups:
highly expressed, intermediate expression, and low expression).
Results of clustering and separation of NE and TNE groups are
presented on the heatmap (Figure 3).

Consensus partitioning revealed K = 2 as the most stable
number of clusters with clear inclusion of NE and TNE groups
into separate clusters. Consequently, the separation of NE and
TNE groups confirmed that TNFα influences the expression of
selected genes.
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TABLE 2 | The developmental rate of embryos collected from mice at 1 dpc and

cultured in vitro for 24 h in the presence or absence of TNFα (χ2 test p ≥ 0.05).

2-cell embryos

(arrested)

3-5-cell

embryos

>5-cell

embryos

(morula)

Normal embryos n = 60 7 (11.66%) 38 (63.33%) 15 (25%)

TNFα-treated embryos n = 60 11 (18.33%) 39 (65%) 10 (16.66%)

TABLE 3 | The developmental rate of morulae obtained at 2 dpc after completed

cultivation of embryos in the presence or absence of TNFα. Compacted morulae

were selected, washed 10 times, and transferred to a fresh culture medium and

then examined on three consecutive days (χ2 test p ≥ 0.05).

2 dpc

morula

3 dpc

blastocyst

4 dpc

hatched

blastocyst

Normal embryos n = 30 30 (100%) 29 (96.66%) 19 (63.33%)

TNFα-treated embryos n = 30 30 (100%) 28 (93.33%) 18 (60.00%)

Differentially Expressed Proteins of Splenic
CD4+ T Lymphocytes in Pregnant Females
After the Transfer of Normal and
TNFα-Treated Embryos
Proteins isolated from CD4+ T lymphocytes-and obtained
from female mice after the transfer of TNFα-treated and
normal embryos-were subjected to 2-DE with subsequent mass
spectrometric identification of spots showing statistically
significant changes. A representative 2-DE map of the
experimental groups is presented in Figure 4. As a result of
the detection images of 2-DE gels, we revealed the presence of
135–157 protein spots. The coefficient of variation (CV) of the
replication ratio in different groups was as follows: for group
TNE, 66.28%; for group NE, 67.44%. Thirteen protein spots
in lymphocytes of recipients of TNFα-treated embryos were
found (using bioinformatics software) significantly altered in
comparison with the control group (Table 4).

Detailed properties and functions of the identified proteins
according to the Swiss-Prot database are listed in Table 4.
The adjustment for all the identified proteins was higher in
splenocytes isolated from animals after the transfer of the
embryos exposed to TNFα. Out of the 8 proteins (represented by
13 protein spots including isoforms of 3 proteins) of differential
expression, 7 showed up-regulation [HSP70 (2.84-fold), TPM3
(1.39-fold), IL-24 (1.92-fold), GDIR2 (2.26-fold), PRDX2 (1.39-
fold), ATP5H (1.24-fold), SEMA7A (2.42-fold)], and one was
down-regulated (LSP1: 0.51-fold). Protein spots with differential
expression are marked on the protein map (Figure 4). A graphic
trend for spots with differential expression is shown in Figure 5.

DISCUSSION

The embryo-maternal dialogue during preimplantation
pregnancy still involves many unresolved issues. The processes

crucial for the maintenance of pregnancy such as genetic
abnormal embryo selection, early immune recognition (34),
induction of split tolerance (35), and epigenetic modification of
embryo gene expression (36), are still not well-understood or are
debated. However, it is known that the maternal organism needs
to make a quick decision about the fate of pregnancy, because
maintaining a pregnancy with a low development potential may
result in a miscarriage or low birth weight (37). We showed
that TNFα-treated embryos transferred into the uterus of the
recipient female mice induce differential signals in mother
tissues in comparison with untreated embryos. According to
Fabian et al. (28) and Kawamura et al. (38), mouse embryos
can produce TNFα and they express the receptors for this
cytokine. However, other papers have shown that embryos are
sensitive to the increased concentration of TNFα in their vicinity
(28, 29). Embryos responded to higher levels of this cytokine
by increased blastomeres’ apoptosis and decreased proportion
of implanted blastocyst. However, based on microscopical
observation, such TNFα treatment did not compromise in vitro
development of mice embryos until the blastocyst stage. On the
other hand, an increased concentration of TNFα changed their
metabolism by inducing a transient process of apoptosis. Thus,
both metabolic changes and impaired implantation signals may
influence the process of maternal recognition of TNFα-treated
embryos despite the fact of natural production of TNFα by
embryos per se. In this paper, we confirmed apoptosis induction
and unchanged in vitro developmental potential of TNFα-
treated embryos. Here, we utilize two different methodological
approaches for the detection of early embryonic signals. The
descriptive analysis showed us that both in local and peripheral
compartment embryos of differential biological quality are
differentially recognized.

To gain insight into the differences between the expression
of genes regulated by all signal transduction pathways, data
from all expressed genes in the uteri of NE and TNE groups
were used in the cluster analysis. The obtained heatmap clearly
suggests differential expression of examined genes between
samples of two studied groups. Thus, at the preimplantation
stage of pregnancy, a mother can distinguish the differential
biological potential of developing embryos at the local level.
Moreover, it is worth noting that the majority of examined genes
were of low or moderate expression level. This confirms our
previous observation on negative regulation of the expression
of genes regulated by pathways of signal transduction in
the murine uterus in preimplantation pregnancy (13). Similar
observations were performed in bovine species where at the 6th
and 13th day of normal pregnancy the majority of uterine genes
with differential expression compared to non-pregnant females
were down-regulated (20). On the other hand, in studies on
the endometrial transcriptional activity at the 18th and 20th
day of pregnancy, transferred cloned bovine embryos, which
are characterized by limited biological potential, differently
stimulated the transcriptional activity of genes in the uterus
in compared to normal pregnancy. The majority of influenced
genes are mainly involved in the immune response and
metabolism (17, 39). Direct comparison with studies focusing
on endometrial response cannot be considered, as here we

Frontiers in Veterinary Science | www.frontiersin.org 9 March 2021 | Volume 8 | Article 64155376

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Buska-Mach et al. Embryos Signaling in Preimplantation Pregnancy

FIGURE 2 | The uniform pattern of phosphatidylserine expression in blastomeres of TNFα-treated embryos (A,B) and normal embryos (C,D).

analyzed transcriptome from the whole uterus, which could be
some limitation of our study. Future studies utilizing separated
uterine layers would be beneficial to explore in which tissues
gene expression alteration was mostly driven by the presence of
TNFα-treated embryos.

Here, we have shown that among the nine analyzed signal
transduction pathways, the NFKB pathway (with 87.5% of
differentially expressed genes) was the most consistently down-
regulated. The involvement of the NFKB pathway in the activity
of uterine cells in the peri-implantation period of pregnancy is
not well-explored. Nakamura et al. showed that in the pregnant
uterus, the NF-kB DNA-binding activity is detectable at 1.5
dpc, and further strengthened and reached a peak at 6.5 dpc,
when the implantation of the conceptus is completed (40). The

NFKB pathway is regulated in various cells (epithelial, stromal,
and immune cells) both by exogenous and endogenous ligands.
This pathway could be activated in different manners: canonical,
non-canonical, and atypical (41–43). Among the genes regulated
by the canonical pathway, statistically, significant differences in
expression of Nfkbia (Nucleus polypeptide gene enhancer in
B cells inhibitor, α), Myd88 (myeloid differentiation primary
response gene 88), Stat1 (transcript variant 2), and Nos2 (nitric
oxide synthase 2, inducible) were observed. Among the genes
regulated by the non-canonical pathway: Birc3 (baculoviral IAP
repeat-containing 3), Cxcl1 [chemokine (C-X-C motif) ligand
1], Vcam1, and Nos2 showed differential expression between the
examined groups. The increased expression of the Myd88 gene
in mice is evenly distributed in the uterine luminal epithelium
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FIGURE 3 | Hierarchical clustering heatmap of mRNA transcripts of nine signal transduction pathways differentially expressed in recipients’ uteri of normal (NE) and

TNFα- (TNE) treated embryos. Gene expression level is color coded.

Frontiers in Veterinary Science | www.frontiersin.org 11 March 2021 | Volume 8 | Article 64155378

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Buska-Mach et al. Embryos Signaling in Preimplantation Pregnancy

FIGURE 4 | A representative proteomic 2D map of splenic CD4+ T cells. The 2-DE gel illustrates a Coomassie-stained protein pattern. Spot numbers correspond to

the numbers in Table 4.

on day 4 of pregnancy, but its expression was not detected at 2
and 3 dpc (16). This result is consistent with our observation in
a previous experiment in which uterine expression of Myd88, in
natural pregnancy, at 3.5 dpc before implantation did not differ
from that in pseudopregnant mice (13). In the present study,
significantly increased expression of genes Myd88 and Nos2 and
decreased expression of the Nfkbia pathway inhibitor suggests
activation of the canonical pathway.

On the other hand, expression of genes mainly regulated by
the non-canonical pathway was down-regulated in the uteri of
mice after transplantation of TNFα-treated embryos. Decreased
expression of genes of chemokine ligand Cxcl1 and the Vcam1
adhesion molecule suggests that the traffic of immune cells
within the preimplantation pregnant uterus may be differentially
regulated in recipients of normal and TNFα-treated embryos.
Additionally, the NFKB pathway has control over the pregnancy
implantation window, which is manifested by the regulation of
recognition and maintenance factors like Lif, Ptgs2, and Hoxa10,
which are essential for pregnancy (44). In our experiments,
activation of the NFKB pathway did not correlate with the
expression of genes Lif and Hoxa-10, although there was a
correlation with diminished expression of Ptgs2. Prostaglandin

2 synthase (PTGS2, encoded by Ptgs2) expression is detectable
during pregnancy in mice in the luminal epithelium and
stroma at the time of blastocyst implantation (45), and even
in the preimplantation period, i.e., 3.5 dpc (3). The blastocyst
presence is a determinant of the induction of Ptgs2 during
pregnancy before implantation (46, 47). Thus, TNFα treated
embryos may provoke differential regulation of gene expression
of this importance, for the process of implantation, molecule.
We believe that results of our study showing differential gene
expression presumably influenced by the embryo biological
potential, will bring new insight to the field of early embryo-
maternal dialogue. Notwithstanding, due to the limitations
resulting from the small sample number (n = 3 pooled uterine
material), the results presented in Table 1 should be considered
as indicative and further in depth studies should be performed.

Similar to the aforementioned local response, the maternal
peripheral immune system is sensitive to the presence of a
developing embryo. Several previous results obtained in mice,
humans and ruminants indicated that peripheral leukocytes
changed their phenotype during preimplantation pregnancy.
During in vitro experiments with human pregnancy, β-human
chorionic gonadotropin exerts an immunomodulatory effect on
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TABLE 4 | The list of differentially expressed proteins of splenic CD4+ T cells between mice after the transfer of TNFα-treated embryos in comparison to mice after the

transfer of biologically competent embryos (Student’s t-test p ≤ 0.05).

No Protein name Protein

abbreviation

Fold

change

Accession

number

Peptides

matched

Sequence

coverage

(%)/mascot score

Theoretical

pI/Mr

(pH/kDa)

Calculated

pI/Mr

(pH/kDa)

Subcellular

localization

1 Heat shock cognate

71kDa protein

HSP70 2.84 Q3U9G0 14 32/109 5.37/71.05 6.1/97.8 Nucleus

2 3.10 11 26/80 5.37/71.05 6.2/97.8 Nucleus

3 3.35 29 49/203 5.37/71.05 6.3/96.2 Nucleus

4 2.63 10 24/73 5.37/71.05 6.4/95.4 Nucleus

5 Lymphocyte – specific

protein 1

LSP1 0.51 Q8CD28 8 36/68 4.77/36.81 4.7/56.6 Nucleus

6 0.59 8 35/70 4.77/36.81 4.7/56.6 Nucleus

7 Tropomyosin alpha-3

chain

TPM3 1.39 P21107 11 33/99 4.75/29.02 4.8/34.1 Cytoskeleton

8 Interleukin – 24 IL24 1.92 Q925S4 5 27/61 9.22/20.97 5.2/31.9 Extracellular

9 Rho GDP –

dissociation inhibitor 2

GDIR2 2.26 Q61599 7 54/70 4.97/22.89 5.0/28.8 Cytoplasm

10 1.88 6 83/54 4.97/22.89 5.1/29.0 Cytoplasm

11 Peroxiredoxin – 2 PRDX2 1.39 Q61171 5 42/61 5.2/21.94 5.1/25.0 Cytoplasm/

Mitochondrion

12 ATP synthase subunit

d, mitochondrial

ATP5H 1.24 Q9DCX2 6 50/59 5.52/18.79 5.9/28.2 Mitochondrion

13 Semaphorin – 7A SEMA7A 2.42 Q9QUR8 12 22/59 7.83/75.97 6.2/32.2 Extracellular

peripheral blood lymphocytes by decreasing production of IFN-
gamma and IL-2 and by increasing production of IL-10 (48, 49).
On the other hand, the last experiments performed by Pflitsch et
al. showed that blood monocytes from pregnant women can be
distinguished from monocytes from non-pregnant women based
on their phenotype. Moreover, monocyte surface molecules’
expression was correlated with serum β-hCG level (50). In
ruminants the effect of an embryo-derived early pregnancy signal
- IFN-tau is also observed at the periphery. In heifers, on the 18th
day of pregnancy increased expression of interferon-stimulated
genes in peripheral leukocytes is related to pregnancy outcome
(51, 52).

Here, we demonstrated that in mice, the proteome of
splenic CD4+ T lymphocytes is different in female recipients
of normal embryos in comparison with recipients of TNFα-
treated embryos. Proteins with altered expression were classified
as (1) proteins influenced by cell stress, (2) those involved in the
regulation of cytoskeleton stabilization and lymphocyte motility,
and (3) proteins of an immunomodulatory function. Two cell
stress–sensing proteins, i.e., heat-shock protein (HSP) and its
isoforms and peroxiredoxin 2 (PRDX2), were significantly up-
regulated after the transfer of TNFα-treated embryos. It is known
that an increased amount of heat shock protein 70 (HSP70) in
the lymphocytes (53) and high concentrations of anti-HSP70
antibodies in the serum of pregnant women are considered
prognostic factors of a birth outcome, in particular, delivery
of new-borns with birth defects (54). Therefore, increased
expression of HSP70 in peripheral lymphocytes of females
bearing TNFα-treated embryos confirmed the indicator role of
this protein for a risky pregnancy. On the other hand, the

observed enhanced expression of peroxiredoxin II (p < 0.05)
in splenic T lymphocytes of recipients transferred with TNFα-
treated embryos is suggestive for the importance of protection
from oxidative stress (55). Moreover, injection of an anti-PRDX2
neutralizing antibody increases NK-cell cytotoxicity and raises
the fetal absorption rate in an abortion-prone mouse model
(56). Thus, alteration of the levels of HSP70 and PRDX2 in T
lymphocytes of the TNE group indicates that cells beyond the
reproductive tract are sensitive to stress-inducing signaling from
impaired embryos at the preimplantation stage of pregnancy.

Transplantation of TNFα-treated embryos also up-regulated
the proteins with immunoregulatory properties in the
lymphocytes of female recipients, i.e., interleukin 24 (IL-
24) and semaphorin 7a (SEMA7A). To our knowledge, we are
the first to report IL-24 presence in peripheral T lymphocytes at
such early stages of pregnancy. In murine models, IL-24 has been
shown to down-regulate Th1 responses and to up-regulate Th2
responses, indicating its possible positive role in early pregnancy
outcomes (57). However, the exact role of IL-24 in pregnancy
needs to be proven. In the TNE group, the increased level of
SEMA7A, which plays a critical role in the negative regulation of
T-cell activation and function, may also point to the engagement
of CD4+ T cells in the response to embryo signals. It is not clear
how the altered expression of the two above-mentioned proteins
participates in the modulation of an immune response during
preimplantation pregnancy after transplantation of impaired
embryos. Nevertheless, it may be assumed that the peripheral
immune system can differentially respond to the presence of
low-quality embryos. Another group of proteins that showed
expression changes in mice after the transfer of TNFα-treated
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FIGURE 5 | The graphic trend for spots with a variable expression of (A) HSP70, (B) LSP1, (C) TPM3, (D) IL-24, (E) GDIR2, (F) PRDX2, (G) ATP5H and (H) SEMA7A

proteins between TNE (dark gray bars) and NE group of mice (light gray bars). The data concerning the protein expression are given as arithmetic mean with SD

(group n = 6). Student’s t-test *p < 0.05, **p < 0.01.

embryos comprised: the α tropomyosin 3 chain (TPM3),
dissociation inhibitor Rho-GDP 2 (GDIR2), ATP synthase d
subunit (ATP5H), and protein specific for lymphocytes 1 (LSP1).
As in our previous studies (26), we confirmed their differential
expression in response to the presence of embryos of different
quality. Therefore, the migration activity of splenic CD4+ T
lymphocytes may depend on the quality of the embryonic
signal, especially during the development of the embryo under
conditions of stress and the risk of pregnancy loss.

Taking into consideration all the aforementioned results,
further studies should be performed to elucidate the influence
of differential activation of proinflammatory signal transduction
pathways locally in the uterus on the immunophenotype of
peripheral lymphocytes and, most importantly, how it may
influence on a maternal organism in deciding about the fate
of pregnancy.

CONCLUSION

Our results suggest that the maternal organism can distinguish
embryos with diverse developmental potentials already in
the preimplantation period both in the local and peripheral
compartment. Our study provides new insight into an embryo–
maternal communication at the early stages of pregnancy. The
nature of the signals capable of modulating cellular changes in
distant compartments remains elusive, although it is tempting
to speculate that these signals are generated differentially in
response to normal and developmentally impaired embryos
(58). We also suggest that peripheral lymphocytes in particular
can serve as biological sensors of embryo quality upon
implantation. Nevertheless, further detailed studies on the
expression of activated proteins in signal transduction pathways,
the significance of protein expression in CD4+ lymphocytes
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activity, and their mutual interactions during normal and
compromised preimplantation pregnancy are needed.
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Spontaneous fetal loss is one of the most important challenges that commercial

pig industry is still facing in North America. Research over the decade provided

significant insights into some of the associated mechanisms including uterine capacity,

placental efficiency, deficits in vasculature, and immune-inflammatory alterations at the

maternal-fetal interface. Pigs have unique epitheliochorial placentation where maternal

and fetal layers lay in opposition without any invasion. This has provided researchers

opportunities to accurately tease out some of the mechanisms associated with

maternal-fetal interface adaptations to the constantly evolving needs of a developing

conceptus. Another unique feature of porcine pregnancy is the conceptus derived

recruitment of immune cells during the window of conceptus attachment. These immune

cells in turn participate in pregnancy associated vascular changes and contribute

toward tolerance to the semi-allogeneic fetus. However, the precise mechanism of

how maternal-fetal cells communicate during the critical times in gestation is not fully

understood. Recently, it has been established that bi-directional communication between

fetal trophoblasts and maternal cells/tissues is mediated by extracellular vesicles (EVs)

including exosomes. These EVs are detected in a variety of tissues and body fluids

and their role has been described in modulating several physiological and pathological

processes including vascularization, immune-modulation, and homeostasis. Recent

literature also suggests that these EVs (exosomes) carry cargo (nucleic acids, protein,

and lipids) as unique signatures associated with some of the pregnancy associated

pathologies. In this review, we provide overview of important mechanisms in porcine

pregnancy success and failure and summarize current knowledge about the unique

cargo containing biomolecules in EVs. We also discuss how EVs (including exosomes)

transfer their contents into other cells and regulate important biological pathways critical

for pregnancy success.
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INTRODUCTION

The pig industry around the world produces more than 100
million of pork annually and the value of U.S. and Canadian
pork and pork products exports to the world reached a record
$11 billion (1). Due to their high productive and reproductive
efficiencies, the pigs contribute to the lower cost of pork
production (2, 3). An average of 23.6 piglets per year can be
produced by a single sow (4). Therefore, the litter size remains the
prime contributing factor for greater yield of pork production.
The litter size per gestation can be influenced by several entities
such as ovulation rate, fertilization rate, and establishment of
pregnancy and conceptus development and survival until the
term. Pigs are highly prolific livestock species due to their certain
reproductive characters such as higher ovulation rate (20−25
oocytes per cycle) (4) and fertilization rate (95%) (4–6). However,
the litter size reduces to 10–13 piglets per sow, by the time
they reach full term (7). The huge gap between these parameters
is likely explained by a phenomenon called as spontaneous
fetal loss, which occurs in two waves (8). A 20–30% of the
conceptus are lost during the peri-attachment [gestation day
(gd) 12–20] period (8) and an additional loss of 10–15% occurs
during mid to late gestation, reviewed by (7, 9, 10). During
early pregnancy, a delicate balance is absolutely critical between
developing conceptus and the maternal immunomodulatory
mechanisms (11). The porcine placentation is non-invasive,
diffuse, epitheliochorial type, which is characterized by neither
decidualization of the endometrium like in humans and mice
nor invasion of fetal tissues into the endometrium, but instead
both the compartments lie in close, yet firm adhesion (12, 13).
Research over last decades has pointed out at several factors
that are crucial to fetal development such as genetic makeup of
the animal (14), nutrient intake (15), placental development and
homeostasis (16), uterine capacity (14, 17), deficits in placental
vasculature (18), disease outbreaks (19), immune mechanisms
(20), and environment (21, 22) that specifically cause fetal
loss. A variation in conceptus elongation rate and embryonic
growth in early gestation especially around the peri-attachment
period greatly alters the uterine environment, and thus negatively
influencing the conceptus growth resulting in less developed
conceptuses or even fetal demise (8). A similar variation in
growth of littermates during the mid and late gestation leads to
unequal space acquisition within the uterine lumen. The fetuses
with comparatively higher growth rate exceed their uterine space,
which pushes and compresses adjacent slow growing littermates
resulting in stress/hypoxia induced conceptus arrest (8, 23, 24).

Successful porcine pregnancy is dependent on conceptus
attachment and placental development, which requires
a bidirectional communication between conceptus and
endometrium. Previous studies have suggested many important
factors that play a crucial role in pregnancy success. These
factors include but not limited to conceptus-derived estrogen
and growth factors (25), progesterone (26, 27), immune cells
(18, 28–30), cytokines (18), chemokines (31, 32), miRNAs
(29, 33), EVs including exosomes (34, 35), mRNA destabilizing
factors (36), pro- and anti-angiogenic immune-related miRNAs
(29, 34), and seminal fluid derived factors (37–41). However,

most of these published studies only associate findings with
fetal loss and a more comprehensive understanding of cause
and effect relationship is required. In this review, we provide
overview of important mechanisms associated with successful
pregnancy or failure. We also summarize how contents from
fetal and maternal derived EVs (including exosomes) contribute
to pregnancy associated physiological adaptations.

IMMUNE MECHANISMS AT THE PORCINE

MATERNAL-FETAL INTERFACE

Pleiotropic glycoprotein molecules such as cytokines are secreted
by a variety of immune and non-immune cells in the uterine
microdomain. Cytokines regulate several pregnancy related
mechanisms including inflammation (42, 43), angiogenesis (18),
innate and adaptive immune responses and cell death (44). These
processes particularly influence the elongation and attachment
of growing conceptus, endometrial adaptation to paternally
derived antigens, successful conceptus attachment and overall
development. Research over the past few years has characterized
the role of members of the transforming growth factor beta
superfamily, interferons (especially IFN-γ and IFN-δ), and
interleukins (IL-1A, IL-1B, IL-1B2, IL-6) (44–46). During gd 9–
10 and gd 15–18, there is dramatic change in the endometrial
expression of TNFα, tumor necrosis factor alpha-inducible
protein 6 (TNFAIP6), inter-α-trypsin inhibitor heavy chains
(ITIH), and IL-6 that regulate the extracellular matrix expansion.
IFN-γ is typically secreted around gd12 and dramatically
increases around gd16 (47, 48). In our previous studies, the fetal
loss during the peri-attachment period coincided with increased
IFN-γ expression, while its expression was unaltered during a
second wave of fetal loss around mid-pregnancy (gd50) (49).
The transient increase in IFN-γ expression between gd12 and
15 influences the immune cell recruitment and differentiation
at the maternal-fetal interface (50, 51). We observed increased
expression of inflammatory cytokines such as TNF-α, IL-1B,
and IL-1 receptor at the conceptus attachment sites associated
with arresting/dying conceptus during the peri-attachment
period (49). These studies suggest that these pro-inflammatory
cytokines initiated acute inflammatory response that results in
the conceptus loss and resorption. Although counter argument of
immune cell infiltration and their functional products, cytokines,
are released to clear dying/dead conceptus cannot be fully ruled
out. This adds to the complexity of cause and effect question
associated with fetal loss.

Immune cell recruitment to the maternal-fetal interface
in porcine pregnancy is largely driven by conceptus derived
signals and set of specific chemokines and growth factors
(52–54). Secreted by several immune cell types, chemokines
are small signaling molecules predominantly involved in the
recruitment and activation of circulating leukocytes to the sites
of inflammation (55). During early pregnancy, a remodeling
in the uterine microdomain happens at the sites of conceptus
attachment. Therefore, the chemokines secreted by uterine
epithelial cells, fibroblasts as well as resident immune cells would
act to influence an increased extravasation and chemotaxis along
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the concentration gradient (54). However, a delicate balance is
critical between a chemotaxis induced inflammatory processes
and tissue homeostasis around the days of conceptus attachment
and establishment of pregnancy.

Our previous research has explored these avenues by
investigating the role of transcripts encoding decoy receptors,
D6, duffy antigen receptor for chemokines (DARC) and
chemocentryx decoy receptors (CCX-CKR). The mRNAs for
decoy receptors (DARC and CCX-CKR) were dysregulated in
the endometrium and chorioallantoic membrane; however, there
was no difference in their expression at the protein level. A post-
transcriptional and/or epigenetic modification of chemokines
and their specific receptors, as well as action by proteolytic
enzymes could explain these differences in expression during
pregnancy (32). In another study, we investigated a distinct
set of chemokines and their receptors that likely play a role
in immune cell associated functions in laser microdissected
endometrial lymphocytes, endometrium, and chorioallantoic
membrane derived from both the arresting and healthy
conceptus attachment sites. We demonstrated that lymphocytes
residing in the arresting conceptus attachment sites had higher
expression of CXCR3 and CCR5 mRNA, and there was greater
expression of CXCL10, CCL5, CCR5, and CXCR3 mRNA in the
endometrium around peri-attachment period (gd20). Recently,
Han and colleagues examined the expression of CXCL12 and
CXCR4 at the maternal-conceptus interface during pregnancy in
pigs. This study reported the highest expression of CXCL12 on
day 15of pregnancy. Furthermore, CXCL12 protein expression
was localized in endometrial epithelial cells, however, CXCR4
protein was detected in vascular endothelial cells, subepithelial
stromal cells, and endometrial immune cells. CXCL12 increased
the migration of cultured porcine trophectoderm cells and
peripheral blood mononuclear cells as well as along with
CXCR4 induced the migration of trophectoderm cells and T
cells at the implantation in pigs. These experiments highlight
role of CXCL12 in regulating trophoblast migration and T
cell recruitment into the endometrium during implantation
period in pigs (56). Recently, a study screened a broad range
of chemokines (CCL2, CCL4, CCL5, CCL8, CXCL2, CXCL8,
CXCL10, and CXCL12) and their receptors (CCR1, CCR2, CCR3,
CCR5, CXCR2, CXCR3, and CXCR4) in luminal epithelial cells.
This study suggests that CCL8 actively participates in embryo
implantation and CXCL12 participates in endometrial receptivity
and promotion of embryo attachment (57). Similarly, the same
group screened the expression of same set of chemokines in
endometrial stromal and endothelial cells and suggested that
CCL2 modulates stromal cell function and CCL4 and CCL8
stimulate blood vessel development (58). These studies suggest
that a further characterization of these chemokines and their
specific receptors including decoy receptors may provide a better
understanding of their role in immunomodulatory activity and
overall function during conceptus attachment and subsequent
development (31).

Previous studies in our laboratory and others have identified
deficits in angiogenic stimuli that likely results in impaired
vascular development at the maternal-fetal interface (18, 29, 49,
59). This is one of the important primary causes that leads

to either stunted growth in surviving fetuses or fetal mortality
during early stages of pregnancy. Various immune cell types have
been evaluated for their crucial role during porcine pregnancy.
Around the peri-attachment period (gd 12–15), the vascular
remodeling of the endometrium coincides with infiltration of
various innate and adaptive immune cells including natural killer
cells, dendritic cells, macrophages, lymphocytes and plasma cells
(60–62). The natural killer cells are generally detectable at gd 12
in pigs, which typically aggregate beneath the uterine luminal
epithelium, around uterine glands, perivascular areas as well as
randomly scattered throughout the uterine stroma (60, 61, 63).

It is important to note that the conceptus attachment to
the endometrium is critical for the recruitment of uterine
natural killer (uNK) cells in pigs as the decidualization is
not induced in these species. However, in case of humans,
mice and rats, where decidualization occurs, presence of
conceptus is not critical for uNK cell recruitment (61, 64).
T cells and uNK cell mobilization to the sites of blastocyst
attachment and placentation typically noticed between gd 15–
28 (65). However, their enrichment differs in various species.
Compared to species with hemochorial placentation (human,
mice), the uNK cell enrichment in the conceptus attachment
sites of pigs is not pronounced, but only reaches about 3-
fold. The immunological response at the maternal-fetal interface
especially in mice and humans are characterized by intrauterine
immune suppression, non-classical MHC molecule expression
by trophectoderm and immune-protective molecules including
Fas ligand (CD95) expression by the trophoblast (66–68). The
porcine placental cells do not express MHC class I molecules
(swine leukocyte antigens [SLAs]) (69), however, the stromal
cells and luminal epithelial cells express classical and non-
classical SLA class I molecules (SLA-1,−2,−3,−6,−7, and−8)
as well as β2-microglobulin (70). Primarily involved in antigen
presentation, MHC class II molecules (SLA DQA) demonstrate
a greater expression in subepithelial stromal cells and endothelial
cells of the endometrium in response to conceptus-derived IFN-γ
during the window of conceptus attachment (71). The conceptus
likely modulates SLA-DQA expression and hence indirectly
influences the maternal immune system for its survival.

microRNAs INVOLVED IN REGULATION

OF ANGIOGENESIS AND IMMUNE CELL

DEVELOPMENT

The regulation of gene expression at the porcine maternal-fetal
interface is controlled by several biomolecules at the genomic
level. One of the most important implicated biomolecules
are microRNAs (miRNAs), a class of small non-coding RNAs
(∼18–22 nucleotide in length) that play a major role in RNA
silencing and post-transcriptional gene regulation (72). MiRNAs
negatively regulate translation either by deadenylating and
destabilizing the mRNA or by repressing the translational
machinery. miRNAs are primarily involved in regulating
both physiological and pathological processes including
but not limited to cellular proliferation and differentiation,
homeostasis, inflammatory processes, and cell death (72, 73).
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Most mammalian miRNAs are highly conserved among species
(74, 75) and regulate at least 70% of all the genes in their specific
genome (76). Each miRNA can repress the expression of multiple
target mRNA, while each mRNA target is regulated by many
miRNAs, suggesting that the regulation of gene expression is
highly complex.

Because of their unique expression pattern in both
physiological and pathological processes, miRNAs are projected
as biomarkers of both healthy pregnancy and associated
disorders. In one study, a set of 17 miRNAs were identified in
the porcine placenta samples obtained from pigs at gd 30 and
90. Differentially expressed 8 miRNAs between the two time
points, such as let-7i, miR-106a, miR-17, miR-24, miR-92b,
miR-125b, miR-20, and miR-27a were validated by stem-loop
RT-PCR. Further bioinformatic analysis of mRNA targets and
potential biological pathways indicated that these miRNAs are
involved in regulation of cell growth, trophoblast differentiation,
maintenance of adherence junctions and angiogenesis (77).
miRNAs appear to follow a pattern of expression depending on
the overall dynamics of cellular processes, that are typical of
porcine pregnancy. Based on the temporal expression patterns, a
study had identified 65 miRNAs in the endometrium to capture
crucial stages of pregnancy such as conceptus attachment (gd
15), placental development (gd 26), and mid-gestation (gd 50)
(78). These miRNAs appear to regulate the processes associated
with embryo attachment, placental development and overall
homeostatic mechanisms associated with pregnancy. This study
further characterized the binding sites of two miRNAs, miR-181a
and miR-181c in the transcripts of genes such as ITGB3, ESR1,
and SPP1, which are proven to play a crucial role in embryo
implantation (78).

Studies over the past decade have characterized several
miRNAs that regulate various porcine reproductive and
pregnancy associated processes, including oocyte and conceptus
development (35, 79, 80), implantation (35, 78), immune cell
recruitment, and placental angiogenesis (29, 33), placental
growth and function (77), and litter size (81–83). Specific
examples include miRNA-29a that triggers the degradation of
basement membrane and stromal matrix by interacting with
LAMC1 (encodes laminin subunit gamma 1), COL1A2 (encodes
collagen type 1 alpha, chain 2), and COL3A1 (encodes collagen
type 3 alpha, chain 1). Further, miR-200 family and miR-205
shown to control the trophoblast epithelial cell adherens
junctions by interacting with ZEB2 and CDH1. Similarly,
miR-17-92 regulate trophoblast proliferation by interacting
with HBP1 and ULK1 miRNAs (84). The miRNA synthesis and
their transportation across the cellular compartments is also
a highly regulated process. A set of 10 genes namely DGCR8,
AGO3, AGO4, XPO5, AGO1, AGO2, DICER1, DROSHA,
TNRC6A, and TARBP2 that code for proteins involved in
miRNA synthesis and transport have been investigated for their
role in the endometrium of pigs. Using bioinformatics approach,
this study identified target transcripts, VEGF, IL-6R, LIF, and
PTGS2, that play a crucial role in maternal-fetal communication
(35). Similarly, a distinct set of genes that regulate miRNA
synthesis and transport (DGCR8, TNRC6A, DROSHA, XPO5,
DICER, AGO1 to−4, and TARBP2) as well as miRNAs such as

miR-140 were investigated in pregnant and cyclic endometria
obtained on gd 12, 16, and 20 in pigs. The expression of
DROSHA, XPO5, DICER1, TARBP, and AGO1 was altered by
the reproductive status of animals. Overall, these studies suggest
that the interaction between miRNAs and genes involved in
miRNA synthesis and transport likely involved in the regulation
of estrous cycle and initial stages of embryo attachment (79).

Studies from our group evaluated the expression of 236
miRNAs in endometrial specimens and fetal trophoblasts derived
from both the healthy and growth arrested conceptus attachment
sites at gd 20.We reported significantly higher expression of miR-
331-5p, 330-5p, 323, and 935, while miR-10a, 27a, 29c, and 374b-
5p in the endometrial samples associated with healthy attachment
site. These were one of the initial miRNA array-based studies to
highlight the importance of miRNAs in the porcine pregnancy.
Importantly, in this study, we found that the differentially
expressed mRNAs indeed regulate many biological processes
associated with pregnancy such as blood vessel development,
nuclear transcription factor regulation, and extracellular matrix
factors (85).

Due to the non-invasive superficial attachment, the
epitheliochorial placentation in pigs enables us to easily isolate
both maternal and fetal tissues to study molecular mechanisms
without intermixing the compartments. Angiogenesis is one of
the major mechanisms determines the success of implantation
and growth of fetus. Therefore, our initial studies on immune-
angiogenesis axis prompted us to explore miRNA regulation in
recruited immune cells to the endometrium during pregnancy.
Using laser capture microdissection, we isolated lymphocytes
from the endometrium associated with both the arresting and
healthy conceptus attachment sites and conducted targeted
miRNA profiling on these immune cell subsets. Our major focus
was to study miRNAs that are reported to be associated with
immune cell development and overall pregnancy associated
functions including angiogenesis. Interestingly, a distinct set of
miRNAs such as miR-17P-5P, miR-18a, miR-19a, miR-150, and
miR-296-5P were differentially expressed in the endometrial
lymphocytes obtained from healthy conceptus attachment sites
compared to their arresting counterparts. Further, there was
significant differences in the expression of miR-17-5P, miR-20b,
andmiR-18a in the endometrium isolated during early pregnancy
stages at gd20 (29). These studies provide concrete evidence
into the role of miRNAs in the immune cell differentiation in
the porcine endometrium and their expression levels changes
depending on the pregnancy status. More importantly, this
study also demonstrates that angiogenic miRNAs are enriched
in the endometrial lymphocytes and can regulate immune cell
promoted angiogenesis at the maternal-fetal interface to support
developing conceptus (29).

BIOGENESIS AND SECRETORY

MECHANISM OF EXTRACELLULAR

VESICLES

Extracellular vesicles (EVs) is a general term used to describe
membrane bound vesicles secreted by several cells for differing
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functions. Although previously thought to be exclusively
intended for the secretion and elimination of waste, EVs contain
coding and non-coding nucleic acids, lipids, and proteins, which
are highly relevant for intercellular communication, homeostatic
processes and also contribute to pathologies including those at
the maternal fetal interface (34, 86, 87). Although heterogeneric
in size, composition, origin, and function, EVs are generally
categorized into two groups: exosomes and microvesicles (MV).
Exosomes range in size from 30 to 150 nm while MV range
from 150 nm to 1 µm in diameter. In addition to size,
morphology [described as round or saucer shaped (88)] and
specific markers are used for categorization. Due to significant
controversy surrounding the proper categorization of EVs
together with a rise in scientific publications in recent years, the
International Society for Extracellular Vesicles have proposed
specific guidelines and protocols to direct the nomenclature,
isolation of pure EV preparations and proper categorization
of EVs (89). Briefly, isolation techniques of EVs include
differential ultracentrifugation, density gradient centrifugation,
filtration, and size exclusion chromatography. Characterization
to confirm size, morphology, and marker presence is conducted
by immunoblotting, flow cytometry, transmission electron
microscopy, or nanoparticle tracking analysis. Although one
marker does not exclusively identify EVs, proteins such as
tetraspanins (including CD9, CD63, and CD82), as well as other
sorting complex proteins are used to identify EVs (in both
exosomes and MV).

Biogenesis and secretion of exosomes compared to MV is
different. MV are released via budding of the plasma membrane
and are thought to be released faster, as the cargoes targeted
by these are situated at the plasma membrane. Whereas,
exosomes are first formed as intralumenal vesicles (ILVs) within
multivesicular endosomes (MVEs) of the cell and secretion
requires sorting of cargoes through endosomal-sorting-complex-
required-for-transport (ESCRT) dependent or independent
pathways. Recent studies in the field have explored the
possibility of sorting machineries, especially ESCRT complexes
to be involved in decision making to target MVEs for either
degradation or secretory pathway (90) through ALIX (ESCRT
III associated complex) dependent mechanism (91). Similarly,
another ESCRT complex associated protein (TSG101) has been
studied by Villarroya-Beltri et al., where, a key posttranslational
ubiquitin-like modification, ISGylation of TSG101 has been
identified to be the probable signaling mechanisms that drives
MVEs to fuse with lysosomes to induce degradation instead
of secretion (92). Regardless of the outcomes, MVEs need
to be transported continuously to either fuse with lysosomes
or plasma membrane through general cellular transportation
molecules such as actin, microtubule cytoskeleton, cortactin,
RAB protein complexes and their effector molecules (93, 94).
Studies in cancer cell lines have shown that actin cytoskeleton
to be involved in the transportation and secretion of exosomes
(94). Transportation of vesicles within the cells, including
budding and fission of MVEs at the plasma membrane is
tightly governed by GTPases-RAB protein family that consists
of up to 60 members.

Even though the exact mechanism of action is not understood,
members of RAB protein family such as RAB2B, RAB4,
RAB5A, RAB7, RAB9A, RAB11, RAB27A, RAB27B, and RAB35
have been found to be involved specifically in endosome
transport to plasma membrane and secretion of exosomes, as
discussed elsewhere (95). Finally, fusion of MVEs to the plasma
membrane is necessary to release ILVs as exosomes, which is
thought to be primarily mediated by N-ethylmaleimide-sensitive
factor attachment protein receptors (SNAREs). SNARE protein
complexes are made up of three to four subunits forming helices
that are conventionally involved in exocytosis of lysosomes
(96, 97). Recent developments in the field has identified a few
proteins of SNARE family members namely, vesicle-associated
membrane protein 7 (VAMP7), Synaptobrevin Homolog YKT6,
syntaxin 1A and syntaxin 5 to be crucial to facilitate the release
of exosomes. Depending on the subtypes of MVEs, organism
and cell type, diverse regulation of secretion by SNARE proteins
have been identified in human embryonic kidney HEK293
cells (98), lung carcinoma A549 cells (99), Drosophila (98)
(YKT6), and C. elegnas (syntaxin 1a and syntaxin 5) (100, 101).
However, the exact stage where these molecules are recruited
is yet to be identified. This limitation is mainly regarded to
the technical approach as well as intracellular complexity of
exosome release.

Interestingly, the release of EVs is an evolutionarily conserved
process in both prokaryotes and eukaryotes and therefore
EVs serve diverse biological functions, reviewed extensively
here (102). As mentioned earlier, EVs including exosomes
contain lipids, nucleic acids (mRNA, miRNA, DNA), enzymes,
transcription factors and extracellular matrix proteins packaged
by parental cells that exert drastic effects in the recipient
cell (103). Conventional cell to cell communication occurs
through surface protein interaction with neighboring cells,
whereas hormones and cytokines are recruited to fulfill distant
interactions (104). Considering the contents of exosome cargo,
number of studies have centralized the approach toward
understanding the molecular interactions between exosomes
and recipient cells. Although the entire mechanism is not
fully understood, it is known that exosomes are required
to fuse with the plasma membrane, followed by signal
transduction and internalization (endocytosis, phagocytosis, and
micropinocytosis) with the target cells in order to deliver
the cargo and establish intercellular communications. Known
mechanism of action includes interaction with surface bound
receptors, epigenetic modification via genetic material and
activated receptor transfer to the target cell. Transmembrane
proteins (integrins, tetraspanins) and extracellular matrices are
primarily involved in binding exosomes to the target cells.
Adhesion proteins such as intracellular adhesion molecules
(ICAM) have been identified to interact during uptake with
the integrins present on exosomes (105). Specific route of
internalization is thought to be influenced by the content of
molecules carried by exosomes. Studies in human pancreatic
cancer cells have identified mutant KRAS gene to influence
the exosomes to be internalized via micropinocytosis (106).
Similarly, complexity of exosome action surrounding specific
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cell targeting is believed to be determined based on the cargo
carried by exosomes.

EXTRACELLULAR VESICLES IN PORCINE

PREGNANCY

A successful conceptus attachment to the endometrium and
subsequent maintenance of pregnancy requires a proper
communication between endometrium and conceptus (11).
There are already several well-understood mechanisms of cell-
cell communication such as hormones, cytokines, and lipids
that act in an autocrine and paracrine manner, intercellular
nanotubules (107), direct adhesion between cell of origin and
target cell, and membrane-bound microvesicles (108). Research
over the past decade has provided critical evidence into
intercellular communication via EVs (109). The EVs have been
demonstrated to transfer information from the cell of origin
to the recipient cells to regulate cellular activities (Figure 1).
This information could be in the form of proteins, lipids,
miRNAs, mRNAs, DNA and many other small molecules, and
thus reflecting the physiological state of the originating cells
(110, 111). However, the transfer of information could be two
way, where the recipient cell can in turn stimulate/induce the
originating cells in order to elicit the cellular signaling pathways
(112, 113).

The bioactivity possessed by these EVs is distinct. Therefore,
EVs have the ability to influence both physiological (110) and
pathological processes (111). However, the precise mechanisms
regulated by exosomes is difficult to understand, due to their
complexity of cargo, abundance, cell of origin, biogenesis
and secretory mechanisms, and extracellular environment as
discussed in earlier section. Another important characteristic
of the exosomes is their stability in the extracellular spaces
due to their lipid bilayer containing cholesterol, ceramide,
sphingomyelins and other detergent-resistant membrane
molecules, which are likely derived from the originating cells
(114). These unique features allow them to carry information
without leaking into the extracellular spaces. Upon entering the
recipient cell, the exosomes dissociate to release cargo, which
may regulate gene expression and influence biological processes
such as cell proliferation, differentiation, and migration. The
exosomes have been demonstrated to be released by cells of the
reproductive tissues such as endometrial (115), oviductal (116),
and follicular cells (117) as well as bodily fluids such as saliva
(118), blood plasma (119), milk (120), amniotic fluid (121),
semen (122), urine (123), and uterine luminal fluid (35). The
exosomes carried through different bodily fluids can selectively
interact with target cells and deliver a diverse set of molecules to
influence target cell activity suggesting that exosomes provide a
highly regulated and complex mode of cellular communication.

Although there are many mechanisms of communication
between conceptus and maternal endometrium, the
documentary evidence is increasing exponentially about
EVs/exosomes being the important mode of communication at
the maternal-fetal interface. However, this is not a totally new
concept as the discovery of small vesicles goes back to early

1990’s, where multiple small vesicles have been shown at the
porcine maternal-fetal interface on gd16 via electron microscopy
(12). Research in recent years have shown that EVs including
exosomes released by placental cells can cross into maternal
endometrium to deliver cargo containing biomolecules to the
recipient cells.

It already known that the exosomes have the ability to transfer
many important biomolecules such as mRNA and miRNAs to
their respective target cells, in which mRNA can be directed
toward translating into protein and miRNA can be utilized to
fine tune mRNA expression or repress translation (124, 125).
Exosomes carrying these biomolecules can attach to the surface
of target cell (126) and can be internalized by recipient cells (127,
128). Chromosome 19 miRNA cluster generates more than 50
miRNAs and this cluster appear to modulate immune response
in pregnancy. The immunomodulatory mechanism is essential
especially in early pregnancy to help recently attached conceptus
to grow and favorably modulate maternal immune response to
paternal antigen. Interestingly, one study demonstrated a viral
resistance in recipient cells that received miRNAs that were
packaged within the human trophoblast-derived exosomes (129).

Another interesting concept is that MV and exosomes can
be released in a time dependent manner as well as based on
the physiological status. For example, the secretome released
from placenta during first trimester of human pregnancy
predominantly consisted of exosomes (130), while during the
second trimester, the composition of the secretome changed
predominantly to microvesicles and also their number increased
as the pregnancy advanced to term (131, 132). Similarly,
the function regulated by these ever-changing components of
microvesicles and exosomes also differs greatly depending on
the stage of pregnancy. For example, the exosomes released
during early human pregnancy contain HLA-G (MHC I G),
that help in enabling maternal immune tolerance toward
recently attached conceptus carrying paternal antigens (130).
Furthermore, MV released by syncytiotrophoblasts induce pro-
inflammatory activity, which is essential around the stages
of pregnancy establishment (133). However, these dynamic
variations in the components of secretome need to be
investigated in pigs to understand how trophoblast derived
EVs modulate maternal adaptions to pregnancy given the non-
invasive type of placentation.

EVs have been shown to perform a variety of pregnancy
associated functions that most often reflect the constituents of
its cargo. Conceptus attachment sites in pigs undergo dramatic
changes both during successful and abortive pregnancy. For
example, conceptus attachment sites associated with arresting
embryo undergo an acute inflammatory process to enable
resorption without affecting the adjacent littermate. Apoptosis
can also get elicited in the conceptuses to remove or replenish
the unnecessary cells. This mechanism of programmed cell death
has been reported in many reproductive tissues such as uterine
epithelium (134). Human placenta derived exosomes have been
shown to carry Fas ligand and TRAIL molecules and induce
apoptosis in activated immune cells and thus providing maternal
immune tolerance toward developing fetus (135). Similarly, a
regulatory protein such as bcl-2-like protein 15 (BCL2L15) has
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FIGURE 1 | Extracellular vesicle mediated bi-directional communication at the porcine maternal fetal interface. In epitheliochorial placentation in pigs, fetal

trophoblasts (Tr) lay in simple apposition with maternal endometrial luminal epithelium (LE). Extracellular vesicles comprising microvesicles and exosomes are a

heterogeneous group of cell-derived membranous structures originated from either endosomal system (microvesicles) or shed from the plasma membranes

(exosomes). The unique cargo of these EVs contain biomolecules (nucleic acid, proteins, and lipids). These EVs can be internalized by multiple pathways including

phagocytosis, endocytosis, pinocytosis, or can remain bound to the cell surface depending on the cell type. Interaction of EVs with recipient cells modulate several

critical pregnancy associated processes, for example, conceptus attachment, development, immune tolerance on the fetal side and angiogenesis, inflammation, and

apoptosis on the maternal side.

been reported in ovine uterine EVs during the periattachment
period, gd17 (136). Another study in cows demonstrated that
EVs obtained from gd17 induced greater expression of apoptotic-
related genes, BAX, TNFA, TP53, and CASP3 in primary
endometrial epithelial cells (137). These findings indicate a
crucial role for EVs in apoptotic removal of immune cells
(immunomodulation) and endometrial epithelial cells to help in
uterine remodeling for conceptus attachment.

A recent study has isolated and characterized the EVs
in porcine uterine flushing fluid collected on gd10, 13,
and 18. Contents of these EVs especially small RNAs were
comprehensively profiled through small RNA sequencing
analysis. The cargo consisted of 152 known miRNAs, 43 novel
miRNAs, 6248 known Piwi-interacting RNAs (piRNAs), and
110 novel piRNAs were identified. Subsequent bioinformatics
analysis revealed that the miRNA enriched in the EVs
involved in important pregnancy associated pathways such
as immunomodulation, endometrial receptivity, implantation
and embryo development. These studies add to the miRNA
repository as well as serve as a resource to further investigate

crosstalk at the maternal-fetal interface (138). As integrin family
proteins play an important role in embryo implantation, previous
study demonstrated that EVs in the bovine uterine flushings
isolated on gd20 and 22 were able to upregulate VCAM1
expression in endometrial epithelial cells (139). Similarly, a
study involving exosomes from estrogen or progesterone treated
human endometrial epithelial cells contained several members
of integrin family. The integrins are crucial for exosome
docking to target cells and regulate trophoblast adhesion to the
endometrium (140). EVs isolated from uterine lumen flushings
on gd12, 14, and 16 reported to contain miR-26a and miR-
125b and among these miRNAs, miR-125b directly regulated
expression of genes that play role in attachment and embryo
development in pigs (35). These studies support the notion
that EVs can influence conceptus attachment and adhesion to
the endometrium. However, given fundamental differences in
the placentation between human, mice and pigs, a pig centric
studies are warranted to investigate mechanisms by which
the biomolecules packaged in EVS/exosomes regulate porcine
pregnancy related functions.
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Placental angiogenesis is an important pregnancy related
processes crucial for conceptus development and remodeling
of endometrium especially in early pregnancy to provide
nutrients to the fetus. The placentation in pig typically
initiates gd 15–20, which involves an abrupt change in
endometrial microenvironment and associated biological
processes including angiogenesis (141, 142). Studies from
our laboratory have investigated angiogenesis at the porcine
maternal-fetal interface and recently, we demonstrated that
both the porcine trophectoderm cells, representing fetal
tissues and endothelial cells, representing maternal tissues
release EVs (34). Furthermore, these experiments demonstrate
that EVs derived from porcine trophectoderm cells can
stimulate endothelial cell proliferation, suggesting that EVs
can stimulate angiogenesis. We have shown that EVs derived
from porcine trophoectoderm cells (PTR2) contains several
important proteins and miRNAs such as miR-126-5P, miR-
296-5P, miR-16, and miR-17-5P that have been shown to play
a major role in angiogenesis (34). miR-150 packaged within
exosomes derived from porcine umbilical cord blood stimulated
proliferation, migration, and tube formation of umbilical vein
endothelial cells. These studies indicate that EVs especially
those derived from fetal tissues have the ability to stimulate
endometrial angiogenesis and thus, support the idea that
an angiogenic deficit at the maternal-fetal interface can be
therapeutically targeted by designer EVs and prevent subsequent
conceptus loss.

The development of immunological tolerance against semi-
allogeneic fetus is a crucial event in the pregnancy success. Since
fetal allografts carry paternal antigens, the maternal immune
system should reprogram itself to not to recognize fetal antigens
and elicit an immune response. EVs have been reported to
modulate maternal immune response toward the newly attaching
conceptus (143). Depending on the nature of cargo and also type
of receptors present on their membrane, EVs are able tomodulate
the immune response at the maternal-fetal interface. Bovine EVs
obtained from gd20, were able to downregulate expression of
immune-related genes in endometrial epithelial cells immediately
after the conceptus attachment is initiated (144). Zhao et
al. reported in bovine pregnancy that bta-miR-98 as a likely
maternal immune system regulator based on the miRNA profiles
of EVs combined with bioinformatic analysis. Similarly, miRNA-
499was reported to play a role in regulation of local inflammation
at the bovine maternal-fetal interface by inhibiting NF-kB
signaling. Further, disruption of miR-499 results in increased risk
of pregnancy failure due to severe local inflammatory process,
placental resorption in early pregnancy or even fetal growth
restriction (87). These studies suggest that miRNA cargo present
in the EVs can modulate immune response, ultimately, helping
to achieve immune tolerance during early pregnancy. Although,
our previous studies in pigs have pointed out a distinct set
of miRNAs that may have immunomodulatory effect on the
maternal immune system, more mechanistic in vivo evidence
is needed to exploit the idea that miRNA loaded EVs can
be used to potentially reduce spontaneous fetal loss in pigs
in future.

EXTRACELLULAR VESICLES IN

SELECTIVE REPRODUCTIVE DISORDERS

IN PIGS

Extracellular vesicles in porcine pregnancy: Early pregnancy
diagnosis or detecting early embryonic mortality could
substantially improve reproductive efficiency in pigs and overall
improve the economy of swine industry. Failure to conceive
after insemination or undetected pregnancy at an early stage
in pigs could result in severe economic loss. While there are
many well-established techniques currently available, miRNAs
and miRNAs packaged within the exosomes could be another
important tool to be used as the earliest possible (before 25
days after fertilization) biomarkers of pregnancy (145). Zhou
and colleagues profiled exosomes obtained from serum samples
at days 9, 12, 15 from pregnant and non-pregnant pigs. They
concluded that miR-92b-3p and miR-17-5p could be identified
in the serum exosomes as earlier as day 9 of pregnancy and hence
could be used as biomarkers of early pregnancy (145).

Interestingly, in one of our previous studies miR-17-5p
was one of highly enriched miRNA present in the porcine
trophectoderm cells, derived from day 12 of pregnancy, and
porcine endothelial cells as well as exosomes released by
these two cell types (34). miR-17-5p is involved in regulating
many physiological and pathological processes including cell
proliferation, apoptosis, and most importantly angiogenesis.
In addition, the genes targeted by miR-17-5p are reported
to be involved in important signaling pathways including
MAPK, PI3K-Akt, and TGF-β . Similarly, a study involving cattle
identified 27 circulating EV-derivedmiRNAs isolated from serum
that were significantly increased on gd 17 embryonic mortality
compared to pregnant cattle. Furthermore, a specific miRNAs
such as miR-25, miR-16b, and miR3596 were differentially
expressed on gestation days 17 and 24, reflecting the pregnancy
status (146). In another study, a set of 27 miRNAs packaged
within EVs from maternal blood were found to be in lower
abundance in somatic cell nuclear transfer-derived bovine
embryonic loss group that failed to reach term. Additionally,
the predicted target genes of these 27 miRNAs were found
to be associated with critical biological processes such as cell
proliferation, apoptosis, and angiogenesis (147).

Role of extracellular vesicles in porcine reproductive and
respiratory syndrome pathogenesis: EVs have been shown to
play a role in diseases affecting reproductive organs in pigs.
Porcine reproductive and respiratory syndrome (PRRS) is one of
the important diseases affecting reproductive organs in pigs and
causes a heavy economic loss to pork industry. It is characterized
by reproductive failures in sows and respiratory syndrome in pigs
of all ages (148). An emerging evidence indicates that exosomes
released by cells infected by some viruses selectively package
viral genetic material, viral proteins, or virions to transmit to
neighboring healthy/uninfected cells (149). Purified exosomes
isolated from PRRS virus infected cells contain viral genomic
RNA and partial viral proteins. These exosomes loaded with
viral components can deliver their contents to both PRRS
virus susceptible and non-susceptible cells, indicating a viral
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transmission via exosomes while evading the host immune
response (150).

Exosomes can serve as small RNA transfer vehicles and act
as effective therapeutic tools. Zhu and colleagues conducted a
study to target two key receptors, Sialoadhesin (Sn) and CD163
for PRRS virus infection of porcine alveolar macrophages. They
designed artificial miRNAs that can directly target Sn and CD163
as PRRS virus enters the target cells via receptor-mediated
endocytosis. They generated two recombinant adenoviruses
expressing the effective artificial miRNAs. It was observed that
sequence-specific artificial miRNAs were expressed adequately
and released from recombinant adenovirus transduced pig cells
via exosomes. Overall, PRRSV infection of pulmonary alveolar
macrophages was inhibited by transduction of two artificial
miRNA expressing recombinant adenoviruses and or treatment
with two artificial miRNAs packaged within the exosomes. This
study suggest that exosomes can be utilized to effectively treat
infectious diseases such as PRRS (151). Another study by the
same group, used exosome mediated transfer of artificial miRNA
targeting the 3’ untranslated region of PRRSV. They generated a
recombinant adenovirus expressing the artificial miRNA that can
target 3’ untranslated region of PRRSV and further concluded
that exosomes derived from porcine cells can be utilized as
miRNA cargo and miRNAs delivered via exosomes effectively
elicited anti-viral effects against different PRRSV strains (152).
Montaner-Tarbes et al. isolated serum-derived exosomes from
naïve animals, from PRRSV viremic animals and from animals
recovered from PRRSV infection and already free of viruses
(non-viremic). Their experiments suggest that the serum-derived
exosomes contain antigenic viral-proteins, which could be used
as a novel vaccine strategy against PRRSV infection (149).
Further this group conducted a targeted-pig trial on safety
and immunogenicity of serum derived EVs containing viral
proteins and concluded that this could be an effective vaccine
strategy (153).

SUMMARY AND CONCLUSION

Co-ordinated interactions between maternal endometrium and
fetal trophoblasts at the highly dynamic interface is critical to
ensure pregnancy success. In epitheliochorial placentation seen
in pigs, the fetal trophoblasts lie in simple opposition with
luminal epithelial cells of the endometrium but there is no
invasion. The significant alterations in the uterine stroma as
seen in other species such as human and mice is also lacking in
pigs except localized branching of new blood vessels to support
the needs of a growing conceptus. We and others have shown
that the conceptus mediates the recruitment of immune cells

that adopt a specialized phenotype and these immune cells
contribute to and regulate angiogenesis at the porcine maternal-
fetal interface. It is important to recognize that because of the
non-invasive placentation in pigs, trophoblasts do not physically
interact with maternal-immune cells. In fact, trophoblasts in
contact with luminal epithelium lacks SLA class I and II
molecules and therefore avoid recognition by the maternal-
immune cells. Maternal-immune cells predominantly NK cells
and T cells are recruited around gd-12-15 at the maternal-fetal
interface by conceptus mediated signals as well as specific sets
of chemokines. The pro-inflammatory microenvironment and
chemokine gradient is regulated by chemokine decoy receptors
such as D6 and DARC. Recent evidence indicate that immune
cell differentiation and function is also regulated by specific
sets of miRNAs. Indeed, miRNAs are involved in modulating
several physiological, homeostatic, and pathological processes
including vascularization and inflammation. Several reports also
indicate suitability of unique miRNA signatures in body fluids as
predictors of health and disease.

The paradox of bi-directional communication between
maternal and fetal compartments can be better explained
by extracellular vesicle mediated inter-cellular cross talk,
especially in species with epitheliochorial placentation where
physical interactions between trophoblast and maternal immune
cells is limited. The EV cargo containing genomic DNA
fragments, RNAs, mRNAs, miRNAs, proteins, and lipids are
specifically packaged and can be traced back to the cell
of origin. The EV cargo contents are also influenced by
the localized microenvironment cues and are involved in
embryo implantation, placentation, pregnancy maintenance, and
pregnancy associated disorders. With the advent of newer
sequencing technologies and bioinformatics machine learning
tools, the contents of EVs and their utility in understanding
physiological changes in pregnancy and spontaneous fetal loss
will be of immense value in future.
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Conception rates for transferred bovine embryos are lower than those for artificial

insemination. Embryo transfer (ET) is widely used in cattle but many of the transferred

embryos fail to develop, thus, a more effective method for selecting bovine embryos

suitable for ET is required. To evaluate the developmental potential of bovine

preimplantation embryos (2-cell stage embryos and blastocysts), we have used the non-

invasive method of optical coherence tomography (OCT) to obtain live images. The

images were used to evaluate 22 parameters of blastocysts, such as the volume of

the inner cell mass and the thicknesses of the trophectoderm (TE). Bovine embryos

were obtained by in vitro fertilization (IVF) of the cumulus-oocyte complexes aspirated by

ovum pick-up from Japanese Black cattle. The quality of the blastocysts was examined

under an inverted microscope and all were confirmed to be Code1 according to the

International Embryo Transfer Society standards for embryo evaluation. The OCT images

of embryos were taken at the 2-cell and blastocyst stages prior to the transfer. In

OCT, the embryos were irradiated with near-infrared light for a few minutes to capture

three-dimensional images. Nuclei of the 2-cell stage embryos were clearly observed by

OCT, and polynuclear cells at the 2-cell stage were also clearly found. With OCT, we

were able to observe embryos at the blastocyst stage and evaluate their parameters.

The conception rate following OCT (15/30; 50%) is typical for ETs and no newborn calves

showed neonatal overgrowth or died, indicating that the OCT did not adversely affect the

ET. A principal components analysis was unable to identify the parameters associated

with successful pregnancy, while by using hierarchical clustering analysis, TE volume

has been suggested to be one of the parameters for the evaluation of bovine embryo.

The present results show that OCT imaging can be used to investigate time-dependent

changes of IVF embryos. With further improvements, it should be useful for selecting

high-quality embryos for transfer.

Keywords: optical coherence tomography, embryo, 3D image, embryo transfer, quantification of embryo

structures
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INTRODUCTION

Bovine embryo transfer (ET) has been widely used to produce
calf in combination with other reproductive technologies, such
as in vitro fertilization (IVF). However, the conception rate of
ET using IVF embryos (30–40%) is lower than that of using
embryos produced in vivo (around 50%) (1–4). Embryos for
transfer are usually selected by observation under a conventional
optical microscope at the time of transfer, and embryo quality
is subjectively assigned as one of the codes according to the
International Embryo Technology Society (IETS) standards for
embryo evaluation (5, 6).

In human artificial reproductive technology (ART), embryos
are evaluated based on the Veeck and Gardner classification
(7, 8) and time-lapse cinematography (TLC) with a visible light
microscope, which has recently become a popular technology.
Morphokinetic parameters, such as the number of pronuclei or
nuclei, timing of cleavage, and the number of blastomeres, are
used as potential indicators that may improve the success of
ART (9). Furthermore, ART success rate has been improved
by comprehensive chromosomal screening using techniques
such as array comparative genomic hybridization, quantitative
single nucleotide polymorphism arrays, and next-generation
sequencing (10, 11). To evaluate in vitro developed bovine
embryos, TLC has been used to determine the time of the first
cleavage and the subsequent number of blastomeres, and the
number of blastomeres at the onset of the lag-phase (4, 12–14).
However, so far, live bovine embryos have not been evaluated
based on their three-dimensional (3D) structure.

A morphological grading system in human ART was first
described by Gardner and Schoolcraft (15). According to this
system, three parameters (degree of blastocoel expansion, size
and compactness of ICM, and the cohesiveness and number
of TE) are graded. Based on these criteria, an additional
consensus on embryo assessment was agreed including new
references for each parameter (16, 17). In this consensus,
ICM grade is suggested to be more important for determining
the implantation potential of a blastocyst. To select the best
blastocyst when performing ET on Day 5, several parameters
have been suggested to contribute to the implantation potential
of blastocyst. Some investigators have shown that the timing of
blastocoel development and the grade of expansion are important
parameters for implantation (18–20). Other investigators have
suggested that the size and shape of ICM are related to
implantation (21–23). Either a positive association or no
association of TE cells with implantation has been reported
(22, 24–26). Morphological grading, while common for human
blastocysts, is difficult for bovine blastocyst because of their dark
cytoplasm (27, 28).

Optical coherence tomography (OCT) has been developed
for non-invasive, cross-sectional imaging in biological systems
(29–31), and is presently used in ophthalmology, especially
for funduscopic examination of the retina. OCT can be used
to measure 3D images with high spatial resolution, because
it can scan small biological structures, such as micro vessel
structures during in vitro angiogenesis (31). Recently, OCT
imaging of mouse (32–34) and porcine (34) early-stage embryo

has been reported. In the mouse blastocysts, their nucleoli were
also clearly visualized by OCT (34). In cattle, blastocysts have
been imaged by OCT, and their cytoplasm movements that are
potentially associated with viability were monitored, suggesting
that OCT can be used for the measurement of the damage
after cryopreservation (35). However, the quantification of the
structures of bovine blastocysts for evaluating embryo quality
has not been reported. We have recently developed a technique
for the 3D imaging of bovine blastocysts and used it to evaluate
22 parameters including the volumes of the ICM, TE, zona
pellucida (ZP) and blastocoel of an embryo (36). Here, we used
this technique to compare the characteristics of embryos that did
or did not develop to term in order to identify the parameters
associated with successful ET. Furthermore, in the blastomere
observation, the shape, size, cytoplasm color, even distribution
of cytoplasm, and number of nucleus have been suggested to be
related to the developmental potential of bovine embryos (4, 12–
14). Because bovine and porcine early embryos contain much
more lipid than human ormouse embryos, pronucleus formation
in early embryos cannot be confirmed under a microscope,
which made it difficult to evaluate their quality (27, 28, 37, 38).
Thus, we have also tried to obtain 3D images of early-stage
bovine embryos.

MATERIALS AND METHODS

Ethics Statement
Animal handling and experimental procedures were carried
out following the Guidelines for Proper Conduct of Animal
Experiments by the Science Council of Japan (http://www.scj.go.
jp/ja/info/kohyo/pdf/kohyo-20-k16-2e.pdf).

FIGURE 1 | Optical coherence tomography (OCT) setup. The super

luminescent diode (SLD) output is coupled into a single mode fiber and split at

the fiber coupler into the embryo sample and reference arms. Reflections from

the two arms are combined at the coupler and detected by the spectrometer.

Scanning scale for the bovine embryo was 200–300µm in each direction.

Longitudinal imaging was performed in the area of bovine embryo.
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FIGURE 2 | Optical coherence tomography (OCT) images of the bovine embryo and each structure of an embryo. (A) Tomographic images obtained by OCT imaging.

Panels are images shifted by 25µm from the center of the embryo. (B) Based on the tomographic images, the structure of the embryo is visualized and binarized.

Production of Embryos Derived From
Oocytes Collected by Ovum-Pick-Up (OPU)
and in vitro Maturation (IVM)
As described previously (39), cumulus-oocyte complexes (COCs)
were collected from Japanese Black cows (n = 12; 110.4 ± 34.3-
month-old) by OPU using an ultrasound scanner (HS-2100;
Honda Electronics, Toyohashi, Japan) and a 7.5-MHz convex
array transducer (HCV-4710MV; Honda Electronics) with a
17-gauge stainless steel needle guide (242 COCs, in total).
Follicles >2mm in diameter were aspirated with a vacuum
through a disposable aspiration needle (COVA Needle; Misawa
Medical, Tokyo, Japan). The aspiration rate was 14 mL/min
and the vacuum pressure was 100 mmHg. The IVM medium
was 25mM HEPES-buffered TCM199 (M199; Gibco, Paisley,
Scotland, UK), supplemented with 10% newborn calf serum
(NCS; 16010159, Gibco) and 0.01 AU/mL of follicle-stimulating
hormone from porcine pituitary (Antorin-R10; Kyoritsu Seiyaku,
Tokyo, Japan). COCs with two or more granulosa layers were
washed three times with IVM medium. Recovered COCs were
cultured in 4-well dishes (Non-Treated Multidishes; Nalge Nunc
International, Roskilde, Denmark) in 600 µL of IVM medium,
covered with mineral oil (M8414; Sigma-Aldrich, St. Louis, MO,
USA), and incubated for 22 h at 38.5◦C in 5% CO2, 5% O2, and
90% N2 in humidified air. All cultures were maintained under
these conditions.

IVF
Frozen semen of Japanese Black bulls stored in straws was thawed
in water (37◦C, 40 sec), and then centrifuged twice in IVF100

(Research Institute for the Functional Peptides, Yamagata, Japan;
600× g, 5min). After centrifugation, spermatozoa were removed
from the pellet, and added to IVF100 to obtain a suspension with

FIGURE 3 | Continued
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FIGURE 3 | The binarized image was separated into the inner cell mass (ICM), trophectoderm (TE), and zona pellucida (ZP) through processes (i)–(iii) (A). (B) Process

(i): Thickness of embryo (TALL) was measured by drawing vectors from the center to the outer and inner surfaces (the outermost of blastocoel) of the embryo.

(Continued)
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FIGURE 3 | Process (ii): ICM parts were extracted from TALL by Otsu’s thresholding method (41, 42). Process (iii): The parts, which remained after removing the ICM

parts from TALL, were defined as Tother . Tother was separated into TE and ZP by calculating the average thickness of Tother (THm) and by using Otsu’s thresholding

method (41, 42). TAll , thicknesses of embryo along each vector; THicm, threshold of ICM; TICM, thickness of ICM; Tother , thickness of the areas other than ICM; THt,

threshold of Tother ; THm, average of THt; THzp, thickness of ZP (=2 THm-THt ).

FIGURE 4 | (A) A bovine 2-cell embryo imaged by a microscope. (B) Optical coherence tomography (OCT) images of the bovine 2-cell embryo with visualization of

the nucleus (blue and green) of the blastomere. (C) Tomographic images obtained by OCT imaging. Panels are images shifted by 25µm from the center of the embryo

with visualization of the nucleus (blue and green) of the blastomere.

a final sperm concentration of 1.0 × 107/mL. This suspension
served as the IVF medium. After 22 h of IVM, the COCs were
washed twice with IVF100. Up to 20 COCs were incubated in
100µL droplets of IVFmedium in 35mm dishes (Falcon 351008;
Corning, NY, USA) for 6 h.

In vitro Culture (IVC)
After insemination, oocytes were completely denuded from the
cumulus cells and spermatozoa by pipetting with a glass pipette
in IVC medium: potassium simplex optimized medium with
amino acid (KSOMaa Evolve Bovine; Zenith Biotech, Bangkok,
Thailand) supplemented with 5% NCS and 0.6 mg/mL of
L-carnitine (C0158, Sigma-Aldrich). Subsequently, presumptive
zygotes were washed three times with IVC medium and cultured
in 100 µL droplets of IVC medium for 48 h. Each droplet
contained approximately 20 presumptive zygotes. Average value
of cleavage rate was 74.0% (179/242). At 48 h post-insemination
(hpi), embryos with more than four cells were transferred from
the 35mm dishes to well-of-the-well (WOW) dishes (LinKID

micro25, Dai Nippon Printing Co., Ltd., Tokyo, Japan) as
described (12). WOW dishes, which have 25 microwells (5
columns × 5 rows) in a circular wall in the center of a 35mm
dish, can culture up to 25 embryos each with a single drop of
medium and track individual embryos throughout the culture.
IVC medium and mineral oil were pre-cultured for at least 12 h
in glass bottles separately at 38.5◦C in 5% CO2, 5% O2, and
90% N2 in humidified air, and the pre-cultured IVC medium
(100 µL) was placed within the circular wall and covered
with the pre-cultured mineral oil. At 168 to 180 hpi, embryos
that had developed to or beyond the blastocyst stage were
observed under an inverted microscope. Finally, 123 embryos
had developed to the blastocyst stage (50.8%), and 80 blastocysts
had been cryopreserved.

OCT Observations
IVF embryos were cultured for seven days (by this time, they
reached the expanded blastocyst stage) and examined under an
inverted microscope at 27–31 hpi (at the 2-cell stage; n = 15)

Frontiers in Veterinary Science | www.frontiersin.org 5 April 2021 | Volume 8 | Article 639249101

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Masuda et al. 3D Imaging of Bovine Embryo

FIGURE 5 | (A) A bovine 2-cell embryo including a binuclear blastomere imaged by a microscope. (B) Optical coherence tomography (OCT) images of the bovine

2-cell embryo including a binuclear blastomere with visualization of the nucleus (blue, green, and yellow) of the blastomere. Blue and green nucleus are in a

blastomere. (C) Tomographic images obtained by OCT imaging. Panels are images shifted by 25µm from the center of the embryo with visualization of the nucleus

(blue, green, and yellow) of the blastomere.

and at 168 to 180 hpi (at the blastocyst stage; n = 30). In
blastocysts, only the embryos that were independently classified
as Code1 according to the IETS standards by three skilled
observers were used. OCT imaging was done as described
previously (31, 36). Unstained live embryos were imaged by OCT
using the Cell3iMager Estier (SCREENHoldings Co., Ltd, Kyoto,
Japan). The imaging system of Cell3iMager Estier is outlined
in Figure 1. The system is equipped with a super luminescent
diode (SLD; center wavelength: 890 nm, N.A. = 0.3). The SLD
output is coupled to a single-mode optical fiber and split at
an optical fiber coupler into the sample and reference arms.
The reflections from the two arms are combined at the coupler
and detected by the spectrometer. The 3D image data of the
blastocysts were constructed from individual 2D ×-z cross-
sectional images, which were obtained by a series of longitudinal
scans obtained by laterally translating the optical beam position.
The data acquisition window was 200–300 × 200–300 × 200–
300µm, and the voxel size was 1 × 1 × 1µm. The OCT system
scans light source positions in the x-axis direction while the
shifting scanning line positions on the y-axis to obtain a signal
on the x–y plane at a focus position on the z-axis. By repeating
this scanning while shifting the z-axis focus positions, 3D images
of the embryos were acquired. The lengths of the imaging range
on the x-, y-, and z-axis were 300, 300, and 200µm, respectively.
The exposure time was 150 µs, and scanning an entire embryo
was completed in a few minutes. OCT provided cross-sectional
images with a slice thickness of 1 µm.

Cryopreservation
As described previously (40), blastocysts imaged by OCT were
transferred to a cryoprotective solution [1.8M of ethylene glycol
and 0.1M of sucrose in Dulbecco’s PBS (D-PBS)], which was then
placed in a 0.25-mL straw (IMV Technologies, L’Aigle, France)
at room temperature. After the blastocysts were equilibrated at
room temperature for 15min, the straws were directly set in
a programmable freezer (ET-1N; FUJIHIRA INDUSTRY CO.,
LTD, Tokyo, Japan) at −7◦C where seeding was manually
performed. Subsequently, the straws were cooled at a rate of
0.3◦C/min to −30◦C and then directly transferred to liquid
nitrogen for storage until use. The straws were thawed in air for
10 s and then immersed in water (30◦C, 20 s) for the ET. Because
of the status of our farms, we have chosen a cryopreservation
protocol rather than a verification protocol.

Image Analysis
We recently reported using OCT to image bovine embryos (36).
After the 3D images were captured by OCT (Figure 1), the 3D
images were analyzed in an automized way (Figures 2, 3). Process
(i) The 3D images of bovine embryos were binarized (Figures 2,
3). For each image, vectors were drawn at equal angles in the
elevation direction (−90–90◦) and the azimuth direction (−180–
180◦) from the center of the embryo to the outer surface and the
inner surface (the outermost of blastocoel). The thicknesses of the
embryo along each vector (TAll) were then measured (Figure 3).
Process (ii) To distinguish the ICM from TAll, an appropriate
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FIGURE 6 | Representative optical coherence tomography (OCT) images of a

transferred bovine embryo that resulted in pregnancy. (A) A representative

transferred embryo, determined as Code 1 according to the IETS standards,

imaged by a microscope. (B) Sum of all pixel values in z-stack images of

trophectoderm (TE; bright green) and inner cell mass (ICM; orange) part was

extracted from the tomographic image and synthesized 2D image. (C) A

3D-visualization of structures of the embryo, including ICM (orange), TE (bright

green), zona pellucida (ZP; gray), and blastocoel. (D–F) A 3D visualization of

each structure of the embryo: ICM (D), TE (E), and blastocoel (F). Colors in

(B–F) are graphically added. See also Supplementary Movies 1–4 for the 3D

images of (C–F), respectively.

threshold (THicm; the cut-off value for distinguishing ICM from
TAll) was set by Otsu’s method (41, 42) (Figure 3). The parts
where the thickness from the outer edge of the embryo region was
lower than THicm were excluded from the binarized images. The
largest object among the remaining objects after the exclusion
was defined as ICM. TALL was separated into the thickness
information of the area corresponding to ICM (TICM) and the
thickness information areas other than ICM (Tother). Process
(iii) Based on the Tother value, the average thickness (THm) was
evaluated, and the threshold (THt) was set by Otsu’s method
(41, 42) (Figure 3). The threshold (THzp) that separates TE and
ZP was set by THm–(THt-THm) (in case of THt > THm) or by
THm + (THm-THt) (in case of THm ≧ THt). The region where
the thickness of Tother was lower than THzp was defined as ZP,
and the remaining region after removing THzp from Tother was
defined as TE. The unfulfilled region, surrounded by the embryo
parts, such as ICM, ZP, and TE, in the binarized image was
defined as the blastocoel. The volumes of the defined ICM, TE,
ZP, and blastocoel were evaluated. The means, medians, standard
deviations, minimum, maximum, and range of the thickness
of ICM were evaluated from TICM . The thickness of TE was
evaluated from the thickness information, which was obtained
by subtracting THzp from Tother . Summary statistics related to the
thickness of ZP was set by THzp.

ET and Pregnancy Diagnosis
The OCT-imaged embryos were transferred to 30 recipient
cows [47.5 ± 25.5-month-old Holstein (18 lactating cows) and
Japanese Black cows (10 cows; two cows received ET twice)]

FIGURE 7 | Representative optical coherence tomography (OCT) images of a

transferred bovine embryo that resulted in non-pregnancy. (A) A representative

transferred embryo, determined as Code 1 according to the IETS standards,

imaged by a microscope. (B) Sum of all pixel values in z-stack images of the

trophectoderm (TE; bright green) and inner cell mass (ICM; orange) part was

extracted from the tomographic image and synthesized 2D image. (C) A

3D-visualization of structures of the embryo, including ICM (orange), TE (bright

green), zona pellucida (ZP; gray), and blastocoel. (D–F) A 3D visualization of

each structure of the embryo: ICM (D), TE (E), and blastocoel (F). Colors in

(B–F) are graphically added. See also Supplementary Movies 5–8 for the 3D

images of (C–F), respectively.

from March 2018 to February 2019 at the farms in Tottori
prefecture, Japan. The cows were clinically normal with body
condition scores (BCS) between 2.75 and 3.0 (BCS scale goes
from 1 to 5 with 0.25 increments). Before ET, recipients were
estrus-synchronized by the administration of a CIDR device
(CIDR 1900; Zoetis Japan, Tokyo, Japan) for 9 days and a
treatment with cloprostenol (Dalmazin 150 µg [i.m.]; Kyoritsu
Seiyaku Corporation, Tokyo, Japan) 2 days before the CIDR
removal. Estrus of recipient cows was monitored, and embryos
were transferred seven days after estrus with the confirmation
of the presence of corpus luteum (CL; diameter ≧20mm). The
recipients were examined for pregnancy 23 days after ET using
ultrasonography (HS101V; Honda Electronics). Pregnancy was
confirmed in nine Holstein cows and six Japanese Black cows by
observation of a CL ≧ 20mm in diameter and an embryo with
a detectable heartbeat in the intraluminal uterine fluid and an
embryonic membrane. Ages of pregnant and non-pregnant cows
were 42.3± 19.9 and 52.7± 29.5-months-old, respectively. Cows
with BCS of 2.75 and 3.0 were included equally in both pregnant
and non-pregnant cows.

Data Analysis
Hierarchical clustering analysis was performed using 13
blastocoel-related and ZP-related parameters of bovine
blastocysts. Metrics and linkage criteria for hierarchical
clustering were Pearson’s correlation and unweighted average
linkage. The data was normalized so that the average = 0 and
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TABLE 1 | Quantification of 22 parameters in bovine embryo (Pregnancy: n = 15, Non-pregnancy: n = 15).

Pregnancy Non-pregnancy p-value p < 0.05

Median Min Max Median Min Max

Structural thickness (µm)

Mean 56.2 22.1 77.8 55.4 32.5 90.7 0.7 n.s.

ICM Median 57.1 20.4 78.1 56.4 28.9 90.4 0.8 n.s.

SD 7.1 3.3 10.8 7.3 4.8 12.0 1.0 n.s.

Mean 4.3 2.3 6.2 3.8 2.8 7.2 0.8 n.s.

TE Median 3.1 2.4 4.8 2.9 1.9 5.4 0.9 n.s.

SD 4.1 1.5 6.2 3.1 1.8 6.1 0.8 n.s.

Mean 14.9 10.3 20.2 13.9 7.8 21.9 1.0 n.s.

ZP Median 15.4 11.1 21.0 15.0 8.1 23.1 1.0 n.s.

SD 2.6 1.9 3.4 2.7 1.5 4.5 0.9 n.s.

Mean 19.6 13.1 25.1 19.4 10.8 28.4 1.0 n.s.

TE + ZP Median 19.1 13.1 24.0 19.2 10.2 27.0 0.8 n.s.

SD 4.8 3.1 6.7 4.3 3.3 7.7 0.4 n.s.

Volume (×105 µm3)

ICM 3.6 2.4 6.7 3.6 2.0 6.8 1.0 n.s.

TE 1.9 0.6 2.9 1.9 0.6 4.2 1.0 n.s.

ZP 15.1 13.5 23.0 15.3 9.1 26.6 0.5 n.s.

TE+ZP 18.1 15.4 25.0 17.5 11.2 32.3 0.5 n.s.

ICM+TE+ZP 21.7 17.7 27.7 20.0 13.4 38.5 0.4 n.s.

Blastocoel 14.4 2.6 21.6 12.5 3.3 21.2 0.9 n.s.

Whole embryo 37.4 22.9 49.3 33.0 24.4 50.9 0.6 n.s.

Diameter of blastocoel (µm)

Mean 54.3 31.6 62.8 52.3 39.5 62.0 0.8 n.s.

Median 56.7 32.1 65.8 54.2 39.3 65.2 0.8 n.s.

SD 15.1 9.8 16.5 14.8 11.9 17.4 0.8 n.s.

ICM, inner cell mass; TE, trophectoderm; ZP, zona pellucida.

SD = 1 for each of the parameter. Hierarchical clustering
analysis was performed using the SciPy (ver.1.3.0) package in
Python (ver.3.6.5). Statistical significance was analyzed using
the Mann-Whitney U test. A value of p < 0.05 was considered
statistically significant. Mann-Whitney U test was performed
using the SciPy (ver.1.3.0) package in Python (ver.3.6.5).
Principal component analysis (PCA) was performed using 22
parameters of bovine blastocysts. The data was normalized so
that the average = 0 and SD = 1 for each of the parameter. PCA
was performed using the scikit-learn (ver.0.23.2) package in
Python (ver.3.6.5).

RESULTS

3D Imaging of Bovine IVF Embryos at the
2-Cell Stage
With OCT, it was possible to non-invasively obtain live 3D
images of a 2-cell embryo. OCT images also showed the nuclei
(Figures 4B,C), which made it easy to find binuclear blastomeres
(blue and green in Figures 5B,C). Of the 15 embryos examined
by OCT, two were binuclear and were not used for transfer.

Quantification of Bovine Embryo
Morphology at the Blastocyst Stage and
ET Success Rate
Before transfer, we obtained images of an embryo with a
microscope (Figures 6A, 7A) and with OCT. OCT images
of the trophectoderm (TE) and inner cell mass (ICM) of
representative embryos resulting in pregnancy (P embryos) and
non-pregnancy (NP embryos) are shown in Figures 6B, 7B,
respectively. In these figures, TE and ICM were artificially
colored green and orange, respectively. The structure of a
whole embryo, including ICM (orange), TE (green), and
zona pellucida (ZP; gray) were also 3D-visualized (Figures 6C,
7C; Supplementary Movies 1, 5). Each part of the embryo,
the ICM (Figures 6D, 7D; Supplementary Movies 2, 6), TE
(Figures 6E, 7E; Supplementary Movies 3, 7), and blastocoel
(Figures 6F, 7F; Supplementary Movies 4, 8), was also 3D-
visualized individually.

Twenty-two parameters were measured for each of the 30
embryos (Table 1). For the embryos that were subjected to ET
(n = 30), the average thicknesses of ICM, TE, ZP, and TE +

ZP were 55.1 ± 14.1, 4.2 ± 1.2, 15.2 ± 3.4, and 19.5 ± 3.8µm,
respectively (mean ± SD). The average volumes of ICM, TE, ZP,
TE + ZP, ICM + TE + ZP, blastocoel, and whole embryo were
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FIGURE 8 | Continued
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FIGURE 8 | Comparison of 22 morphological parameters of bovine blastocysts between pregnancy (P: n = 15) and non-pregnancy (NP: n = 15). (A) Parameters

related to structural thickness including mean, median, and standard deviation (SD) of inner cell mass (ICM), trophectoderm (TE), zona pellucida (ZP), and TE + ZP.

(Continued)
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FIGURE 8 | (B) Parameters related to the volume of each part of blastocyst (ICM, TE, ZP, TE + ZP, ICM + TE + ZP, blastocoel, and whole embryo). (C) Parameters

related toblastocoel diameter (mean, median, and SD). Statistical significance was analyzed using the Mann-Whitney U test. A value of p < 0.05 was considered

statistically significant.

FIGURE 9 | Results of principal component analysis (PCA) based on the 22 morphological parameters of bovine blastocysts (pregnancy: n = 15, non-pregnancy: n =

15). (A) Two-dimensional PCA plots [(a) PC1–PC2, (b) PC1–PC3, (c) PC3–PC2] profiled based on the morphological parameters evaluated from the OCT-scanned 3D

images of bovine blastocysts. Each purple and gray dot represents blastocyst resulting in pregnancy and non-pregnancy, respectively. (B) Eigenvectors for PC1, 2,

and 3.
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FIGURE 10 | Hierarchical clustering analysis performed using 13 blastocoel-related and ZP-related parameters obtained from 30 blastocysts applied for transfer

[pregnancy (purple): n = 15, non-pregnancy (gray): n = 15]. Embryos displaying similar patterns for these 13 parameters were grouped together on closely connected

(Continued)
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FIGURE 10 | branches of the dendrogram with the same color. The color map indicates normalized values that were based on the average value of each parameter

(average = 0 and SD = 1). Yellow represents a high value; black represents approximately an equal to average value; and sky blue represents a low value. Metrics and

linkage criteria for hierarchical clustering were Pearson’s correlation and unweighted average linkage. Two clusters marked with red and blue were obtained with a

threshold of Dissimilarity = 2.0.

FIGURE 11 | Two-dimensional plots profiled based on the mean of

trophectoderm (TE) + zona pellucida (ZP) thickness and blastocoel volume

evaluated from the optical coherence tomography (OCT)-scanned 3D images

of bovine blastocysts (Cluster 1: red circle, Cluster 2: blue triangle; pregnancy:

n = 15, non-pregnancy: n = 15).

3.7± 1.3, 2.0± 0.9, 16.1± 3.5, 18.7± 4.0, 22.4± 4.7, 13.4± 5.5,
and 35.8 ± 8.1 × 105 µm3, respectively (mean ± SD), and the
blastocoel diameters were 52.3 ± 7.7µm (mean ± SD). Fifteen
of the 30 recipients became pregnant. None of the parameters
were significantly different between the embryos that did (P)
or did not (NP) lead to pregnancy (Table 1; Figure 8). Twelve
of the 15 pregnant cows gave birth (six males and six females),
and the remaining three cows experienced a late embryonic
death. Newborn calves had typical weights (male: 40.2 kg; female:
35.5 kg, in average), and did not show any congenital defects,
neonatal overgrowth, and death.

PCA of 22 Morphological Parameters of
Bovine Blastocysts
A PCA identified three principal components, PC1, PC2, and
PC3. PC1 was related to the thickness of ZP and TE, which
accounted for 41.00% of the variance; PC2 was related to the
volumes of parts, which accounted for 29.81% of the variance;
and PC3 was related to the thickness of ICM and TE, which
accounted for 13.52% of the variance (Figure 9B). Figure 9A
shows plots of PC1 vs. PC2 (a), PC1 vs. PC3 (b), and PC3 vs. PC2
(c). None of the plots clearly separated the P and NP embryos.

Hierarchical Clustering Analysis of the
Morphological Parameters of Bovine
Blastocysts
The hierarchical clustering analysis based on the blastocoel-
related and ZP-related parameters (Figure 10) showed two
clusters with a threshold ofDissimilarity= 2.0, and these clusters
were also found separated into low (Cluster 1) and high (Cluster
2) blastocoel volume clusters on blastocoel volume-TE + ZP
thickness plane (Figure 11). In Cluster 1, no significant difference
was found in any of the 22 parameters between the P and
NP embryos (Figure 12), while in Cluster 2, TE volume was
significantly lower in the P embryos (p < 0.05) (Figure 12, 13).
No difference between the P and NP embryos in any of the 22
parameters was common to both clusters (Figures 12, 13).

DISCUSSION

The present study describes the 3D images of bovine embryos
at the 2-cell and blastocyst stages obtained by OCT. Blastomere
nuclei at the 2-cell stage were also clearly visualized by
the same system. At the blastocyst stage, 22 morphological
parameters were evaluated based on the 3D OCT images.
The transfer of 30 bovine embryos after being imaged by
OCT resulted in 15 pregnancies (pregnancy rate: 50%) and 12
births (birth rate: 40%), which was typical for the ET attempts
(1–4). Bovine blastocysts appeared healthy after a long-term
(over 18 h) capture by OCT for monitoring their micro-scale
movements (35). These results indicate that OCT can be used
to evaluate embryos before ET. As described previously, OCT
can capture the inside structure of mammalian embryos (32–
36). In addition, the present study has made it possible to
quantify several parts of bovine blastocysts including its inside
structure, such as the blastocoel, which could not be visualized by
conventional microscopy.

A PCA of the measured parameters was unable to find the
critical parameters associated with pregnancy. To find the critical
parameters for pregnancy, a greater number of transfers of OCT-
imaged embryos is needed. As bovine embryos expand into
blastocysts, the thickness of the ZP decreases (5). In addition,
we detected the blastocoel-related parameters (volume and
diameter), which were originally quantified in our recent study by
OCT (36). Thus, we conducted a hierarchical clustering analysis
based on the blastocoel-related and ZP-related parameters. The
hierarchical clustering analysis (Figure 10) shows two clusters
with a threshold of Dissimilarity = 2.0, and these clusters were
also found separated into two clusters with low (Cluster 1) or
high (Cluster 2) blastocoel volumes on a blastocoel volume-TE
+ ZP thickness plane. While no difference common to both
clusters were found in any of the 22 parameters between the P
and NP embryos, TE volume in Cluster 2 was significantly lower
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FIGURE 12 | P-values in the comparison of 22 parameters evaluated from the optical coherence tomography (OCT)-scanned 3D images of bovine blastocysts

between pregnancy and non-pregnancy in each cluster (pregnancy: n = 15, non-pregnancy: n = 15). Statistical significance was analyzed using the Mann-Whitney U

test. A value of p < 0.05 was considered statistically significant.

in the P embryos than in the NP embryos. In Cluster 2, blastocoel
volumes were relatively high and the TE + ZP thicknesses were
relatively low (Figure 11), suggesting that embryos in Cluster 2
were well-expanded. These results imply that a low TE volume
could be one of the parameters for selecting embryo for ET
especially in well-expanded blastocysts. However, since in Cluster
1, there was no significant difference in TE volume between the
P and NP embryos, more precise methods for the quantification
of TE-related parameters and/or a combination of parameters
based on the increased number of OCT images are needed to
find the critical parameters for the evaluation of bovine embryos
for ET. Furthermore, embryo evaluation is more effective if the
OCT measurements are done in parallel with time lapse imaging
to evaluate other developmental landmarks, such as the timing
of embryo cleavage, timing of each developmental stage, and
evaluating cell number.

The present study imaged blastomere nuclei at the 2-cell
stage. Karnowski et al. (34) reported that OCT could visualize
not only nuclei but also pronuclei and nucleoli in mouse early

embryos and blastocysts. They also used OCT to show time
dependent changes in these nuclear architectures (34). In cattle,
TLC analysis has revealed that the time-dependent changes,
such as the time of the first cleavage and the subsequent
number of blastomeres, and the number of blastomeres at the
onset of the lag-phase are useful for selecting embryos with
a development potential (4, 12–14). Since we also visualized
binuclear cells in a blastomere at the 2-cell stage, which is
known as a negative indicator for development (43), OCT should
also be useful for weeding out poor quality embryos. Previous
reports also indicate that morphological indices also help to
select high quality bovine embryos (4, 13, 43). Furthermore,
the structure of bovine blastocyst has been precisely quantified
in the present study. Together, the above findings suggest
that detecting time-dependent structural changes of early-stage
bovine embryo by OCT could improve evaluations at the
blastocyst stage.

The present study reports the first normal deliveries of
calves following the transfer of OCT-analyzed bovine embryos.

Frontiers in Veterinary Science | www.frontiersin.org 14 April 2021 | Volume 8 | Article 639249110

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Masuda et al. 3D Imaging of Bovine Embryo

FIGURE 13 | Comparison of TE volume evaluated from the optical coherence tomography (OCT)-scanned 3D images of bovine blastocysts between pregnancy (P)

and non-pregnancy (NP) in each cluster (pregnancy: n = 15, non-pregnancy: n = 15). Statistical significance was analyzed using the Mann-Whitney U test. A value of

p < 0.05 was considered statistically significant.

The present conception rate (50%) and the birth rate (40%)
following OCT are typical for ETs, indicating that OCT did
not adversely affect ET. Although a PCA was unable to
identify the parameters associated with pregnancy, TE-related
parameters may be useful for evaluating bovine embryos. At
present, OCT imaging should be useful for investigating the
time-dependent changes of IVF embryos, and with further
improvements, be useful for the selection of high-quality
embryos for transfer.
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Overpopulation of free-roaming cats is a major problem leading to negative impacts

on animal health and welfare, public nuisance, transmission of zoonotic diseases, and

well-documented harm to wildlife. Surgical sterilization had failed to provide a practical

solution to free-roaming cats’ overpopulation under field conditions; therefore, efficient

and safe non-surgical immunocontraception methods are aspired. Rabies is a deadly

virus that may infect people and animals. However, the safety and efficacy of combined

vaccination with anti-GnRH and rabies vaccines in feral cats, which often suffer from

disrupted health conditions and experienced high stress level, has never been studied.

Therefore, our objective was to examine the short-term safety and efficacy of anti-GnRH

vaccine (Gonacon), in combination with rabies vaccine in female feral cats. Mature feral

female cats were captured and divided into the following groups: (I) GonaconX1-Rabies:

queens vaccinated with both Gonacon and rabies (n = 5); (II) GonaconX2-Rabies:

queens vaccinated twice with Gonacon (3 weeks apart) and with Rabies (n = 4);

(III) OVx-Rabies: queens ovariohysterectomized and vaccinated with rabies (n = 4);

(IV) Intact-Rabies: queens vaccinated against rabies and remained intact (n = 3).

Comprehensive veterinary examinations and blood tests were performed every 2 weeks

for 14 weeks. Data were analyzed by Repeated-Measures-ANOVA or Fisher-Exact-Test.

There were neither systemic nor local adverse reactions at the vaccination sites. Blood

count (PCV, TS, RBC, HGB, HCT, WBC) and chemistry (Total protein, Total globulin,

Albumin, Urea, Creatinine, Creatine kinase, Bilirubin, GGT, ALT, AST) analyses revealed

no differences among groups. There were no differences in serum rabies antibodies

titers among groups, and queens kept a protective titer (>0.5 IU/mL) starting at 2–4

weeks after vaccination. Anti-GnRH antibodies were detected in all Gonacon-vaccinated

queens, excluding one queen (GonaconX2-Rabies group). Anti-müllerian hormone

serum concentrations reduced significantly after ovariohysterectomy, as well as

gradually following vaccination with Gonacon, but it remained high in intact queens.
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Evaluation of vaginal cytology and ovarian histology suggested that reproductive cyclicity

was suppressed in Gonacon-vaccinated queens. Our results support the conclusion

that in the short term, the combined vaccination with Gonacon and rabies is safe and

effective in female feral cats. However, further long-term studies are warranted to test

this immunologic regimen in feral cats.

Keywords: feral cats, anti-GnRH vaccine, Gonacon, non-surgical contraception, contraception, sterilization,

rabies

INTRODUCTION

Overpopulation of free-roaming cats is a global problem in both
urban and rural societies (1). It negatively impacts the cats’
welfare and health (starvation, diseases, run over by cars, etc.),
as well as causing public health risks due to the transmission
of zoonotic diseases to humans (e.g., toxoplasmosis, rabies, cat
scratch disease, leptospirosis, Q fever, toxocariasis, flea-borne
typhus, etc.); some of these are reported to cause important
health issues including abortion, blindness, pruritic skin rashes
and other various symptoms, as well as mortality (2–6). Free-
roaming abandoned and feral cats are non-native predators; they
cause substantial wildlife destruction and ecosystem disruption,
including the deaths ofmillions of birds, small mammals, reptiles,
amphibians, and fish (7). Furthermore, disease transmission from
cats to livestock and wild animals, attacks on humans, traffic
accidents, and nuisance behavior, are just part of many concerns
involved with this matter (6, 8, 9). Currently, surgical sterilization
(ovariohysterectomy; orchiectomy) is the most common practice
to control free-roaming cat reproduction, mainly via “Trap-
Neutering-Return” (TNR) programs. It provides a permanent
solution, should be done only once, and may positively affect
the health and welfare of individual feral cats (10). However,
the surgical approach is expensive, and requires surgical and
anesthetic materials, equipment, as well as skilled veterinarians.
Furthermore, it may cause significant stress to the animals (9, 11,
12). Therefore, the surgical approach practically failed to provide
a solution for the millions of free-roaming cats that are confined
and euthanized annually (9, 13–15). An efficient non-surgical
sterilization/contraception method could have a significant
impact on the control of cat overpopulation. However, to the best
of our knowledge, despite significant efforts over the several last
decades, there are currently no efficient commercial products that
can be used for mass non-surgical sterilization/contraception of
free-roaming cat populations (15, 16).

Rabies is a deadly, vaccine-preventable, zoonotic, viral disease,
which may infect people and animals (17). According to the
World Health Organization report (updated in April 2020), most

Abbreviations: AMH, Anti-müllerian hormone; LH, Luteinizing hormone;

FSH, follicle-stimulating hormone; GnRH, Gonadotropin-releasing hormone;

PCV, Packed cell volume; RBC, red blood cell count; MCV, mean corpuscular

hemoglobin; MCH, mean corpuscular hemoglobin concentration; MCHC,

mean corpuscular hemoglobin concentration; CHCM, cell hemoglobin

concentration mean; CH, cellular hemoglobin; RDW, red cell distribution

width; HDW, hemoglobin distribution width; WBC, white blood cells count;

LUC, large unstained cells; ALT, alanine aminotransferase; GGT, gamma-glutamyl

transpeptidase; AST, aspartate aminotransferase.

human cases worldwide are due to disease transmission from
domestic dogs. However, mandatory dog vaccination programs
have halted the natural spread of rabies among domestic dogs
in many countries. According to the information from the USA
Centers for Disease Control and Prevention (CDC; updated on
April 2020), as well as from other reports (4, 18, 19), in the USA,
cats have become the companion animal species most commonly
reported as rabid. Accordingly, in many endemic countries,
including Israel and the USA, combined animal reproduction
control and rabies vaccination programs are aspired.

Reproduction in the domestic queens is affected by
photoperiod, as this species is considered as seasonal,
polyestrous, long day breeder, with multiple ovulations
induced following vaginal stimulation during mating (20, 21).
Gonadotropin-Releasing Hormone (GnRH), which is released
from the hypothalamus, is the master hormone of reproduction;
it controls steroidogenesis and gametogenesis by stimulating
the release of the pituitary gonadotropins, luteinizing hormone
(LH) and follicle-stimulating hormone (FSH), triggering a
cascade of endocrine effects that lead to sperm production in
males and follicular development and ovulation in females.
Gonacon is an anti-GnRH vaccine, developed by the National
Wildlife Research Center, USDA APHIS Wildlife Services, USA.
This immunocontraceptive vaccine was designed to trigger the
production of antibodies that neutralize GnRH. It has been tested
in many species, including white-tail deer (22), elk (23), horses
(24, 25), cattle (26), ferrets (27), domestic, and wild pigs (28), as
well as to a limited extent in dogs (29) and cats (30–33). However,
none of the four previous studies conducted on cats included
measurements of rabies antibodies in Gonacon-vaccinated cats,
even in the studies in which cats were vaccinated with both
vaccines (32, 33). Furthermore, in previous Gonacon studies
conducted on cats, animals were not feral cats; they were either
specific-pathogen-free (SPF) laboratory cats (30, 31), cats from
research colony (32), or well-maintained friendly cats obtained
from animal control agencies or from private individuals who
posted cats for rehoming (33). All cats were kept in excellent
health and body conditions, and were accustomed to human
interactions. However, many previous reports documented
that feral cats often suffer from high rates of morbidity and
pre-mature mortality due to infectious (e.g., FIV, FeLV, parasites)
and non-infectious diseases, malnutrition, poor body condition,
traumas, etc. (9, 10, 34–36). Furthermore, most of these cats are
typically too fearful and too wild to be handled awake, as they
are not accustomed to close interactions with people. Therefore,
feral cats, which are the main target population for non-surgical
contraception/sterilization, often suffer from acute and chronic
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health problems and are under chronic stress due to their
lifestyle and environment (5, 9, 10, 34–36). Potentially, these
suboptimal conditions might weaken the immune response and
antibody production following vaccination, such as to Gonacon
and rabies vaccines, as has been documented for other vaccines
and species (37–42). As recently reviewed by Zimmermann and
Curtis (41), several factor might affect the immune respond and
antibody production of individuals following vaccination; these
include age, sex, genetics, comorbidities, infections, parasites,
microbiota, pre-existing immunity, acute and choric stress, body
condition, nutritional status, micronutrients (vitamins A, D,
and E and zinc), as well as environmental factors, and vaccine
factors (vaccine type, product, strain, and batch; vaccination
route; combinations of vaccines, cet.). For example, some studies
indicated poorer humoral response to influenza vaccine in
humans with chronic diseases (37); Chronic inflammatory
processes like rheumatoid arthritis alter the immune system and
antibody formation (43); furthermore, depression and dementia
as well as psychological stress are associated with poor antibody
response and a higher range of inflammation markers (44).
Thus, vaccines should optimally be tested in the typical target
population and conditions.

Therefore, the objective of the current study was to examine
the short-term safety and efficacy of the anti-GnRH vaccine
(Gonacon), given either as a single dose, or two doses 3 weeks
apart, in combination with rabies vaccine, in mature feral female
cats. Our main hypotheses were that: (1) in the short term
(14 weeks), the combined vaccination with Gonacon and rabies
will not be harmful and will not have adverse side effects; (2)
antibody titers against GnRH and rabies will increase following
the combined vaccination; (3) as compared to a single dose
Gonacon vaccination, two doses of Gonacon given 3 weeks
apart (booster) will induce higher anti-GnRH titer, but anti-
rabies antibodies titer will not differ; (4) development of anti-
GnRH antibodies will be associated with suppression of the
ovarian function; and (5) antibody titers against rabies will not be
negatively influenced by the simultaneous vaccination approach
and will remain protective during the study period.

MATERIALS AND METHODS

Cats, Housing, and Handling
The study was conducted according to the ethical approval
of the Hebrew University’s Institutional Animal Care and Use
Committee (IACUC MD-17-14613-2). As part of the trap-
neuter-return (TNR) program in a large city in Israel (Be’er-
Sheva), free-roaming feral domestic short-hair (DSH) queens
were captured by professional trappers using commercial traps,
and were transported to the cats’ housing facility located at the
municipal veterinary department. Mature intact queens (n = 16;
estimated age ranged from 1 to 3 years), with no severe injuries,
were randomly selected for the study, which was conducted
during the natural breeding season of cats in Israel (July to
September). During the 14-weeks study, queens were housed
individually in cages in the same ventilated room andmaintained
at ambient temperature and light. They could see and smell
each other, without direct contact. Food and water were available

ad libitum, and environmental enrichment was provided in
each cage.

Queens were observed by professional veterinarians and staff,
at least twice every day during the 14-weeks study period. The
attitude, appetite, and alertness of the queens were evaluated
while the cats were in their cages. However, these queens could
not be handled safely while awake, as they were not friendly and
not used to any human contact (typical for most free-roaming
cats in Israel). Therefore, full physical examinations, treatments,
and sampling (blood and vaginal smears) were performed under
heavy sedation. Every 2 weeks, starting at the vaccination day,
the queens were sedated using a combination of Medetomidine
(0.02–0.04mg/kg; Orion Pharma, Finland), Butorphanol (0.2–0.4
mg/kg; intramuscular injection; Richter Pharma AG, Austria),
and Midazolam (0.1–0.25 mg/kg intramuscular injection; Rafa
laboratories, Israel). At the end of the procedure, Medetomidine
was reversed by subcutaneous administration of atipamezole
(0.05–0.10 mg/kg; Orion Pharma, Finland). After the study was
completed, cats that had relatively calm temperaments were
acclimated, and thereafter were adopted. Others were released
back to the exact location in which they were initially trapped,
in compliance with the Israeli Feral Cat Low. All queens were
in good health and body condition at the time of adoption
or release.

Treatments and Study Design
At study initiation, queens were allocated into one of the
following groups: (I) GonaconX1-Rabies: queens were vaccinated
with both Gonacon and rabies vaccines (n= 5); (II) GonaconX2-
Rabies: queens were vaccinated twice with Gonacon (at study
initiation, and again 3 weeks later) and once with rabies vaccine,
at study initiation (n = 4); (III) OVx-Rabies: queens underwent
surgical ovariohysterectomy and vaccinated against rabies at
study initiation (n = 4); (IV) Intact-Rabies: queens vaccinated
against rabies and remained intact (n = 3). Vaccination against
rabies was performed at study initiation in all queens by
subcutaneous administration of a commercial rabies vaccine
(Rabisin, Merial, France) at the left thigh. Vaccination with
Gonacon was performed by intramuscular administration of
vaccines provided by USDA-APHIS NWRC (Fort Collins,
CO, USA). The Gonacon vaccine was injected into the right
quadriceps muscle group. Before the administration of the
vaccines, the fur was clipped, and the injection sites were cleaned
with 70% isopropyl alcohol.

Monitoring and Sampling
Throughout the study, queens were monitored daily for their
attitude, appetite, and alertness. Every 2 weeks, for a total period
of 14 weeks, full physical examinations were performed by a
certified veterinarian, including also evaluation of body condition
on a 5-point scale (45), examinations of the injection sites,
as well as collections of vaginal smears. Furthermore, blood
samples were collected by jugular venipuncture every 2 weeks
into potassium-EDTA tubes, as well as into plain tubes containing
no anticoagulant. Blood samples in potassium-EDTA tubes were
stored at 4◦C and used for complete blood count (CBC) analysis
within 4 h. Blood in plain tubes was allowed to clot, centrifuged,
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and serum samples were stored at −80◦C until analyses at
study completion, which included serum chemistry, anti-GnRH
and anti-rabies antibody titer, serology for FIV and FeLV, as
well as analysis of serum Anti Müllerian Hormone (AMH)
concentration. At study termination, all queens underwent
surgical ovariohysterectomy, except the cats in the OVx-Rabies
group, in which ovariohysterectomy was performed at study
initiation. The removed reproductive tracts from all queens were
kept and processed for histological evaluation, as detailed below.

Complete Blood Count and Blood

Chemistry Analyses
Blood samples collected in potassium-EDTA tubes on weeks
0, 2, 4, 6, 8, 10, 12, and 14 were used for complete blood
count (CBC; Advia 2120, Siemens, Erfurt, Germany). Packed
cell volume (PCV) was measured routinely, using a hematocrit
tube sealed with clay that was centrifuged for ∼3min; plasma
total solids was measured by placing the plasma directly onto
a refractometer (Clinical Refractometer RHC-200 ATC, Cmall,
Medent, Israel). Blood smears were prepared and stained by
automatic slide Stainer with amodifiedWright’s staining solution
(Modified Wright’s Stain, Bayer Hematek 2000 Slide Stainer,
Siemens, Elkhart, IN, USA), and used for microscopic evaluation
of blood cells. Neutrophil cytoplasmic toxicity was evaluated
microscopically as previously described (46), by an experienced
observer who was blinded to the identity of the queens and
treatments (Dr. Nivi, DVM, Dip.ECVIM-CA).

Serum samples collected on weeks 0, 2, 8, and 14 were
used for chemistry analysis (Cobas Integra 400 Plus; Roche,
Mannheim, Germany, at 37◦C). The analysis included the
following parameters: Urea, Creatinine, Albumin, Alanine
Amino-Transferase (ALT), Aspartate Amino-Transferase (AST),
Gamma-Glutamyl Transpeptidase (GGT), Bilirubin, Creatine
Kinase (CK), Globulins, and Total protein (TP).

Detection of GnRH Antibodies
Serum samples were sent frozen to USDA-APHIS NWRC and
were analyzed for GnRH antibodies using an Enzyme-Linked
Immunosorbent Assay, as previously described (31). Serum
samples were diluted in two-fold series from 1:8,000 to 1:64,000
in phosphate-buffered saline (PBS) and run in duplicate. A
positive control sample was also run in duplicate on each plate.
The cutoff values for each plate were generated from the pre-
vaccination samples from all animals at each dilution as the mean
+ 3SD. The %CV for the positive control samples at each dilution
was low, demonstrating little inter-plate variability (1:8,000, 7.3%;
1:16,000, 5.9%; 1:32,000, 8.2%, 1:64,000, 11.2%).

Detection of Anti-Rabies Antibodies
Serum samples collected on weeks 0, 2, 4, 6, 8, 10, 12, and 14
were analyzed for anti-Rabies antibodies concentrations using
Rapid Fluorescent Focus Inhibition Test (RFFIT), as previously
described (47), in the OIE-accredited laboratory of Dr. Boris
Yakobson at the KimronVeterinary Institute (Veterinary Services
and Animal Health, Israel). The RFFIT assay has been shown to
have a sensitivity and specificity of 100 and 89%, respectively,
and is considered as the gold standard by the World Health

Organization (47, 48). Briefly, titers were recorded as serial
dilutions with positive and negative control samples. All serum
dilutions were addedwith an equal volume of virus and incubated
at 37◦C in a controlled humidity carbon dioxide 0.5% chamber
for 90min. Then, a suspension of 1 × 105 cells (MNA-Mouse
neuroblastoma, CDC USA, Wistar Institute, Philadelphia, USA)
in 0.2mL of growth medium (MEM EAGLE, with fetal bovine
serum, vitamin solution concentrated, L-Glutamine, Sodium
Bicarbonate, Penicillin G, Streptomycin and Amphotericin B;
Biological Industries, Israel) was added to each well, and the
chamber was returned to incubation for 20 h. Thereafter, the
growth medium was removed, the chambers were rinsed in
phosphate-buffered saline (PBS), and the cells were fixed with
cold acetone (−20◦C) at room temperature for 10min. FITC
anti-rabies conjugate (Fujirebio, USA) was added, and the
chamber was incubated for 30min in a humidity incubator
(37◦C), and finally washed with PBS. The slides were examined
with a microscope (Olympus BX40, 470 excitation wavelength,
×200 magnification). Each well was divided into 20 fields, and
the number of fields containing fluorescent cells was tabulated
(49). Serological titers were converted to international units per
mL (IU/mL). A titer value of >0.5 IU/mL was considered as a
protective antibody level (47).

Serum Anti Müllerian Hormone Analysis
Serum anti-Müllerian hormone (AMH) concentrations were
analyzed in samples from weeks 0, 8, and 14 using an Enzyme-
Linked Immunosorbent Assay kit (AMHGen II ELISA; Beckman
coulter, Inc. Brea, CA, USA) according to the manufacturer’s
instructions and as previously described and validated for cats
(50). Briefly, 300 µL of AMH Gen II Assay Buffer were mixed
with 60 µL of calibrator, control, or sample, and 120 µL from
the mix were pipetted into the wells in the plate, in duplicates.
After incubation and washing, 100 µL of anti-AMH biotin
conjugate was added to each well. After a second incubation
and washing, 100 µL of the streptavidin-enzyme conjugate were
added. Following a third incubation and washing step, 100
µL of TMB chromogen solution were added, followed by the
final addition of 100 µL of an acidic stopping solution. The
degree of enzymatic turnover of the substrate was determined
by using a microplate reader (SpectraMax ParadigmMulti-mode
detection platform, Molecular Devices, Austria) using dual-
wavelength absorbance measurement at 450 and 620 nm. The
inter- and intra- coefficient of variations (%CV) were 5.4 and
4.2%, respectively.

Vaginal Cytology
A fine cotton swab was used to obtain cells from the cranial
vagina, which were spread on glass slides, as previously described
(51). Slides were stained with Diff-Quick, and were evaluated
microscopically (1,000× magnification. Primo Star, Carl Zeiss,
Germany) by a single experienced observer, who was blinded to
the origin of the slides and the status of the queens. For each Diff-
Quick stained slide, >200 epithelial vaginal cells were classified
as parabasal, intermediate or superficial (nucleate and anucleate)
cells (52). If >60% of the vaginal cells were superficial cells, the
queen was considered to be in proestrus/estrus.
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Ovarian and Uterine Histology
Ovaries and uterine tissues collected during
ovariohysterectomies were fixed immediately after collection
in Bouin’s solution for 24 h at 4◦C, and then were moved to
70% ethanol. Tissues were embedded in paraffin, sectioned
(4µm thickness), and stained with hematoxylin and eosin
(H&E; Sigma-Aldrich, Israel). Histological evaluation of
these sections was performed using a light microscope (Axio
Imager M1, AxioCam HRc camera; Carl Zeiss, Germany). In
the ovary, we subjectively assessed the general morphology
and presence of primordial follicles, antral follicles, corpora
lutea, and oocytes; in the uterus, we assessed the general
structural layers, as well as the competence of the luminal
epithelium, and morphology of the endometrial glands within
the endometrium.

FIV/FeLV Serology
As part of the evaluation of the cats’ health, serum samples
collected prior to vaccination (week 0) were analyzed to detect
antibodies for Feline immunodeficiency virus (FIV) and Feline
leukemia virus (FeLV), using FIV/FeLV antibody commercial
test kit (SNAP∗ Combo plus, IDEXX, USA), according to the
manufacturer’s instructions.

Statistical Analysis
Statistical analyses were performed using Statistix 8 software
(Analytical Software, Tallahassee, FL USA); plots were produced
by Prism 5.01 (GraphPad Software; San-Diego, CA, USA).
Continuous data were analyzed by Repeated-Measures-ANOVA,
to evaluate the effects of Group (between-subject factor),
Time (within-subject factor), and Group-by-Time interactions,

FIGURE 1 | Body condition score and the vital signs of cats in the research groups. Mean ± SEM of temperature, pulse, respiratory rate, and body condition score

are presented for each group: GonaconX1-Rabies: cats vaccinated with both Gonacon and Rabies (n = 5); GonaconX2-Rabies: cats vaccinated twice with Gonacon

(3 weeks apart) and with rabies (n = 4); OVx-Rabies: cats ovariohysterectomized and vaccinated with rabies (n = 4); Intact-Rabies: cats vaccinated against rabies and

remained intact (n = 3). Parameters were collected every 2 weeks for a total of 14 weeks, while cats were under heavy sedation. Dotted lines indicate normal limits.
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followed by Tukey HSD All-Pairwise Comparisons Test. When
was applicable, two groups were compared by Wilcoxon Rank
Sum Test. Fisher-Exact-Test was used to compare proportional
data. Differences were considered significant at P < 0.05. Unless
otherwise noted, results are presented as mean± SEM.

RESULTS

Physical Examinations, Complete Blood

Count, and Blood Chemistry Analyses
During the course of the study, no swelling, signs of
inflammation, or tenderness were detected at the injection sites,
in any of the queens. All queens were in fair to good physical
condition, and had a normal attitude and appetite. Vital signs
(TPR; Temperature, Pulse, and Respiratory rates) remained
within normal ranges, with no significant differences among the
groups or over time (Figure 1). Body condition score (BCS) did
not differ among the groups, but overall, it improved over the
study period (p= 0.0281); BCS of individual cats stayed the same
or increased by up to one point in a 5-point BCS scale (45).

Complete blood count (CBC) was completed for all
the samples (8 samples for each cat). There were no
significant differences among the groups in all the CBC
parameters (Figures 2, 3). However, in some individuals, some
of the parameters were abnormal at study initiation, mainly
indicating mild anemia or inflammatory condition, but they
improved over the study period, and were within normal
limits later on. Accordingly, there were significant differences
along time (Repeated Measure ANOVA; p < 0.05) in the
following parameters; PCV, TS, RBC, Hemoglobin, HCT,
MCH, MCV, HDW, CH, WBC, Neutrophils, Lymphocytes, and
Large unstained cells (LUC, which are activated lymphocytes
and peroxidase-negative cells). In addition, overall, signs of
neutrophil toxicity were common at study initiation, but were
absent at study completion (6/16, 38% vs. 0/16, 0%; p = 0.0177).
Analyses of blood chemistry parameters were conducted on
blood samples from weeks 0, 2, 8, and 14, to overall estimate
the function of internal organs, such as liver and kidney, after
vaccination. As illustrated in Figure 4, there were no significant
differences among the groups at the chemistry parameters,
except for a few parameters, at study initiation, before the
queens were vaccinated; mean AST and CK concentrations were
significantly high at the GonaconX1 group, and ALT was high
in both GonaconX1-Rabies and Intact-Rabies groups (p < 0.05).
However, all parameters improved over the study period, and
were within normal limits later on, excluding albumin and total
proteins, which were relatively low throughout the study.

None of the queens in the study had positive serology for
FeLV; however, one queen in the GonaconX1-Rabies group was
positive for FIV.

GnRH Antibodies
There were significant effects of the group, the time, and the
group X time interaction on the anti-GnRH antibody titer
(p ≤ 0.0003; Figure 5). As expected, anti-GnRH antibodies
were not detected in any the control queens (OVx-Rabies
and Intact-Rabies groups). However, following vaccination

with Gonacon, anti-GnRH antibodies titer increased in all
vaccinated queens (GonaconX1-Rabies and GonaconX2-Rabies
groups), except for one queen (cat #9) from the GonaconX2-
Rabies group, in which no anti-GnRH antibodies could not
be detected in any of its serum samples (Figure 6). There
was no significant difference between the GonaconX1-Rabies
and GonaconX2-Rabies groups (p = 0.4943). In all responder
queens, positive anti-GnRH antibody titers were detected,
typically within 2 or 4 weeks, and remained high during the
study period; except for one queen from the GonaconX1-
Rabies group (cat #4), in which antibodies decreased in
the last two samples. This queen was identified later on
as FIV positive.

Rabies Antibodies
There were no significant differences in the anti-rabies antibodies
among groups (p = 0.3169), or group X time interaction (p
= 0.7220); however, time was a significant factor (p < 0.0001;
Figure 7). Following vaccination with rabies, all queens from all
the groups produced antibodies against rabies, which remained
above 0.5 IU/mL throughout the study, a titer that is considered
protective. Typically, the anti-rabies antibodies titer peaked at 4–
8 weeks following vaccination, and then gradually reduced and
appeared to be stabilized.

Anti-müllerian Hormone Serum

Concentrations
As illustrated in Figure 8, AMH serum concentrations reduced
significantly after ovariohysterectomy (p = 0.0023), but it
remained high in intact queens (p = 0.4174). In queens
vaccinated with Gonacon, the reduction in AMH concentration
was gradual (p = 0.0006). In all Gonacon-vaccinated queens,
AMH serum concentrations were lower at study completion,
as compared to study initiation, except in the non-responder
queen in the GonaconX2-Rabies, who kept relatively stable AMH
concentrations. In the GonaconX1-Rabies group, mean AMH
concentration was significantly lower at study completion, as
compared to study initiation (p = 0.0081). In the GonaconX2-
Rabies group, mean AMH concentration was not statistically
different at study completion (p = 0.1257); however, when the
data of the non-responder queen was excluded from the analysis,
the difference in AMH concentrations between study initiation
and study completion was significant also in that group (p
= 0.0178).

Vaginal Cytology
The analysis of the percentage of superficial cells in vaginal
cytology smears by Repeated Measure ANOVA revealed no
significant effect of the group (p = 0.6286), time (p = 0.4027),
and group X time interaction (p = 0.4804). None of the queens
in the Ovx-Rabies group had cytological signs of estrus/proestrus
(i.e., >60% superficial cells) after ovariohysterectomy, while in
the intact-Rabies group, two out of three queens showed such
cytological signs. Interestingly, none of the Gonacon-vaccinated
queens had signs of proestrus/estrus in the last 2 weeks of the
study, excluding the non-responder queen in the GonaconX2-
Rabies group. Furthermore, overall, among the cytology slides
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FIGURE 2 | Red blood cells parameters of cats in the research groups. Mean ± SEM of red blood cells parameters are presented for each group:

GonaconX1-Rabies: cats vaccinated with both Gonacon and rabies (n = 5); GonaconX2-Rabies: cats vaccinated twice with Gonacon (3 weeks apart) and with rabies

(n = 4); OVx-Rabies: cats ovariohysterectomized and vaccinated with rabies (n = 4); Intact-Rabies: cats vaccinated against rabies and remained intact (n = 3). Blood

samples were collected every 2 weeks for a total of 14 weeks. Dotted lines indicate normal limits. PCV, packed cell volume; RBC, red blood cell count; MCV, mean

corpuscular hemoglobin; MCH, mean corpuscular hemoglobin concentration; MCHC, mean corpuscular hemoglobin concentration; CHCM, cell hemoglobin

concentration mean; CH, cellular hemoglobin; RDW, red cell distribution width; HDW, hemoglobin distribution width.
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FIGURE 3 | White blood cells parameters of cats in the research groups. Mean ± SEM of white blood cells parameters are presented for each group:

GonaconX1-Rabies: cats vaccinated with both Gonacon and rabies (n = 5); GonaconX2-Rabies: cats vaccinated twice with Gonacon (3 weeks apart) and with rabies

(n = 4); OVx-Rabies: cats ovariohysterectomized and vaccinated with rabies (n = 4); Intact-Rabies: cats vaccinated against rabies and remained intact (n = 3). Blood

samples were collected every 2 weeks for a total of 14 weeks. Dotted lines indicate normal limits. WBC, white blood cells count; LUC, large unstained cells.

obtained from Gonacon-vaccinated cats, the percentage of
superficial cells in the smear was significantly lower when the
anti-GnRH titer was high (titer 0, 43.7± 8.7%, vs. titer 1:64, 10±
1.9%; p= 0.0135).

Histology of the Reproductive Tract
Histologic evaluation of the ovaries collected from Gonacon-
vaccinated cats demonstrated many degenerative oocytes, and no
to only a few very small antral follicles (Figure 9). In contrast,
ovaries of cats that were not vaccinated with Gonacon had
normal histology, with various follicles (primary, secondary, and
antral follicle), and very few degenerative oocytes. The ovaries
of the non-responder cat from the GonaconX2-Rabies were
similar to that of non-Gonacon- vaccinated controls cats, with

obvious large antral follicles, compatible with estrus. There were
no apparent differences between Gonacon-vaccinated cats to
controls in the shape, morphology, or amount of the crowded
primordial follicles under the ovary’s tunica albuginea, at the
ovarian cortex. Furthermore, no obvious difference could be
observed in the endometrium of Gonacon-vaccinated cats vs.
controls (data not shown).

DISCUSSION

The rationale of this study was to examine the short-term safety
and efficacy of combined vaccination with anti-GnRH (Gonacon)
and rabies vaccines, specifically in female feral cats, which often
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FIGURE 4 | Blood chemistry parameters of cats in the research groups. Mean ± SEM of blood chemistry parameters are presented for each group:

GonaconX1-Rabies: cats vaccinated with both Gonacon and rabies (n = 5); GonaconX2-Rabies: cats vaccinated twice with Gonacon (3 weeks apart) and with rabies

(n = 4); OVx-Rabies: cats ovariohysterectomized and vaccinated with rabies (n = 4); Intact-Rabies: cats vaccinated against rabies and remained intact (n = 3).

Analyses were performed on blood samples collected at 0, 2, 8, and 14 weeks after the initial vaccination. Dotted lines indicate normal limits. ALT, alanine

aminotransferase; GGT, gamma-glutamyl transpeptidase; AST, aspartate aminotransferase.

Frontiers in Veterinary Science | www.frontiersin.org 9 May 2021 | Volume 8 | Article 650291122

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Novak et al. Immunocontraception-Rabies Vaccination of Feral Cats

FIGURE 5 | Serum GnRH antibodies titer of cats in the research groups. Mean ± SEM GnRH titers are presented for each group: GonaconX1-Rabies: cats

vaccinated with both Gonacon and rabies (n = 5); GonaconX2-Rabies: cats vaccinated twice with Gonacon (3 weeks apart) and with rabies (n = 4); OVx-Rabies: cats

ovariohysterectomized and vaccinated with rabies (n = 4); Intact-Rabies: cats vaccinated against rabies and remained intact (n = 3). Blood samples were collected

every 2 weeks for a total of 14 weeks. There were significant effects of the group, the time, and the group X time interaction on the anti-GnRH antibodies titer

(Repeated measure ANOVA, p ≤ 0.0003). Variability within each group was extremely small, and therefore the SEM are unnoticeable.

suffer from disrupted health conditions and experience high-
stress levels, which potentially may alter vaccination efficacy.
Our study indicated that in the short term, the combined
vaccination with Gonacon and rabies is safe and effective in
female feral cats, with no apparent benefits for two Gonacon
vaccinations as compared to a single dose. Over the study period,
no local or systemic adverse health concerns were detected, in
accordance with our hypothesis. There were no differences in
serum rabies antibody titers among groups, and queens kept
a protective titer throughout the study. Anti-GnRH antibodies
were detected in all Gonacon-vaccinated queens, excluding
one queen (GonaconX2-Rabies group). Furthermore, evaluation
of serum AMH concentrations, vaginal cytology, and ovarian
histology suggested that reproductive cyclicity was indeed
suppressed in Gonacon-vaccinated queens, as hypothesized.

Different from previous studies in which researchers
examined the effects of Gonacon in experimental cats or pets
cats from colonies, in the current study we utilized feral cats.
In previous Gonacon studies (30–33), animals were domestic
short hair cats kept in excellent health and body conditions,
and were accustomed to human interactions. In the studies
of Levy et al. (30, 31), specific-pathogen-free (SPF) males
and females, respectively, were acquired from a commercial
vendor and housed in climate-controlled indoor spaces with
controlled light cycles (30, 31). Vansandt et al. (32) used
ovariohysterectomized cats from a research colony at the
Cincinnati Zoo and Botanical Garden’s Center for Conservation
and Research of Endangered Wildlife. In the study conducted by
Fischer et al. (33), well-maintained friendly cats were obtained
from animal control agencies, or from private individuals who
posted cats for rehoming on a classified advertisement website;
all cats were in excellent body condition and health. However,
it is well-documented that feral cats often suffer from high
rates of pre-mature mortality and morbidity due to infectious

and non-infectious diseases, internal and external parasites,
starvation and poor body condition, weather extremes, trauma,
etc. (9, 10, 34–36). Furthermore, most of these cats are not
accustomed to contact with people and are typically too fearful
and too wild to be handled. Therefore, feral cats often suffer from
health issues and are under chronic stress conditions, which
might weaken the immune response to vaccination (41), such as
to the combined vaccination with Gonacon and rabies vaccines.
Therefore, although some adjustments were needed in order to
perform a study with feral cats as compared to well-maintained
friendly cats (in regards to capturing, management, handling,
cet.), the study was designed to examine the short term safety
and efficacy of our combined vaccination approach specifically
in feral queens, as they are the main target population for
non-surgical contraception/sterilization.

Accordingly, in our study, the feral queens were captured by
traps, and were maintained under ambient summer temperature
and light. The study was conducted during the Israeli
summer to avoid suppressing effects of the photoperiod or
climate conditions on the reproductive system (8, 21, 53, 54).
Furthermore, queens were vaccinated 24–72 h after they were
captured, while their health condition was still typical to that
of feral cats. Indeed, our physical examination and blood tests
performed at study initiation, just prior to vaccination, indicated
that many of the queens were in suboptimal body condition,
and some had signs of anemia, inflammation, or muscle injuries.
Furthermore, many cats had a high eosinophilic count in
their blood, suggesting high infestation of gastrointestinal or
other parasites. Despite the suboptimal health condition of the
feral cats in the current study, the combined vaccination with
Gonacon and rabies was safe and effective in the short term.
None of the animals showed any local or systemic adverse
reactions. In the study of Levy et al. (31), late-onset (2 years
post-treatment) granulomatous injection-site masses developed
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FIGURE 6 | Serum GnRH antibodies titer of individual cats vaccinated with Gonacon. Each graph represents data of a single cat. GonaconX1-Rabies group: cats

vaccinated once with both Gonacon and rabies (n = 5; light blue); GonaconX2-Rabies group: cats vaccinated twice with Gonacon (3 weeks apart) and once with

rabies (n = 4; dark blue); Blood samples were collected every 2 weeks for a total of 14 weeks. Note the reduction of antibodies in cat#4 at weeks 12 and 14, as well

as the non-responder cats (#9) in the GonaconX2-Rabies group.
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FIGURE 7 | Serum rabies antibodies of cats in the research groups. Mean ±

SEM rabies antibodies concentrations are presented for each group:

GonaconX1-Rabies: cats vaccinated with both Gonacon and rabies (n = 5);

GonaconX2-Rabies: cats vaccinated twice with Gonacon (3 weeks apart) and

with rabies (n = 4); OVx-Rabies: cats ovariohysterectomized and vaccinated

with rabies (n = 4); Intact-Rabies: cats vaccinated against rabies and remained

intact (n = 3). Blood samples were collected every 2 weeks for a total of 14

weeks. There were no significant differences in the rabies antibodies among

the groups (p = 0.3169), or group X time interaction (p = 0.7220); however,

the time was a significant factor (Repeated measure ANOVA, p < 0.0001).

Dotted lines indicate protective titer (>0.5 IU/mL).

in 5/15 (33%) of the Gonacon-vaccinated female cats. However,
in another study conducted by the same group, no injection site
masses were detected in male cats at a period of 6 months post-
injection (30). In the study conducted by Vansandt et al. (32),
four cats developed a sterile, painless, self-limiting mass at the
site of Gonacon injection, after only few weeks. Fisher et al.
(33) reported injection-site reactions ranging from swelling to
transient granulomatous masses in 45% (n = 9/20) of vaccinated
cats, beginning at least 1 month after treatment. Furthermore,
in another study conducted in our laboratory (Novak and Raz,
unpublished data), we also documented injection-site masses 3
to 12 months post-Gonacon vaccination in 7/44 (16%) owner-
owned cats. Therefore, it is possible that in the current study,
masses were not detected at all as the monitoring period of
14 weeks was relatively short; furthermore, we cannot rule out
the possibility of local reactions later on, after the queens were
released back to their environment or adopted. Regarding the
systemic health conditions of the queens, although it was initially
suboptimal for many of the animals, as typical for feral cats in
Israel and other places, it improved over the study period. This
improvement in the cats’ health is probably due to the housing
conditions during the study which allow the queens to recover;
i.e., good availability of food, water, and shelter; reduced risks of
infectious diseases and injuries; as well as reduced stress due to
the acclimation of the cats to their environment.

Despite the initial suboptimal health condition of the feral
cats in the current study, the combined vaccination with
Gonacon and rabies was effective in the short term. Following
vaccination with rabies, all queens from all the groups produced
antibodies against rabies, which remained above the level

considered protective. Bender et al. (29) vaccinated dogs with
both Gonacon and a commercial rabies vaccine (Defensor 3,
Pfizer, Inc., New York, NY, USA), and reported no adverse
effects of simultaneous vaccination on rabies virus neutralizing
antibody production. None of the previous studies measured
rabies antibodies in Gonacon-vaccinated cats, even if cats were
vaccinated with both vaccines (32, 33). Nevertheless, our results
support our hypothesis that antibody titers against rabies will
not be negatively influenced by the simultaneous vaccination
approach and will remain protective during the study period.

Following vaccination with Gonacon, anti-GnRH antibodies
titer increased in all vaccinated queens within 2–4 weeks,
except for one non-responder queen from the GonaconX2-
Rabies group. In all responder queens, anti-GnRH titer remained
high during the study period, except for one queen from
the GonaconX1-Rabies group, in which it reduced in the
last two examinations. This queen was identified as FIV
positive, which could have affected the immunogenicity of
the Gonacon vaccine; however, the production of anti-rabies
antibodies did not appear to be negatively affected in this queen.
Nevertheless, the possibility of immunogenicity alteration of any
immunocontraception vaccine due to FIV infection is interesting
and warrants further investigation, as FIV might be quite
prevalent among free-roaming cat populations (35, 55–57). There
was no significant difference in GnRH antibodies between the
GonaconX1-Rabies and GonaconX2-Rabies groups. However, as
our study focused on the short-term effects, we cannot rule
out the possibility that repeated Gonacon vaccinations would
extend the effective period, and potentially provide extended
contraception. Furthermore, as our assay was limited to series
dilutions from 1:8,000 to 1:64,000, it is possible that the double
Gonacon vaccination could have shown positive results in higher
dilutions than 1:64,000. Previous studies showed that some cats
did not respond to the Gonacon vaccine (i.e., no anti-GnRH
antibodies), while others responded to the vaccine with anti-
GnRH antibodies detected for various periods after injection. The
only other study which compared a single to double Gonacon
vaccination could not detect differences in the anti-GnRH
antibody at 1:1,024 dilution at 4-month post-vaccination of
ovariectomized queens (3 cats in each group) (32). Nevertheless,
our hypothesis that two doses of Gonacon would induce higher
anti-GnRH titer, as compared to a single vaccination, require
further long-term study.

There are several relevant approaches to evaluate the function
of the reproductive system following the administration of
an immunocontraceptive agent, but it is clear that breeding
provides the most definitive results. However, breeding trials,
particularly in overpopulated species like cats, are practically
challenging, require time and resources, as well as carry
some ethical dilemmas, as to the destiny of the newborn
offspring (or performing ovariohysterectomy of pregnant
animals). Therefore, in the current study, we were looking
for other alternatives. Accordingly, we evaluated the effects
of Gonacon vaccination on the reproductive system by a
combination of serum AMH concentrations measurements,
vaginal cytology, and ovarian histology; which all suggested
that the reproductive cyclicity was indeed suppressed in
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FIGURE 8 | Serum concentrations of anti-müllerian hormone of cats in the research groups. Serum concentrations of anti-müllerian hormone (Mean ± SEM) are

presented for each group: GonaconX1-Rabies: cats vaccinated with both Gonacon and rabies (n = 5); GonaconX2-Rabies: cats vaccinated twice with Gonacon

(3 weeks apart) and with rabies (n = 4); OVx-Rabies: cats ovariohysterectomized and vaccinated with rabies (n = 4); Intact-Rabies: cats vaccinated against rabies and

remained intact (n = 3). Analyses were performed on blood samples collected at 0, 8, and 14 weeks after the initial vaccination. a,bDifferent letters above bars

represent significant differences (p < 0.0.5).

Gonacon-vaccinated queens. In females, AMH is a hormone
produced in the ovaries by small and developing follicles,
and has a pivotal role in the regulation of ovarian follicle
reserve and folliculogenesis. Studies in other species have shown
that there is a correlation between the number of developing
follicles in the ovary and serum AMH concentration (58).
It has also been found that when a queen is spayed, AMH
serum concentration drops abruptly (50, 59). Accordingly,
we initially hypothesized that AMH serum concentrations
would be reduced following ovariohysterectomy, as well as
following vaccination with Gonacon, due to the vaccine potential
suppression effect on gonadotropins and folliculogenesis. Indeed,
in the current study, AMH serum concentration was extremely
low following ovariohysterectomies, but it remained high in
intact queens, in agreement with previous studies in cats and
other species (50, 59, 60). Interestingly, in queens vaccinated
with Gonacon, the reduction in AMH concentration was gradual.
Eventually, at study completion, AMH serum concentrations
were lower in all Gonacon-vaccinated queens, as compared
to study initiation, except in the non-responder queen from
the GonaconX2-Rabies group, in which AMH concentrations
remained stable throughout the study. Furthermore, statistical
analysis of all serum samples obtained from Gonacon-vaccinated
queen revealed that AMH concentrations were significantly

lower in serum samples with high anti-GnRH titers (titer
0, 6.7 ± 1.1 ng/mL, vs. titer 1:64, 3.9 ± 0.7 ng/mL; p =

0.0429). Overall, these findings suggest, for the first time
to the best of our knowledge, that measuring AMH serum
concentration is a valuable method for evaluating the efficacy
of immunocontraception.

Evaluation of vaginal cytology smears and histology of the
ovaries at study completion indicated that none of the Gonacon-
vaccinated queens was in estrus, except the non-responder
queen. However, the assessment of these results, particularly
those of the vaginal cytology, could have been clearer if other
analyses could have done, such as measurements of other sexual
hormones (e.g., estrogen, LH, and FSH), and ultrasonography
of the reproductive tract. Nevertheless, the typical histological
finding in the ovaries of Gonacon-vaccinated queens was the
presence of a high number of degenerated oocytes, and lack
of antral follicles, alongside a low percentage of superficial
cells in vaginal smears. In contrast, in intact animals (samples
of the Ovx-Rabies group just before spaying; and samples of
Intact-Rabies at study completion), ovaries had normal histology,
with various follicles (primary, secondary, and antral follicle),
and very few degenerative oocytes. Interestingly, the ovaries of
the non-responder queen from the GonaconX2-Rabies group
were histologically similar to those of the controls, and the
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FIGURE 9 | Histology of ovaries of Gonacon-vaccinated cats. Representative ovaries of Gonacon-vaccinated cats (A) are shown, as compared to ovaries of

non-vaccinated cats (B). Note the large number of degenerative oocytes (black arrows) in the ovaries of Gonacon-vaccinated cats. PF, crowded primordial follicles

under the ovary’s tunica albuginea, at the ovarian cortex; F, antral follicles. H&E staining. Scale bars in all images are 30µm.

vaginal cytology smear had a high number of superficial cells
(∼90%) indicated that this female was in estrus. In our histologic
evaluation, we were not able to detect apparent differences in
the primordial follicle reserve in the ovaries, nor differences in
the endometrium. Future studies should consider exploring the
possible short and long-term effects of immunocontraceptive
agents on the primordial follicle reserve, as the reduction
or elimination of this pool would be beneficial for long-
term contraception/sterilization.

Out of the three previous publications regarding Gonacon
vaccination in female cats, two studies examined the
contraceptive effect. In the long-term study conducted by
Levy et al. (31), 15 queens were vaccinated with the early
generation Gonacon vaccine, and were exposed to intact males.
Gonacon-vaccinated queens re-gained fertility at a later time, as
compared to controls; of the 15 vaccinated queens, 93% were
infertile for at least 1 year, 73% for 2 years, 53% for 3 years, and
40% for 4 years; 27% were still infertile at the conclusion of the
5-year study. In the study conducted by Vansandt et al. (32),
ovariectomized queens were used, and therefore, the possible
effects of Gonacon vaccination on the reproductive system could
not be determined. Later on, Fischer et al. (33) reported poor
contraceptive efficacy of the Gonacon vaccine in colony cats.
In their study, queens were exposed to intact males 4 months
after vaccination with the newer Gonacon version. All control
queens (n= 10/10) and 60% (n= 12/20) of Gonacon-vaccinated
queens became pregnant within 4 months of the introduction
of males. Two additional vaccinated queens became pregnant

(70%; n = 14/20) within 1 year of treatment. Overall, vaccinated
queens had a significantly longer (P = 0.0120) median time to
conception (212 days), and lower fetal counts. Nevertheless, the
results of their study were disappointing. In the current study,
which utilized the same Gonacon formulation as in the study of
Fischer et al. (33) but of different batch, our approach indicated
that ovarian cyclicity was suppressed in all queens who respond
to the Gonacon vaccine, as detailed above. The differences
among studies could be due to variability in the vaccine itself
[overtime differences in formulas, as reviewed by Benka et al.
(15); different batches]; differences between cats (laboratory vs.
free-roaming vs. stray cats); environmental conditions; as well as
individual variability.

There are several limitations to our study. It is possible that
due to the small number of cats in each of the groups, as well
as the short duration of the study, we were not able to detect
uncommon adverse reactions, or other safety issues, that could
have been detected in a large group of vaccinated cats or at a
later stage. Also, the validity of the vaccines’ immunogenicity
and the assessment of the proportion of non-responder cats
(i.e., no antibody formation), as well as the assessment of
reproductive effects, based on a small number of vaccinated
cats examined over a short period, is limited. In regards to
the assessment of the cats’ health before and after vaccination,
future studies should consider performing additional lab tests,
such as urinalysis and fecal examination for the detection of
intestinal parasites, which were not performed in our study, and
could have provided a better understanding of the cat health
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status at vaccination. In regards to reproductive effects, other
methods, such as assessment of other sexual hormones (e.g.,
estrogen, LH, FSH), ultrasonography of the reproductive tract,
and breeding, should be considered and combined. In addition,
during our study period, the queens were housed in individual
cages, in conditions that were not similar to that of feral cats
in an urban environment. Our study emphasizes the need to
explore the safety and efficacy of the Gonacon vaccine in several
target populations, and we therefore believe that further long-
term studies are warranted, including in populations of stray
cats in their natural environment, as well as in pet indoor vs.
outdoor cats.

In summary, to the best of our knowledge, this is the
first study that examined the short-term safety and efficacy
of combined vaccination approach, which included anti-GnRH
vaccine (Gonacon), given either as a single dose, or as two doses
3 weeks apart, in parallel with rabies vaccine, specifically in female
feral cats. Overall, our results indicate that in the short term,
the combined vaccination with Gonacon and rabies is safe and
effective in female feral cats, with no apparent benefits for two
Gonacon vaccinations as compared to a single dose. Following
the combined vaccination, anti-GnRH and rabies antibodies were
detected, despite the suboptimal health condition of the queens.
Furthermore, evaluation of serum AMH concentrations, vaginal
cytology, and ovarian histology suggested that reproductive
cyclicity was indeed suppressed in Gonacon-vaccinated queens
for at least 3 months. However, future studies should examine the
long-term effects of contraceptive agents in free-roaming cats in
their natural environment.
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Beyond its well-known role in spermatogenesis and androgen production, mammalian

testes are increasingly recognized as an immune-privileged organ for protecting

autoantigenic germ cells, especially meiotic and postmeiotic germ cells, from systemic

immune responses. Despite its importance, the molecular mechanisms underlying this

regulation in mammals, including sheep, are far from known. In this study, we searched

for the genes associated with testicular immune privilege and assessed their possible

modulating mechanisms by analyzing systematic profiling of mRNAs and miRNAs on

testicular tissues derived from prepubertal and postpubertal Tibetan sheep acquired by

RNA sequencing. We identified 1,118 differentially expressed (DE) mRNAs associated

with immunity (245 increased mRNAs and 873 decreased mRNAs) and 715 DE miRNAs

(561 increased miRNAs and 154 decreased miRNAs) in postpubertal testes compared

with prepuberty. qPCR validations for 20 DE mRNAs and 16 miRNAs showed that the

RNA-seq results are reliable. By using Western blot, the postpubertal testes exhibited

decreased protein abundance of CD19 and TGFBR2 (two proteins encoded by DE

mRNAs) when compared with prepuberty, consistent with mRNA levels. The subsequent

immunofluorescent staining showed that the positive signals for the CD19 protein were

observed mainly in Sertoli cells and the basement membrane of pre- and postpubertal

testes, as well as the prepubertal testicular vascular endothelium. The TGFBR2 protein

was found mostly in interstitial cells and germ cells of pre- and postpubertal testes.

Functional enrichment analysis indicated that DE mRNAs were mainly enriched in

biological processes or pathways strongly associated with the blood–testis barrier (BTB)

function. Many decreased mRNAs with low expression abundance were significantly

enriched in pathways related to immune response. Also, multiple key miRNA-target

negative correlation regulatory networks were subsequently established. Furthermore,

we verified the target associations between either oar-miR-29b or oar-miR-1185-3p

and ITGB1 by dual-luciferase reporter assay. Finally, a putative schematic model of the

miRNA-mRNA-pathway network mediated by immune homeostasis-related genes was
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proposed to show their potential regulatory roles in sheep testicular privilege. Taken

together, we conclude that many immune-related genes identified in this study are

negatively regulated by potential miRNAs to participate in the homeostatic regulation

of testicular immune privilege of sheep by sustaining BTB function and inhibiting immune

responses under normal physiological conditions. This work offers the first global view of

the expression profiles of miRNAs/mRNAs involved in sheep testicular immune privilege

and how the genes potentially contribute to immune-homeostatic maintenance.

Keywords: Tibetan sheep, testis, immune privilege, blood-testis barrier, RNA-seq, miRNA

INTRODUCTION

Tibetan sheep (Ovis aries) provide food and livelihood to
the inhabitants of Tibet (1) and play an important role in
the functions of the Tibetan ecosystem (2). However, this
breed of sheep is slow to mature. Thus, insight into the
gonad development (including homeostasis of the internal
environment) of Tibetan sheep is of great practical importance
to the reproductive biology of sheep and other domestic animals.

The testes are an extremely important reproductive organ that
determines male fertility. They contain spermatogenic cells that
can maintain the production of male gametes. Immunologically,
the testes are also perceived as an immune-privileged organ (3).
Protection of the immunogenic spermatogenic cells (especially
meiotic and postmeiotic cells) from the host immune response
is fundamental to guarantee continuous spermatogenesis and
male fertility. This process has been increasingly reported
to rely on this privilege (4, 5). Except germ cells (GCs),
almost all testicular cell types including Sertoli cells (SCs) (6),
myoid cells (7), Leydig cells, and immune cell populations,
such as macrophages, lymphocytes (mainly T cells), dendritic
cells (DCs), and mast cells (3, 8), are regarded as possessing
immunoregulatory properties, collectively participating in the
formation of testicular immune privilege. On the one hand,
testicular immune privilege prevents immunogenic GCs from
autoimmune responses, while on the other hand, it protects
GCs against inflammatory responses and microbial infections
(3). Previous studies have documented that testicular immune
privilege is tightly regulated by numerous genes, such as tight
junction protein catenins (CTNNs), occludins (OCLNs), and
claudins (CLDNs) (9–11), and transforming growth factor β

(TGFB) family members (3, 12). Nevertheless, the genes that
control testicular immune privilege in sheep and their expression
modulation are poorly known.

MicroRNAs (miRNAs), a class of endogenous short non-
coding small RNAs (sRNAs), can modulate the expression
patterns of genes at the transcriptional and posttranscriptional
levels. miRNAs participate in almost all essential biological and
physiological processes, including reproductive process (13) and
development of the immune system (14). Additionally, current
research on miRNAs involved in reproductive immunity has
mainly focused on the female reproductive tract (15, 16) and is
highly limited in terms of the testes (17), especially sheep testes.

RNA sequencing (mRNA-seq and sRNA-seq) has emerged as a
powerful tool to identify and characterize the genes and miRNAs

expressed in mammalian testes (18, 19). RNA sequencing is
of great significance for further filtering the immune-related
mRNAs–miRNAs in testes and understanding the complex
processes that modulate the maintenance of the testes’ immune
privilege. Based on this background, we hypothesized that genes
participating in the regulation of immune privilege maintenance
in ram testes could be identified on the background of gene
expression changes due to other cellular processes involved
in sexual maturation of testis tissue. By filtering genes with
differential expression between prepubertal and sexually mature
ram testes according to their proposed involvement in immune-
related processes, we are attempting to focus on the biological
mechanisms involved in immune privilege development. We
further hypothesized that specific miRNAs with potential
involvement in regulating these genes could be identified in
parallel. This study was therefore conducted by RNA-seq analysis
combined with molecular biological experiments to screen and
mine the immune-related genes that show differential abundance
in prepubertal and postpubertal ram testes. Besides, we explore
if the genes that participate in testicular immune privilege
are regulated by miRNAs, thus, contributing to understanding
the complex processes that modulate the maintenance of testis
immune privilege.

MATERIALS AND METHODS

Experimental Animals and Sampling
A total of 16 healthy male Tibetan sheep derived from the same
ram was selected based on their birth records and divided into
two age groups: sexual immaturity (3-month old; n = 8) and
sexual maturity (1-year old; n = 8). All animals were purchased
from the Ganjia Tibetan Sheep Breeding Cooperative (Xiahe,
Gansu, China). Following sacrifice, the right testicular tissues
were obtained from all the sheep of the two age groups (testes
from 3-month-old sheep, T3M; testes from 1-year-old sheep,
T1Y) and then divided in the following two parts: one part
was stored at −80◦C used for RNA and protein extraction, and
the other was fixed in 4% paraformaldehyde for at least 24 h,
embedded in paraffin, and sectioned in 5-µm paraffin sections.

RNA Extraction
Total RNA of each testis sample was extracted using Trizol
reagent (Invitrogen, Carlsbad, CA, USA) according to the kit’s
operation manual. RNA quality was evaluated first by 1.0%
agarose electrophoresis, then determined on an Agilent 2100
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Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA). All
samples had an RNA integrity number (RIN) >7.5. Of the RNA
samples from eight rams for each age group, four were randomly
selected and used to construct cDNA libraries for mRNA and
sRNA sequencing, and all eight RNA samples from each group
were used for qPCR validation.

Library Preparation for mRNA-seq and

Data Processing
The 470- to 500-bp size ligation products were enriched
to generate a strand-specific cDNA library for mRNA-seq.
Construction of the mRNA libraries was performed as described
earlier (20). A total of eight prepared cDNA libraries from two
age groups were sequenced on Illumina HiSeqTM 4000 by Gene
Denovo Biotechnology Co., Ltd. (Guangzhou, China). The high-
quality clean reads were screened from the raw reads by trimming
and filtering reads with adaptors, more than 10% of unknown
nucleotides (N), and low-quality reads with more than 50% of
low-quality (q-value ≤20) bases. The clean reads of each sample
were first filtered for ribosomal RNAs and then mapped to the
Ovis aries reference genome (Oar_v4.0) by TopHat2 (version
2.1.1) using default parameters (21).

Library Preparation for sRNA Sequencing

and Data Processing
The 140- to 160-bp size ligation products were enriched to
generate a cDNA library for sRNA sequencing. A total of
eight cDNA libraries from two age groups were sequenced
on the Illumina HiSeqTM 2500 platform by Gene Denovo
Biotechnology Co., Ltd. (Guangzhou, China). The clean
tags were obtained from the raw reads by filtering out
the low-quality reads with more than one low quality
(q-value ≤20) base or containing unknown nucleotides
(N), and reads without 3′ adapters, reads containing 5′

adapters, 3′ and 5′ adapters but no small RNA fragment
between them, polyA in small RNA fragment, and reads
with lengths shorter than 18 nt (not including adapters).
All of the clean tags were aligned with small RNAs in the
GenBank database (http://blast.ncbi.nlm.nih.gov) and Rfam
database (http://sanger.ac.uk/software/Rfam) to identify and
discard the cellular structural RNAs (rRNA, snRNA, snoRNA,
and tRNA).

Identification of Known and Novel miRNAs
All of the clean tags were mapped to the miRBase 21.0 database
(http://www.mirbase.org/) to identify known ovinemiRNAs. The
remaining clean tags that were not mapped to the sheep miRBase
were then mapped to the other animal species included in the
miRBase database to identify the known miRNAs. For all of the
other unannotated tags aligned with the reference genome using
Bowtie (v1.1.2), the novel miRNAs were predicted by software
Mireap_v0.2 and identified according to their genome positions
and hairpin structures. The default parameters were used in
all software.

Screening of Differentially Expressed

mRNAs and miRNAs
mRNA abundances were quantified via the software RSEM (22),
and their expression levels in each sample were normalized
by using the FPKM method (23). The miRNA expression
level from each sample was calculated and normalized to
TPM (TPM = actual miRNA count/total count of clean reads
× 106). Differentially expressed (DE) mRNAs and miRNA
analyses between the two age groups were performed using the
edgeR package (http://www.bioconductor.org/packages/release/
bioc/html/edgeR.html). We identified DE mRNAs with an
absolute fold change >2 and FDR < 0.05, and DE miRNAs with
an absolute fold change >2 and p-value < 0.05.

Functional Enrichment of Differentially

Expressed mRNAs and Screening of

Immune-Related Differentially Expressed

Genes
Gene Ontology (GO) annotation and Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analysis for all DE
mRNAs were performed with the GO database (http://www.
geneontology.org/) and KEGG database (http://www.genome.
jp/kegg/pathway.html), respectively. GO terms and pathways
with a q-value < 0.05 were considered significantly enriched by
DE mRNAs. To explore the potential function of some genes
implicated in the maintenance of testicular immune privilege, the
immune-related DE mRNAs were filtered based on the results
from the above GO and KEGG analysis, and againmapped to GO
terms in the GO database and pathways in the KEGG database.

Target Prediction of Differentially

Expressed miRNAs and Integrative

Analysis of Immune-Related miRNA–mRNA

Pairs
The candidate target genes of DE miRNAs were predicted by
using the RNAhybrid (v2.1.2) + svm_light (v6.01), Miranda
(v3.3a), and TargetScan (v 7.0) software. The intersection of
the results from three software packages were selected as
predicted miRNA target genes. Expression correlation between
miRNA and its predicted target was assessed by Pearson
correlation coefficient (PCC). Subsequently, the negatively
coexpressed immune-related miRNA–mRNA pairs with PCC <

−0.7 and p-value < 0.05 were screened to construct miRNA–
mRNA networks.

Validation of Differentially Expressed

mRNAs and miRNAs Using Quantitative

Real-Time PCR
Total RNA was extracted from all 16 testis samples of two age
groups using Trizol reagent (TransGen, Beijing, China). The
first-strand cDNA for mRNAs was synthesized from 500 ng of
each total RNA sample using a TransScript II All-in-One First-
Strand cDNA Synthesis SuperMix (TransGen Biotech, Beijing,
China) following the manufacturer′s recommendations. cDNA
synthesis for miRNAs was performed from 500 ng of each total
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RNA sample using a Mir-XTM miRNA FirstStrand Synthesis
Kit (Takara, Shiga, Japan) according to the kit instructions.
The qPCR was carried out using a TB GreenTM Fast qPCR
Mix (Takara, Shiga, Japan) on a LightCycler 96 Real-Time
System (Roche, Switzerland). The specific primers used in
qPCR were designed and synthesized by the Qingke Biological
Company (Xi’an, China). Primer sequences are provided in
Supplementary Table 1. Eight independent biological replicates
were included in qPCR analysis. β-actin and U6 were used
as internal control genes for expression normalization of
mRNAs and miRNAs, respectively. The relative expression levels
of mRNAs and miRNAs were calculated using the 2−11Ct

method (24).

Western Blot
Total protein was extracted from all 16 testis samples in two age
groups, and its concentration was detected using a BCA protein
assay reagent (Beyotime, Shanghai, China). Western blot assay
was performed, as described in a previous report (25). β-actin
was used as a protein-loading control. Briefly, a total of 20 µg
of protein from each sample was separated by 12% SDS-PAGE
gradient gels and electrotransferred onto PVDF membranes.
Membranes were incubated with rabbit polyclonal anti-CD19
antibody (Bioss, Beijing, China; 1:500 dilution), rabbit polyclonal
anti-TGF beta receptor II antibody (Bioss, Beijing, China; 1:500
dilution), or rabbit polyclonal anti-beta-actin antibody (Bioss,
Beijing, China; 1:1,500 dilution) and the secondary antibody
goat anti-rabbit IgG conjugated with HRP (Bioss, Beijing,
China; 1:5,000 dilution). Protein bands were visualized using an
ECL kit (NCM Biotech, Suzhou, China) and quantified using
AlphaEaseFC software (Protein Simple, Santa Clara, CA, USA).

Immunofluorescence
Paraffin sections were deparaffinized, hydrated, and subjected
to antigen retrieval. An immunofluorescence assay was carried
out as described previously (25). In brief, sections were blocked
with 5% bovine serum albumin (BSA) for 1 h and incubated
with rabbit polyclonal anti-CD19 antibody (Bioss, Beijing, China;
1:150 dilution) or rabbit polyclonal anti-TGF beta receptor II
antibody (Bioss, Beijing, China; 1:200 dilution). After being
washed in PBST (PBS with 0.5% Tween-20), the sections were
incubated with the secondary antibody goat anti-rabbit IgG
conjugated with Cy3 or FITC. Nuclei were visualized using DAPI
(Servicebio, Wuhan, China). Sections were visualized under a
fluorescence microscope (Nikon, Eclipse C1, Tokyo, Japan), and
images were acquired using CaseViewer software (3DHISTECH,
Budapest, Hungary). For negative controls, the primary antibody
was replaced with 5% BSA.

Dual-Luciferase Reporter
The wild-type ITGB1 3′UTR fragment containing the
putative miR-29b or miR-1185-3p binding site and their
corresponding mutant-type fragments were designed and
synthesized (GENEWIZ, Suzhou, China), and then cloned
into the pmirGLO plasmid (Promega, Madison, USA) between
the XhoI and SalI multicloning sites, named as ITGB1-
29-3′UTR WT, ITGB1-1185-3′UTR WT, ITGB1-29-3′UTR

MUT, and ITGB1-1185-3′UTR MUT, respectively. The miR-
29b mimic (5′-UAGCACCAUUUGAAAUCAGUGU-3′,
5′-ACUGAUUUCAAAUGGUGCUAUU-3′), miR-1185-
3p mimic (5′-AUAUACAGAGGGAGACUCUUAU-3′,
5′-AAGAGUCUCCCUCUGUAUAUUU-3′), and mimic
negative control (5′-UUCUCCGAACGUGUCACGUTT-3′,
5′-ACGUGACACGUUCGGAGAATT-3′) were bought from
GenePharma (Shanghai, China). The reporter plasmids were
cotransfected with either the corresponding mimic or mimic
NC into HEK293T cells (Beina Biology, Beijing, China) using
the Lipofectamine 2000 vehicle (Invitrogen, Carlsbad, USA) as
per the vendor’s recommendations. Both firefly luciferase and
Renilla luciferase activities were monitored at 48 h following
transfection, using a dual-luciferase reporter assay system
(Promega, USA). Data are shown as relative luciferase activity
generated by dividing the firefly luciferase values with those of
the Renilla luciferase.

Statistical Analysis
At least three independent repeats were undertaken for each of
the experiments. Comparisons between two groups were made
using independent-samples t-tests or one-way ANOVAs in SPSS
21.0 (SPSS, Inc., Chicago, IL, USA). The results were expressed as
mean± SD. Significant differences between the two groups were
considered in terms of the associated p-value relative to p < 0.05
and p < 0.01.

RESULTS

Identification and Functional Classification

of Differentially Expressed mRNAs
We carried out mRNA-seq analysis and obtained an average
of 85, 301, 018 (99.04% of raw reads) and 78, 331, 884
high-quality clean reads (98.27% of raw reads) from T3M
and T1Y, respectively, after removal of rRNA and low-quality
reads. Of the high-quality clean reads, on average, 77.17%
of the reads were uniquely mapped to the ovine reference
genome. The detailed statistics for each library are listed
in Supplementary Table 2. The hierarchical clustering results
showed that the samples from T3M and T1Y groups separated
into two distinct clusters (Figure 1A). The sample correlation
heat map from the mRNA expression profiles indicated that
four replicate samples from each group had good repeatability
(Figure 1B). Here, we identified 26,084 DE mRNAs (17,472
genes), of which 10,247 were more abundant, while 15,837 were
less abundant in the T1Y group (|fold change| > 2, FDR < 0.05).
GO and KEGG enrichment analysis showed that most DE genes
were mainly involved in the biological processes and pathways
related to cell growth, reproduction, immunity, and metabolism
(Figures 1C,D).

Screening of Differentially Expressed

mRNAs Related to Immunity
To explore the potential functions of genes involved in
maintaining testis’ immune privilege during development, we
further screened the immune-related DE mRNAs. Herein, we
identified 1,118 DE mRNAs that were associated with immunity.

Frontiers in Veterinary Science | www.frontiersin.org 4 May 2021 | Volume 8 | Article 647153134

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Li et al. Immune Privilege in Ovine Testes

FIGURE 1 | Differential gene expression analysis between T3M and T1Y. (A) Hierarchical clustering dendrograms of the biological duplicates. (B) Sample correlation

heatmap. (C) Biological processes mediated by DE mRNAs based on Gene Ontology (GO) annotation results. (D) Kyoto Encyclopedia of Genes and Genomes

(KEGG) enrichment analysis for DE mRNAs. T3M, testes from 3-month-old sheep; T1Y, testes from 1-year-old sheep; DE, differentially expressed.

Of these, 245 mRNAs exhibited increased abundance in the
T1Y group relative to the T3M group, with the remaining
873 mRNAs exhibiting decreased abundance (Figures 2A,B).
Clustering heatmap analysis for these mRNAs showed excellent
repeatability and gene expression profiles for the different age
groups (Figure 2C). For a detailed list of all these mRNAs and
their expression levels, see Supplementary Table 3.

Functional Annotation of Immune-Related

Genes
GO analysis showed that these immune-related genes, in the
category of biological process, were mainly involved in immune
system processes, cell adhesion/junction, responding to stimulus
and immune responses; in the category of cell component, they
were mainly implicated in the cell junction, extracellular matrix
(ECM), membrane region, cell part, and receptor complexes;
and in the category of molecular function, they were mainly
associated with protein binding, receptor binding, receptor
regulator activity, and cytokine receptor activity (Figure 3A and
Supplementary Table 4). KEGG enrichment results revealed that
most of these genes were significantly enriched in pathways
associated with the immune system, such as the chemokine
signaling pathway, T- and B-cell receptor pathways, leukocyte
trans endothelial migration, NF-κB signaling, and focal adhesion

(Figure 3B and Supplementary Table 5). There were 17 DE
mRNAs (corresponding to 14 DE genes) associated with four
functions: immune response, presence at the cell junction, ECM
remodeling, and cell adhesion (Figure 3C).

Identification and Analysis of DE miRNAs
After removing low-quality reads and adapter sequences, an
average of 12, 737, 654 (95.45% of raw reads) and 10,
898, 503 (79.13% of raw reads) clean tags were obtained
from the four samples of the T3M group and four samples
of the T1Y, respectively. Of the clean tags, 81.70% of the
tags from the T3M and 73.25% of the tags from the
T1Y were mapped to the reference sequence. The detailed
statistics for each library are given in Supplementary Table 6.
A total of 715 DE miRNAs, including 561 increased and
154 decreased miRNAs, were obtained in the T1Y group
compared with the T3M group (Figures 4A,B), in which
443 known miRNAs and 272 novel miRNAs were identified
(Figure 4A). Among these DE miRNAs, 19 miRNAs were
specifically expressed in the testes from the T3M group,
260 miRNAs were specifically expressed in the testes from
the T1Y group, and 436 miRNAs were expressed in both
(Figure 4C). Detailed information onmiRNA expression is given
in Supplementary Table 7.
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FIGURE 2 | Filtering of DE mRNAs related to immunity. (A) The histogram shows the numbers of the immune-related DE mRNAs. Red and blue represent increased

and decreased mRNA abundance in T1Y, respectively. (B) Venn diagram of the immune-related DE mRNAs in two age groups. (C) The clustering heatmap for the

immune-related DE mRNAs. T3M, testes from 3-month-old sheep; T1Y, testes from 1-year-old sheep; DE, differentially expressed.

Interaction Network of miRNAs and Target

mRNAs Associated With Immunity
To explore potential miRNA target transcripts involved in
the homeostatic regulation of testicular immune privilege, the
expression profiles of DE miRNAs and immune-related DE
mRNAs were combined for further correlation analysis. In total,
we obtained 554 DE mRNAs, corresponding to 471 DE genes as
putative targets for 714 DE miRNAs (442 known and 272 novel
miRNAs) through integrated analysis, presenting a negatively
correlated expression pattern (Supplementary Table 8). DE
mRNAs (564) were not found to have potential target miRNAs.
The resulting key potential regulatory networks of miRNA-target
genes associated with testicular immune privilege were visualized
with the Cytoscape software (version 3.7.1). For instance, a total
of 24 known miRNAs were potentially targeted for CD19, a
gene implicated in immune response (Figure 5A). Three BTB
maintenance-related genes (CLDN11, ITGA6, and ITGB1) were
potentially targeted by 87 known miRNAs, of which ITGA6
and ITGB1 were shared by 10 miRNAs (Figure 5B). Four
genes associated with testicular immune homeostasis (TGFB1,
TGFBR2, TGFBR3, and FASLG) were potentially regulated by
117 known miRNAs, in which FASLG and TGFBR3 were
coregulated by 17miRNAs (Figure 5C). miR-146-5p (an immune
homeostasis maintenance-related miRNA) was identified as
potentially involved in regulating the expression of 51 DE
mRNAs (Figure 5D).

qPCR Validation of DE mRNAs and DE

miRNAs
To verify the results of mRNA-seq and miRNA-seq, 20 DE
mRNAs and 16 DE miRNAs were randomly selected for
qPCR analysis. The results showed that the expression of all
the selected mRNAs and miRNAs except for miR-486-5p was
significantly different between the two age groups (p < 0.01)
(Figures 6A,B). Overall, the expression trends of mRNA and
miRNA upregulation or downregulation revealed by the qPCR
data were consistent with those derived from RNA sequencing
data (Figures 6C,D), which indicates that our transcriptome data

were credible for identification of the differentially expressed
mRNAs and miRNAs.

Expression and Localization Patterns of

Proteins Encoded by Immune-Related

Genes
To determine gene expression status at the protein level,
Western blot analysis was performed for two immune-related
genes (CD19 and TGFBR2). The results showed that CD19
and TGFBR2 proteins were downregulated in the T1Y group
compared with the T3M group (Figures 7A,B), which exhibited
a similar trend to those at the mRNA level. To explore the
potential roles of CD19 and TGFBR2 in developmental sheep
testes, and their localization patterns in sexual immaturity (T3M)
and maturity (T1Y), testes were assayed by immunofluorescence.
As shown in Figure 7C, stronger positive signals for the CD19
protein were observed in vascular endothelium from the T3M
group as well as SCs and the basement membranes from the
T3M and T1Y groups, and weak positive signals were observed
in interstitial cells from the T3M group. For the TGFBR2 protein,
strong positive signals were distributed in the interstitial cells
of both T3M and T1Y, and moderate positive signals were also
observed in gonocytes and spermatogonia from T3M, as well as
spermatogonia, spermatocytes, and spermatids from T1Y.

Validation of Targeting Relations Between

Either miR-29b or miR-1185-3p and ITGB1
ITGB1, a well-known cell adhesion-associated molecule that is
implicated in the function of the blood–testis barrier (26), was
discovered to be potentially regulated by 40 known miRNAs
based on miRNA–mRNA coexpression network analysis. Among
these, high abundance miR-29b and low abundance miR-1185-
3p were randomly chosen to verify the targeting relationships
between them and ITGB1. First, Pearson correlations revealed
that ITGB1 expression exhibited a strong negative correlation
with either miR-29b or miR-1185-3p (Figure 8A). Validation
by qPCR confirmed a significant increase in miR-29b or miR-
1185-3p and a significant decrease in ITGB1 mRNA observed in
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FIGURE 3 | Functional annotation and enrichment analysis for immune-related DE mRNAs. (A) GO annotation results. (B) Top 20 KEGG pathways enriched by

immune-related mRNAs. Y-axis denotes the enrichment factor, which was calculated by dividing the number of enriched genes (mRNAs) in the KEGG pathway by the

number of annotated genes in this pathway. (C) Venn diagram of DE mRNAs related to extracellular matrix remodeling, cell junction, cell adhesion, and immune

response.

the RNA-seq analysis (Figure 8B). To validate whether ITGB1
is a genuine miR-29b and miR-1185-3p target, we employed
a luciferase reporter assay by constructing the 3′UTR of
ITGB1 containing the putative miR-29b or miR-1185-3p binding
sites into XhoI and SalI sites of the pmirGLO dual-luciferase
miRNA target expression vector (Figure 8C). As demonstrated
in Figure 8D, the luciferase reporter activity for wild-type ITGB1
3′UTR (ITGB1-29-3′UTR WT and ITGB1-1185-3′UTR WT)
rather than the mutant ones, was significantly reduced following
transfection with either miR-29b or miR-1185-3p (Figure 8D).
Together, these data initially corroborated that ITGB1 is a
common target of miR-29b and miR-1185-3p.

DISCUSSION

To identify the potential genes involved in sheep testes’ immune

privilege, mRNA-seq was carried out for testis tissues derived

from T3M (pre-puberty) and T1Y (post-puberty) individuals.

We identified a total of 1,118 immune-related DE mRNAs
corresponding to 208 genes with increased abundance and
725 genes with decreased abundance in the T1Y group
compared with the T3M group. Functional bioinformatics
analysis based on the GO and KEGG database showed that
these genes were mainly involved in various biological processes
or pathways related to immune response, tight junction, cell
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FIGURE 4 | Analysis of DE miRNAs. (A) Numbers of DE miRNAs. (B) Volcano plot of DE miRNAs. Red represents increased miRNA abundance, and green

represents decreased miRNA abundance in T1Y relative to T3M. (C) Venn diagram representation of the common and group-specific DE miRNAs. T3M, testes from

3-month-old sheep; T1Y, testes from 1-year-old sheep; DE, differentially expressed.

FIGURE 5 | Integrated miRNA-target negative correlation regulatory networks. (A) Immune-related gene CD19 was potentially regulated by 24 known miRNAs. (B)

Three genes related to the blood–testis barrier function, namely, CLDN11, ITGA6, and ITGB1, were potentially regulated by 87 known miRNAs. (C) Four genes that

have been reported as testicular immune homeostasis-related genes, including TGFB1, TGFBR2, TGFBR3, and FASLG, were potentially regulated by 117 known

miRNAs. (D) Fifty-one DE genes were potentially regulated by miR-146-5p, an miRNA related to immune homeostasis maintenance. The circle nodes represent

miRNAs; the triangle nodes suggest target genes. The differentially expressed miRNAs/target genes are highlighted in red and blue, describing higher and lower

expression in the T1Y group compared with the T3M group, respectively. T3M, testes from 3-month-old sheep; T1Y, testes from 1-year-old sheep.
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FIGURE 6 | Verification of DE mRNAs and DE miRNAs by qPCR. (A) qPCR analysis for 20 randomly selected mRNAs. Data represent the mean ± SD. (B) qPCR

analysis for 16 randomly selected miRNAs. Data represent the mean ± SD. (C) The comparison of mRNA expression in terms of Log2 (fold change) as assessed by

mRNA sequencing and qPCR. (D) The comparison of mRNA expression in terms of the Log2 (fold change) as assessed by miRNA sequencing and qPCR. T3M,

testes from 3-month-old sheep; T1Y, testes from 1-year-old sheep; DE, differentially expressed.

adhesion, and ECM organization. To understand the possible
modulating mechanisms of the genes implicated in testicular
immune privilege, the subsequent miRNA-seq was carried out,
and miRNA–mRNA regulatory networks were constructed by
merging miRNA–mRNA pairs with strong negative correlations
and putative miRNA binding sites. Here, we identified a total of
37,950 potential miRNA–mRNA target pairs that involved 714
DEmiRNAs. It should be noted that, of course, not all genes were
potentially regulated by miRNAs. Among these immune-related
DE genes, none of the 460 genes corresponding to 564 mRNAs
have yet been identified as regulated by miRNAs.

The testes’ immune privilege involves almost every
aspect of immunological regulation, including BTB
with an immunoprotective role conferred by SCs, local

immunosuppression, antigen-specific immune response, and
immune tolerance (6). As one of the tightest tissue barriers
existing in the body of mammals, BTB is mainly formed by the
junctional complex at adjacent SCs, SCs-GCs, or SCs-ECM,
such as tight junctions, gap junctions, and apical ectoplasmic
specializations (apical ES, a testis-specific type of adhesion
junction) (27, 28). Based on KEGG pathway analysis, in the
present study, we found that 39, 36, and 37 DE genes were
significantly enriched in tight junctions, gap junctions, and
adhesion junctions, respectively. Gow et al. (29) reported that
the junctional protein CLDN11 deletion leads to a lack of
tight junction strands between SCs. As analyzed by mRNA-seq
and qPCR, our results showed that CLDN11 expression was
increased in T1Y and was potentially regulated by five known
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FIGURE 7 | Expression and localization patterns of CD19 and TGFBR2 proteins. (A) Western blot analysis. (B) Relative protein expression. Data represent the mean

± SD. (C) Immunofluorescence staining. Blue, DAPI; red/CY3, CD19; green/FITC, TGFBR2. Scale bar, 50µm. T3M, testes from 3-month-old sheep; T1Y, testes from

1-year-old sheep; DE, differentially expressed. **P < 0.01.

miRNAs (miR-311-3p, miR-424-5p, miR-486-5p, miR-541-3p,
and miR-6525-5p).

Furthermore, we found 11 integrinmolecules (i.e., ITGA2-A6,
A9, B1, B2, B7, AL, and AX), the expression of which was reduced
in T1Y. Cell adhesionmediated by integrins (e.g., ITGA4, A6, A7,
A9, B1) has a critical role in self-renewal and differentiation of
stem cells (including spermatogonial stem cells, SSCs) within the
niche through direct interaction with the molecules expressed in
ECM or the ECM-rich basal membranes (30). This finding would
suggest that these integrins, and particularly their significant
expression in T3M, may function in maintaining an optimal
microenvironment for the early spermatogenesis, especially self-
renewal and differentiation of SSCs, in pre-pubertal sheep testis.
Of these integrins, ITGA6 and ITGB1 have been identified as
the main components of hemidesmosome, which is a special
junction between SCs and ECM interfaces in the basement
membrane and participates in coordinating the cellular events
of spermiation and BTB restructuring during spermatogenesis
via the apical ES–BTB–hemidesmosome functional axis (26).We,
thus, speculate that a significant decrease in expression of ITGA6
and ITGB1, as well as their homologous genes in postpubertal
sheep testes, may be mainly attributed to the disassembly of this
junction and subsequent BTB restructuring, with the release of
mature sperm into the lumen. In addition, the integrated analysis
of miRNA–mRNA showed that the expression of ITGA6 and
ITGB1 was potentially regulated by 52 and 40 known miRNAs,
respectively, with elevated abundance in the T1Y group. The
subsequent dual-luciferase reporter assay partially confirmed that
bothmiR-29b andmiR-1185-3p targeted ITGB1. Collectively, the

results illustrate that these junction-related genes may facilitate
the restructuring events involving extensive cell junctions in
the seminiferous epithelium, as well as contributing to the
immunological barrier function of the BTB. PIN1, one of the
three known prolyl-isomerase types, was reported to play a key
role in adult mice spermatogenesis. The genetic deletion of PIN1
may lead to testicular atrophy and a consequent reduction in
fertility (31). Recent studies showed that PIN1 participates in
the maintenance of BTB function and integrity by regulating the
expression of junction proteins between SCs: connexin43 (Cx43;
gap junction) and N-cadherin (CDH2; adhesion junction), and
its deficiency results in the destruction of BTB integrity (32, 33).
In the present study, PIN1 was identified as having a significantly
increased abundance in postpubertal testes, a finding suggestive
of an active role for the PIN1 gene in BTB function during sheep
spermatogenesis. Nevertheless, the specific mechanism requires
further clarification via experiments.

In addition to BTB, active immunosuppression is another
important feature of testicular immune privilege. TGFB1, a
known immunosuppressive cytokine secreted mainly by SCs, is
reportedly involved in maintaining testicular immune privilege
by directly or indirectly suppressing immune cell activation
(3, 34). In this study, a significantly increased TGFB1 was
discovered in T1Y by RNA-seq and qPCR, suggesting a
potential function of TGFB1 in immunosuppressive properties in
postnatal sheep testes, notably postpubertal testes, as confirmed
by previous studies. Additionally, we found that its three
receptors (TGFBR1-3) showed significantly decreased expression
in T1Y. For TGFBR2, Western blot also confirmed that its
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FIGURE 8 | Validation of targeted associations between either miR-29b or miR-1185-3p and ITGB1. (A) Pearson correlation assessment between

oar-miR-29b/oar-miR-1185-3p and ITGB1 expression. (B) Quantitative real-time PCR (qPCR) detection for oar-miR-29b, oar-miR-1185-3p, and ITGB1 expression.

(C) Schematic presentation of the pmirGLO dual-luciferase miRNA target expression vector used for constructing ITGB1-3′UTR. (D) A dual-luciferase reporter assay

verified the interaction between miR-29b/miR-1185-3p and ITGB1. (Upper panel) The binding sites on ITGB1 3′-UTR and the seed region of miR-29b or

miR-1185-3p. (Lower panel) Relative luciferase activity was measured by a dual-luciferase reporter assay. Data represent the mean ± SD. T3M, testes from

3-month-old sheep; T1Y, testes from 1-year-old sheep. **P < 0.01.

protein abundance was significantly reduced. The subsequent
immunofluorescence analysis showed high levels of TGFBR2
protein in interstitial cells in T3M and T1Y, as well as moderate
expression in gonocytes and spermatogonia of T3M, and
spermatogonia, spermatocytes, and spermatids of T1Y. Similarly,
TGFBR2 has been expressed in spermatogonia, spermatocytes,
and spermatids in human testis (35). In murine testes, TGFBR2
has been reported to exist in gonocytes and Leydig cells
during fetal development (36). A previous study demonstrated
that TGFBR2 expression in epididymal DCs is crucial for
immunotolerance to sperm in mice epididymis, the absence of
which exhibits an immune response against sperm resulting in
severe epididymal leukocytosis (37). Considering these previous
findings, we speculate that TGFBR2 in sheep testes may be
implicated in maintaining testicular immune homeostasis, along

with being involved in the regulation of the development of
GCs. Moreover, our results showed that TGFB1 and its two
receptors TGFBR2 and TGFBR3, are predicted to be targeted
by 10, 23, and 113 putative DE miRNAs, respectively, in
which TGFBR2 and TGFBR3 are coregulated by miR-15-5p
and miR-7050-5p.

As macrophages are the largest immune cell population
in testes, their importance for testicular immune privilege is
reflected by their tolerance to the autoantigenic germ cells
and the local innate immune responses against microbial
infections (38). In our study, we identified CD68, a macrophage
marker, expressed in Tibetan sheep testes and significantly
decreased in T1Y. This indicates that macrophages also exist
in sheep testes and shows a possible decrease in cell number
in postpubertal testes. Accumulated evidence suggests that
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FIGURE 9 | A proposed putative model showing the involvement of DE genes and miRNAs in testicular immune homeostasis through related pathways.

testicular macrophages can secrete high anti-inflammatory
cytokines and express low levels of TLR signaling pathway
genes, along with simultaneous inhibition of pro-inflammatory
signaling pathways, such as the NF-κB pathway (39). Similarly,
our results showed that 48 (e.g., TRAF6, IRAK1, IRF3, TLR4,
and TLR7) and 47 DE genes (e.g., IKBKBC, CCL19, CCL21,
and NFKB1) were significantly enriched in TLR and NF-κB
signaling pathway, respectively. Among these genes, the vast
majority were expressed at low levels (FPKM < 10) in testes
at two age groups and exhibited a reduced expression in the
T1Y group. By miRNA–mRNA integrated analysis, miR-146-
5p was potentially targeted to six genes involved in the TLR
or NF-κB pathway (TLR7, LTBR, MAP2K4, PRKCB, RIPK1,
and Zap70). Fifty-one target genes potentially regulated by miR-
146-5p participated in biological processes or pathways with
immune responses as well, such as adaptive immune responses,
leukocyte transendothelial migration, antigen processing and
presentation, and the TCR signaling pathway. The miR-
146 family has been widely reported to have a role in
maintaining immune tolerance, including pregnancy tolerance
and sperm-borne immunomodulation (16). Also, miR-146 is
involved in regulating the functional tolerance of immune
cell subtypes, including T cells, DCs, and macrophages (16).
For example, miR-146 inhibits the maturation of DCs by
reducing the expression of its surface markers. In normal
testes, DCs are phenotypically immature and immunologically
tolerogenic (34). Consistent with these findings, in our
study, a decreased CD86 gene (a surface marker for mature
DCs; FPKM < 2.5) with lower abundance was identified,

suggesting that DCs exist in normal sheep testis in an inactive
immature state.

It has been reported that immature DCs can suppress the
activation and proliferation of T cells that allow spermatogenic
cells to avoid being directly recognized by the activated T cells
(34). In this study, we found low CD4 expression (FPKM <

3.5 per independent sample) in both T3M and T1Y, and was
decreased in T1Y. These findings suggest that the number of
CD4+ T cells is kept at a very low level as well as in a quiescent
state in normal sheep testes, especially in postpubertal testes,
thereby preventing the potential DC-induced antigen-specific
immune response. Furthermore, the present study showed
that the mRNA expression and protein abundance of CD19
significantly decreased in T1Y compared with T3M. By using
immunofluorescence, weak CD19 protein signals were found
in interstitial cells in T3M. Interestingly, CD19 protein signals
were also observed in vascular endothelium in T3M and SCs
and the basement membrane in T3M and T1Y. CD19 is a
known B-cell marker, but its expression is not limited to B cells,
as demonstrated by the expression of CD19 in human SSCs
and granulosa cells (39). Considering that CD19 is also found
in the main components of BTB (SCs, basement membrane,
and vascular endothelium) suggests a possible role of CD19 in
the maintenance of BTB function and immune homeostasis in
sheep testes. Still, the detailed mechanisms remain to be further
verified. Based on the current results, a hypothetical model is
proposed to reveal the potential roles of DE genes and miRNAs
in the homeostatic regulation of immune privilege in sheep testes
(Figure 9).
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CONCLUSION

To the best of our knowledge, this is the first systematic
report investigating the expression patterns of miRNAs and
target mRNAs related to immunity in developmental testes
of sheep. Here, most of the miRNAs exhibited increased
abundance, whereas most genes enriched in immune-related
pathways/biological processes showed decreased abundance in
postpubertal testis compared with prepubertal testis. CD19
and TGFBR2 were revealed to both exhibit reduced mRNA
and protein expression. The CD19 protein was localized
mainly on prepubertal testicular vascular endothelium and
throughout developmental Sertoli cells and the basement
membrane, whereas the TGFBR2 protein was localized primarily
in interstitial cells and germ cells throughout development.
Integrated analysis of miRNAs and mRNAs demonstrate
that these genes, most of which may be regulated by
miRNAs, participate in the homeostatic regulation of testicular
immune privilege both through maintenance of the blood–
testis barrier and through inhibition of the immune response
and interstitial immune cell activity. Furthermore, oar-miR-
29b and miR-1185-3p were confirmed to directly interact
with ITGB1. These findings provide further insights into the
mechanism underlying testicular immune privilege in sheep and
other mammals.
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Inhibition of the C-X-C Motif
Chemokine 12 (CXCL12) and Its
Receptor CXCR4 Reduces
Utero-Placental Expression of the
VEGF System and Increases
Utero-Placental Autophagy

Ryan L. Ashley*, Cheyenne L. Runyan †, Marlie M. Maestas, Elisa Trigo and Gail Silver

Department of Animal and Range Sciences, New Mexico State University, Las Cruces, NM, United States

The placenta, a unique organ that only develops during pregnancy, is essential for

nutrient, oxygen, and waste exchange between offspring and mother. Yet, despite its

importance, the placenta remains one of the least understood organs and knowledge of

early placental formation is particularly limited. Abnormalities in placental development

result in placental dysfunction or insufficiency whereby normal placental physiology is

impaired. Placental dysfunction is a frequent source of pregnancy loss in livestock,

inflicting serious economic impact to producers. Though the underlying causes of

placental dysfunction are not well-characterized, initiation of disease is thought to occur

during establishment of functional fetal and placental circulation. A comprehensive

understanding of the mechanisms controlling placental growth and vascularization

is necessary to improve reproductive success in livestock. We propose chemokine

C-X-C motif ligand 12 (CXCL12) signaling through its receptor CXCR4 functions as

a chief coordinator of vascularization through direct actions on fetal trophoblast and

maternal endometrial and immune cells. To investigate CXCL12–CXCR4 signaling

on uteroplacental vascular remodeling at the fetal–maternal interface, we utilized a

CXCR4 antagonist (AMD3100). On day 12 post-breeding in sheep, osmotic pumps

were surgically installed and delivered either AMD3100 or saline into the uterine

lumen ipsilateral to the corpus luteum for 14 days. On day 35 of ovine pregnancy,

fetal/placental and endometrial tissues were collected, snap-frozen in liquid nitrogen, and

uterine horn cross sections were preserved for immunofluorescent analysis. Suppressing

CXCL12–CXCR4 at the fetal–maternal interface during initial placental vascularization

resulted in diminished abundance of select angiogenic factors in fetal and maternal

placenta on day 35. Compared to control, less vascular endothelial growth factor (VEGF)

and VEFG receptor 2 (KDR) were observed in endometrium when CXCL12–CXCR4

was diminished. Less VEGF was also evident in fetal placenta (cotyledons) in ewes

receiving AMD3100 infusion compared to control. Suppressing CXCL12–CXCR4 at the

fetal–maternal interface also resulted in greater autophagy induction in fetal and maternal
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placenta compared to control, suggestive of CXCL12–CXCR4 impacting cell survival.

CXCL12–CXCR4 signaling may govern placental homeostasis by serving as a critical

upstream mediator of vascularization and cell viability, thereby ensuring appropriate

placental development.

Keywords: CXCL12, CXCR4, CXCR7, angiogenesis, placenta, MAPK, fetal/maternal crosstalk, autophagy

INTRODUCTION

Reproductive losses due to embryonic and fetal deaths result in
crucial economic constraints to livestock and dairy production
systems and also manifest in loss of genetically important
animals. Many pregnancy losses occur due to complications
that arise when the embryo attaches to maternal endometrium
(implantation) and subsequent formation of the placenta
(placentation). The placenta, a unique organ that only develops
during pregnancy, is essential for nutrient, oxygen, and
waste exchange between offspring and mother. Abnormalities
in placental development result in placental dysfunction or
insufficiency whereby normal placental physiology is impaired.
Placental insufficiency is a frequent source of pregnancy loss
in livestock, inflicting serious economic impact to producers
(1, 2), but the underlying causes of impaired placental function
are not well-characterized. Placental dysfunction is at the
root of numerous pregnancy complications such as pre-
eclampsia and intrauterine growth restriction (IUGR). These
pregnancy complications are the leading cause of maternal,
fetal, and neonatal morbidity and mortality worldwide in
humans. Impaired placental function pre-disposes offspring to
cardiovascular disease, type 2 diabetes, insulin resistance, obesity,
hypertension, and stroke during adulthood (3–8). Though less
studied in livestock, these same health problems occur in
farm animals, negatively affecting livestock production (9). A
comprehensive understanding of the mechanisms controlling
placental growth and vascularization are necessary to improve
reproductive success in livestock and dairy systems.

Despite its importance, the placenta remains one of the
least understood organs and knowledge of early placental
formation is particularly limited. Placental development requires
intricately coordinated communication between fetal trophoblast
and maternal endometrial and immune cells at the fetal–
maternal interface during a defined window early in gestation.
Numerous factors including chemokines, cytokines, and growth
factors contribute to the dialog at the fetal–maternal interface
to direct placental development (10, 11). Among these, the
unique chemokine network, more known for immune system-
specific functions, has emerged as a critical player in regulating
implantation and placentation. Chemokines constitute a family
of small (8–14 kDa) structurally similar peptides that elicit
actions by binding and activating various G protein-coupled
receptors. Chemokine ligand 12 (CXCL12) also known as stromal
cell-derived factor (SDF-1) is involved in several processes
that are also central to placentation including stimulation of
cell proliferation and migration, vascularization, immune cell
recruitment, and cytokine production through direct actions
on fetal trophoblast and maternal endometrial and immune

cells (12). As CXCL12 acts directly upon fetal trophoblast
and maternal endometrial and immune cells, all of which
coordinate placentation, it has great potential to generate
a supportive placental microenvironment, thereby directing
placental formation. However, the precise roles that CXCL12
plays in livestock placental development are limited.

Using an in vivo sheep model in combination with in
vitro methods, we have gained insight into CXCL12-induced
actions during conceptus attachment and initial placentation.
Suppressing CXCL12/CXCR4 signaling during the small window
of conceptus implantation diminishes placental vascularization,
induces autophagy, and dampens the inflammatory placental
environment (13–16). Moreover, we recently published evidence
demonstrating that suppressing CXCL12-induced actions at
the fetal–maternal interface reduces trophoblast invasion into
maternal endometrium and delays uterine remodeling (13).
Notably, several observed outcomes in our studies mirror
those of placental dysfunction, suggesting that an imbalance
in CXCL12-mediated signaling may be causative. Building on
these studies, we hypothesized that the reduced vascularization,
diminished trophoblast invasion, and altered uterine receptivity
observed upon suppressing CXCL12–CXCR4 during attachment
would manifest in compromised placentation later in gestation.
To test, we investigated impact to placental vascularization, cell
survival, and relevant signaling pathways in the placenta on d35
of gestation after suppressing CXCL12–CXCR4 signaling at the
fetal–maternal during implantation. Day 35 of pregnancy was
selected to represent a time when the conceptus should be firmly
attached, and uteroplacental vascular remodeling is rampant (17–
19). We suggest that CXCL12 signaling through its receptor
CXCR4 functions as a chief coordinator of placentation through
direct actions on fetal trophoblast and maternal endometrial
cells. The goal is to increase understanding of CXCL12-induced
actions on controlling placental growth and vascularization to
improve reproductive success and fetal health in livestock and
dairy production systems.

MATERIALS AND METHODS

Animals
All procedures involving animals were conducted with approval
by the New Mexico State University Institutional Animal
Care and Use Committee. Fifteen Western white face ewes
(primarily Rambouillet, Targhee, and Columbia), similar in age
(3–5 years) and weight, received intravaginal controlled internal
drug release (CIDR) inserts for 5 days to synchronize estrus,
and upon removal, two injections of dinoprost tromethamine
(5mg intramuscular; Lutalyse; Pfizer, New York, NY) were

Frontiers in Veterinary Science | www.frontiersin.org 2 August 2021 | Volume 8 | Article 650687146

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Ashley et al. CXCL12–CXCR4 Govern Placental Homeostasis

administered 4 h apart (14). Ewes were mated by a fertile ram
and randomly placed into experimental groups of either control
(PBS; n = 7) or treatment (CXCR4 inhibitor; AMD3100; n = 8).
On day 12 of gestation, ewes were anesthetized (5mg xylazine
and 100mg ketamine, 1ml intravenous) and maintained on
isoflurane. Mini-osmotic pumps developed for 14-day delivery
(2ml reservoir volume and pumping rate of 5 µl/h; Alzet 2ML1,
Cupertino, CA, USA) were pre-loaded with AMD3100 (2,060 ng;
Selleckchem, Houston, TX, USA) or PBS. The AMD3100 dose is
based on the pharmacokinetic profiling of AMD3100 andmedian
values reported in circulation (20). The catheter attached to the
pump was inserted into the lumen of the uterus ipsilateral to
the corpus luteum, thus dispensing treatments into the uterine
lumen. The pump and catheter were anchored to the uterus with
cyanoacrylate glue (super glue, Ontario, CA) and secured with
suture (MWI Vet Supply, Boise, ID. USA).

Tissue Collections
On day 35 of gestation, ewes were anesthetized with sodium
pentobarbital (20mg/kg, intravenous) and reproductive tract was
removed using a mid-ventral laparotomy. Endometrial (caruncle
and intercaruncle) and cotyledon tissues were collected, snap-
frozen in liquid nitrogen, and stored at −80◦C for subsequent
protein isolation. Using a sterile razor blade, frontal sections
(0.5 cm thick) of the ipsilateral uterine horn were also collected
and immersed in 4% paraformaldehyde for 24 h. Uterine horn
cross sections were embedded in paraffin, sectioned at 5µm,
and mounted onto glass slides using standard procedures (AML
Laboratories). Ewes that did not have fetal membrane or
embryos present at time of tissue collection were designated as
non-pregnant. Ewes were euthanized by exsanguination while
under anesthesia.

Protein Isolation and Immunoblot
Protein was isolated from endometrial and cotyledon tissues of all
pregnant ewes by homogenizing 100mg of tissue in 1ml of RIPA
buffer supplemented with phosphatase and protease inhibitor
tablets. Protein samples were placed on ice for 15min and
centrifuged at 12,000 × g for 10min at 4◦C before supernatant
was removed and lysates were stored at −80◦C until further
analysis. Protein lysate concentrations were quantified using
BCA protein assay (Thermo Fisher Scientific). Equal amounts
of protein lysate were separated using SDS-PAGE followed
by transfer to methanol-activated polyvinyl difluoride (PVDF)
membranes for immunoblotting. All washes and dilutions were
made in TBS supplemented with 0.10% TWEEN 20, unless
otherwise noted. Membranes were blocked in either 5% non-
fat milk or 5% BSA for 1 h at room temperature, followed by
incubation with primary antibody diluted in either 5% non-
fat milk or 5% BSA overnight at 4◦C. Antibody specifications
are as follows: vascular endothelial growth factor (VEGF;
1:500; sc-152; Santa Cruz Biotechnology), C-X-C chemokine
receptor type 7 (CXCR7; 1:500; NBP2024779, Novus Biologicals),
kinase insert domain receptor/VEGF Receptor 2 (KDR; 1:1,000;
NB100-627, Novus Biologicals), microtubule-associated proteins
1A/1B light chain 3B (LC3B-II; 1:1000; PA1-46286; Thermo
Fisher Scientific), phosphorylated extracellular signal-regulated

kinase 1/2 (pERK; 1:1,000, sc93, Santa Cruz Biotechnology),
extracellular signal-regulated kinase 1/2 (ERK; 1:1,000; sc7383;
Santa Cruz Biotechnology), phosphorylated c-Jun N-terminal
Kinase (pJNK; 1:1,000; cst 9252; Cell Signaling Technology), c-
Jun N-terminal Kinase (JNK; 1:1,000; cst 9251; Cell Signaling
Technology), phosphorylated p38 MAP kinase (p-p38; 1:1,000;
cst 4511; Cell Signaling Technology), and p38 MAP kinase
(p38; 1:1,000; cst 9212; Cell Signaling Technology). After three
10-min washes, membranes were incubated with appropriate
horseradish peroxidase (HRP)-conjugated secondary antibody
at room temperature for 1 h, followed by two final 10-min
washes and subsequent incubation with chemiluminescent HRP
substrate (34076; Thermo Fisher Scientific). Proteins of interest
were visualized using the ChemiDoc XRS System and Image
Lab Software (version 3, Bio-Rad Laboratories), and optical
densitometry values of each band were recorded. Equal loading
of all protein samples was validated using an antibody specific to
glyceraldehyde phosphate dehydrogenase (GAPDH).

Immunofluorescence
Paraffin-embedded tissues were sectioned at 5µm, mounted
onto glass slides, and de-paraffinized using a histologic clearing
agent (Histo-clear, National Diagnostics, Atlanta, GA) followed
by a series of rehydration ethanol washes (100, 95, 70, and
50% ethanol, respectively). Antigen retrieval was performed by
boiling samples in 10mM sodium citrate buffer, pH 6, in a
microwave for 10min, and each slide was rinsed twice in TBS
with 0.025% Triton X-100. To prevent non-specific binding of
antibodies, each slide was treated for 1 h with blocking buffer
(TBS + 1% BSA + 10% normal goat serum). Tissue sections
were incubated with a specific primary antibody specific to von
Willebrand factor (vWF; cat no. ab6994; Abcam). Slides were
rinsed 2 × 5min in TBS-T and incubated for 1 h at room
temperature with Alexa 568-labeled goat anti-rabbit secondary
antibody. Each slide was mounted with Fluoromount (Sigma-
Aldrich) with 4,6-diamidion-2-phenylindole (Life Technologies,
Grand Island, NY) to counterstain nuclei. Control sections were
incubated with dilution buffer (TBS+ 1% BSA).

Microscopy Image Analysis
For each tissue section, photomicrographs were taken at 10× at
the same exposure time with Zeiss Axio Scope and AxioCam
MRm camera for immunofluorescence (Carl Zeiss Microscopy,
LLC, Thornwood, NY). Using this method, we obtained images
of placental and gravid uterus vasculature that can be quantified.
Blood vessel abundance was analyzed as previously described
(21). Each level was scanned for blood vessels and imaged.Within
each level, endothelial cell marker, vWF expression, blood vessel
number, and blood vessel circumference were analyzed.

Statistical Analysis
Significant differences in immunoblot data were determined by
performing an unpaired, two-tailed Student’s t-test analysis using
Prism (version 9, GraphPad Software, Inc.). Chemiluminescent
signals for Western blots were quantified using the Image Lab
software program; the mean intensity value was obtained for
each band of interest and normalized by dividing that of the
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FIGURE 1 | Impact to placental vascularization after suppressing the CXCL12–CXCR4 network. Protein abundance and representative immunoblots of VEGFA in

ovine fetal cotyledon (COT) placenta (A) and maternal caruncle (CAR) placenta (B), the VEGFA receptor KDR in intercaruncle (IC) tissue (C), and CXCR7 in caruncle

placenta (D) following intrauterine saline (CON) or AMD3100 (AMD) infusion. Data are presented as the mean ± SEM, and significance is denoted with an asterisk (*)

when p < 0.05, or (***) when p < 0.0001. #p = 0.08.

corresponding band for GAPDH. Immunofluorescent signals
from uterine cross sections were quantified using the ImageJ
software program; the mean integrated density values were
obtained and averaged. Tissue autofluorescence was accounted
for by measuring the integrated density of the background,
averaging the values from each image, and subtracting from the
average integrated density of that animal. Values were quantified
using ImageJ, and the average integrated density value, area
circumference, and blood vessel number were analyzed using the
unpaired Student’s t-test.

RESULTS

To evaluate placental vascularization on day 35 of gestation,
angiogenic and growth factors central to placentation were
assayed using Western blot. Fibroblast growth factor 2 (FGF2),
VEGFA, VEGFB, angiopoietin 1 (ANG1), KDR, fms-like
tyrosine kinase-1 (FLT1/VEGFR1), Hypoxia inducible factor
alpha (HIF1A), CXCL12, CXCR4, and CXCR7 were detected
in cotyledon and caruncle placental tissue on day 35 of

gestation but only significant changes in protein amounts
are included. Suppressing CXCL12–CXCR4 signaling at the
fetal–maternal interface from days 12 to 26 of gestation resulted
in less angiogenic factors in the placenta on day 35, 9 days
post-treatment (Figure 1). Using immunoblot analysis, protein
abundance for VEGFA in both fetal cotyledon (COT) and
maternal caruncle (CAR) placenta was diminished (p < 0.05)
upon suppressing CXCR4 signaling during conceptus attachment
(Figures 1A,B). Receptors for VEGF were also assayed and while
levels of FLT1 were similar between control and AMD3100-
treated ewes in fetal and maternal placenta (data not shown),
quelling CXCL12–CXCR4 actions tended (p < 0.1) to reduce
KDR amounts in intercaruncle (IC) tissue (Figure 1C). Protein
expression for CXCR4 did not differ in placenta on day 35
regardless of treatments (data not shown), but protein abundance
for the other CXCL12 receptor, CXCR7, was diminished in
caruncle placenta when ewes received CXCR4 inhibitor in utero
(Figure 1D).

To further determine if vascularization is impacted when
CXCL12–CXCR4 signaling is suppressed at the fetal–maternal
interface, the expression of vWF was assayed in the placenta
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FIGURE 2 | Immunoreactive vWF cells (endothelial cell marker) in ovine uterine

cross sections on day 35 of gestation. vWF red fluorescence expression (A)

was similar (p > 0.05) and the number of blood vessels (B) and blood vessel

circumference (C) did not change (p > 0.05) between CON and AMD.

Representative 10× magnification (100 µm) images of vWF (red) with DAPI

(blue) as nuclear stain in ovine uterine horn cross sections following intrauterine

treatment with control (CON) phosphate buffer saline (D) or CXCR4 inhibitor

(AMD) (E). White arrows denote developing blood vessels.

using immunofluorescent imaging (Figure 2). Our objectives
were to determine immunohistochemical expression of vWF
and to evaluate blood vessel number (BVN) and blood vessel
circumference (BVC) of the uterine horn on day 35 of gestation.
Representative immunofluorescent images of vWF in uterine
cross sections from control (CON) and AMD3100-treated
(AMD) ewes are shown in Figures 2D,E, respectively. The
expression of vWF was similar between control and AMD3100-
treated ewes (Figure 2A). Similarly, the number of blood vessels
(Figure 2B) and respective circumferences (Figure 2C) did not
differ between control and AMD3100-treated ewes on day 35.

Induction of autophagy, a cell survival mechanism, was
investigated by quantifying protein abundance for LC3B-II,
a classic marker of autophagy induction using immunoblot.
Compared to control ewes, greater amounts of LC3B-II were
evident in both cotyledon (Figure 3A) and caruncle (Figure 3B)
placenta from ewes receiving CXCR4 inhibitor during conceptus
attachment and beginning stages of placental vascularization.

Compared to control ewes receiving saline, all three major
MAPKs were altered in placenta 9 days after receiving
CXCR4 inhibitor at the fetal–maternal interface (Figure 4).

In COT placenta, suppressing CXCL12–CXCR4 resulted in a
tendency (p = 0.08) for increased ERK activation compared
to control as evidenced by the phosphorylated 42- and 44-kDa
bands (Figure 4A). The pJNK signaling pathway, however, was
diminished (p < 0.05) in COT placenta after suppressing CXCR4
at the fetal–maternal interface with less phosphorylated JNK at 46
and 54 kDa (Figure 4B). In maternal placenta (CAR), greater (p
< 0.05) activation of the p38 pathway was evident after inhibiting
CXCL12–CXCR4 during implantation and initial placentation
(Figure 4C).

DISCUSSION

Embryonic and fetal survival is a major factor affecting
production and economic efficiency in livestock meat and
milk production (22–25) with the majority of losses occurring
during implantation and initial placental vascularization
(23, 26–30). Placental vascularization is a critical period of
early gestation supporting not only embryonic survival but
also subsequent fetal growth and development. Diminished
placental vascularization can result in placental dysfunction, a
fundamental cause of fetal growth abnormalities, pre-eclampsia,
and early pregnancy loss (1, 2). The importance of placental
circulation to successful pregnancy is recognized and exemplified
by the close relationships among fetal weight, placental size, and
uterine and umbilical blood flows during normal pregnancies
(31–33). Establishment of functional fetal and placental
circulations is one of the earliest events during embryonic
development (34). The large increase in transplacental exchange,
supporting the exponential increase in fetal growth during the
last half of gestation, depends primarily on the dramatic growth
of placental vascular beds and large increases in uterine and
umbilical blood flows early in pregnancy (31–33, 35–39).

Despite clear evidence that placental formation and
angiogenesis during early pregnancy are critical for normal fetal
growth and development, the underlying molecular mechanisms
driving placental vascularization are not well-characterized.
Factors influencing placental vascular development drastically
impact fetal health, and thus neonatal survival and growth (39–
41), whereas compromised fetal growth significantly impacts
life-long health and productivity (40, 42, 43). The predominant
angiogenic factor driving placental growth and vascularization
is vascular endothelial growth factor (VEGFA) signaling
through its receptors VEGFA receptor-1 (FLT1) and VEGFA
receptor-2 (KDR) (32), yet illuminating central upstream master
regulators of the VEGFA angiogenic axis is key to increasing our
understanding of placental development.

The CXCL12–CXCR4 chemokine axis has a special
relationship with VEGFA and stimulates VEGF production
and secretion, which, in turn, drives CXCL12 and CXCR4
synthesis, thereby creating a powerful proangiogenic feed-
forward loop (44–47). This angiogenic connection between
CXCL12–CXCR4 and VEGFA signaling may be one of the
primary pathways promoting early placental vascularization and
angiogenesis. Synthesis of CXCL12 and CXCR4 increase in fetal
membranes and endometrium prior to VEGFA and VEGFA
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FIGURE 3 | Evidence of placental autophagy induction after suppressing the CXCL12–CXCR4 network. Protein abundance of cellular autophagy marker LC3B-II and

representative immunoblots in ovine fetal cotyledon (COT) placenta (A) and maternal caruncle (CAR) placenta (B) following intrauterine saline (CON) or AMD3100

(AMD) infusion. Data are presented as the mean ± SEM, and significance is denoted with an asterisk when p < 0.05 (*).

FIGURE 4 | The MAPK-signaling pathways mediated by ERK, JNK, and p38 protein kinases are activated after suppressing the CXCL12–CXCR4 network. Tendency

for ERK activation (A), suppression of JNK (B) in ovine fetal cotyledon (COT) placenta, and activation of p38 (C) in maternal caruncle (CAR) placenta following

intrauterine saline (CON) or AMD3100 (AMD) infusion. Phosphoprotein data are shown with corresponding representative immunoblots. Statistical comparisons were

made using Student’s t-test; significance is denoted with an asterisk (*) when p < 0.05 or (**) when p < 0.01. #p = 0.08.

receptors and the amplified CXCL12–CXCR4 signaling at the
fetal–maternal interface may be a central regulator activating
the VEGFA angiogenic axis (17, 18, 45, 48). As early as day 18
of pregnancy in sheep, the fetal extraembryonic membranes
begin to form blood vessels (31) that coincidently correlates with

increased CXCL12 and CXCR4 endometrial expression (45). To
determine if CXCL12–CXCR4 signaling is critical to placental
production of VEGFA and overall placental vascularization,
we developed an in vivo model to suppress CXCL12–CXCR4
at the fetal–maternal interface with the CXCR4 antagonist,
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AMD3100. Suppressing CXCL12–CXCR4 signaling negatively
impacts placental vascularization in endometrium as early as
day 20 of pregnancy (16) with deleterious impact to placental
vascularization still evident 3 days later (15). These data
imply that the detrimental impact to placental vascularization
when CXCL12–CXCR4 is suppressed may persist, resulting in
compromised placental development and negative impact to
fetal growth and health later in gestation.

To determine if diminished CXCL12–CXCR4 signaling at the
fetal–maternal interface during implantation and initial placental
vascularization results in long-term detrimental effects to the
placenta, we suppressed CXCL12–CXCR4 at the fetal–maternal
interface for 14 days starting on day 12 of gestation (days 12–
26) and then collected placental tissues on day 35 of gestation,
9 days after treatment delivery to uterus had stopped. Placental
growth, vascularization, cell survival, and relevant signaling
pathways were evaluated in fetal and maternal placenta on
day 35 of gestation. Similar to previous reports, the negative
impact to placental vascularization early in gestation when
CXCR4 is antagonized remains evident in placenta several days
after treatments subsided. VEGFA abundance was diminished
in fetal (COT) and maternal (CAR) placenta on day 35, but
unlike our previous studies, FLT1 levels did not differ (15,
16). Instead, production of the other VEGFA receptor, KDR,
tended to decrease in maternal placenta after suppressing
CXCL12–CXCR4. The current study suppressed CXCL12–
CXCR4 signaling at the fetal–maternal interface for 14 days
whereas previous studies antagonized CXCR4 for 7 days, which
may account for the differences in the production of the different
VEGF receptors in the studies. Taken together, it appears
that CXCL12–CXCR4 signaling regulates many components of
the VEGFA pathway at the fetal–maternal interface including
VEGFA and both receptors (15, 16) and thus may be a key
upstream regulator of the placental VEGFA angiogenic axis in
the placenta.

In an attempt to further quantify placental angiogenesis,
we evaluated expression of vWF, as previously used in sheep
(49). A large glycoprotein, vWF is produced by endothelial
cells and megakaryocytes (50). It is often used as a marker of
blood vessels due to its selective endothelial expression and has
been used to quantify angiogenesis in a variety of tumors (51–
53). Our objectives were to determine immunohistochemical
expression of vWF, and to evaluate blood vessel number
(BVN) and blood vessel circumference (BVC) of placenta
on d35 of gestation. A reduction in vWF was expected
because of the reduced VEGFA and associated signaling in
placenta in concert with the knowledge that vWF synthesis is
upregulated by VEGFA (54). Despite reduced levels of VEGFA
in fetal and maternal placenta, vWF remained similar between
control and AMD3100-treated ewes. Though not significant,
observing vWF immunolocalization, control ewes appeared to
have more uniform distribution of vWF and greater vessel
circumference compared to AMD3100-treated ewes, which
appeared disorganized. It is possible that evaluating vWF on
day 35 of gestation is too soon to observe significant changes
to placental angiogenesis. Similar to placental dysfunction and
pre-eclampsia, the negative impact to placental growth and

vascularization may manifest much later in gestation (mid-
gestation and onward) after insults during early pregnancy.

The impaired placental vascularization observed on day
35 suggests a stressful placental environment. To determine
if overall placental homeostasis was affected, the autophagy
pathway was investigated. In addition to degrading cellular
components under stress to survive, autophagy also participates
in tissue remodeling, growth control, and cellular immunity (55–
58), all of which are crucial to proper placental development
(59, 60). In the current study, suppressing CXCL12–CXCR4
during implantation and initial placental vascularization resulted
in greater abundance of the autophagy marker LC3B-II in
fetal and maternal placenta on day 35, consistent with our
previous studies (13, 16). However, this is our first observation
of autophagy still evident 9 days after treatments had stopped.
Whether the main purpose of autophagy induction is survival,
tissue remodeling, growth control, or all the above remains to
be determined.

To gain a better understanding of the molecular signaling
at the fetal–maternal interface upon inhibiting CXCR4, we
quantified the MAPK-signaling pathways mediated by ERK,
JNK, and p38 protein kinases, which are central to placental
growth, survival, and vascularization. The downregulation of p-
JNK signaling in fetal (COT) placenta in the current study may
indicate a suppression of apoptosis. Given the corresponding
rise in autophagy induction observed in the same tissue
suggests that these cells are attempting to survive and continue
placental development. Moreover, p-ERK tended to increase in
COT, which may signify activation of pro-survival and growth
signaling mechanisms. Likewise, activation of the p-p38 pathway
would indicate that the maternal (CAR) placenta is reacting to a
stressful situation and trying to survive. While further studies are
needed to determine the downstream consequences to placental
development, it is interesting that suppressing a single chemokine
receptor, CXCR4 for a brief period results in global changes
to several MAPK proteins in the placenta numerous days later
in gestation.

CXCR7 is another receptor for CXCL12, though it was
only recently demonstrated to elicit intracellular signaling
upon CXCL12 binding (61, 62). A study of both receptors at
the fetal–maternal interface is needed to illuminate CXCL12-
induced actions mediating placental vascularization. While
CXCR4 abundance did not change on day 35 after ADM3100
treatment (data not shown), CXCR7 abundance decreased in
maternal placenta (CAR) when CXCR4 was inhibited. This is in
contrast to our previous studies antagonizing CXCR4 at the fetal–
maternal interface where CXCR4 expression is typically altered
and CXCR7 remains stable after antagonizing CXCR4 signaling
(15, 16). A change to receptor levels suggests possible alterations
to CXCL12-induced actions during placental development. The
manifestation to placental growth and function later in gestation
because of these alterations to CXCL12 receptors during early
pregnancy remains to be seen but advocates for further research
deciphering roles of CXCR4 and CXCR7 during implantation
and placentation.

In conclusion, we demonstrated the impact a short
interruption in CXCL12–CXCR4 signaling during implantation
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has on placental development in sheep. The fact that we can
manipulate this chemokine axis during a defined window
of early pregnancy with great potential to impact placental
development and thus offspring health is exciting and
widely applicable to livestock and human health. CXCL12
is a highly conserved chemokine across livestock species
and stimulates several biological processes essential to
placental development through direct actions on trophoblast,
endometrial, and immune cells. As CXCL12 acts upon
all cell types responsible for placental formation across
eutherian mammals, we propose that modulating CXCL12-
induced actions is a novel approach to manipulating the
fetal–maternal environment during the window when
most pregnancy losses occur, and impaired placental
development transpires. Increasing our understanding of
CXCL12-induced actions controlling placental growth and
vascularization will hopefully reveal methods to improve
reproductive success and fetal health in livestock and dairy
production systems.
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