
����������
�������

Citation: Figarska, A.;

Witkowska-Piłaszewicz, O.

Immunological Response during

Pregnancy in Humans and Mares.

Agriculture 2022, 12, 431. https://

doi.org/10.3390/agriculture12030431

Academic Editor: Nicole Kemper

Received: 16 February 2022

Accepted: 18 March 2022

Published: 19 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

agriculture

Review

Immunological Response during Pregnancy in Humans
and Mares
Aleksandra Figarska and Olga Witkowska-Piłaszewicz *

Department of Large Animals Diseases and Clinic, Institute of Veterinary Medicine,
Warsaw University of Life Sciences—SGGW, 02-776 Warsaw, Poland; aleksandra.figarska99@gmail.com
* Correspondence: olga_witkowska_pilaszewicz@sggw.edu.pl

Abstract: The immunology of pregnancy deals with the immune responses of a mother and her
fetus to each other. More knowledge has been acquired over the last decade to give insight into the
complicated immunological processes that help the developing fetus to survive in most circumstances.
During this unusual state, the mother’s immune system must remain tolerant to paternal major
histocompatibility complex (MHC) antigens while retaining normal immunological competence
for pathogen defense, which is a difficult act. In the last decade, numerous processes have been
revealed that may explain why the mother does not reject the foreign fetus. To understand how
these processes work, the need to look at both fetal and maternal aspects, including trophoblast cell
characteristics, local maternal factors, and changed MHC class I expression, is required. Horses,
because of their unique anatomy and physiology, are a very useful animal model in pregnancy
immunology research. In pregnant mares, chorionic girdle cells generate cytotoxic antibodies to
paternal MHC class I antigens, enabling a more in-depth study of these invasive trophoblasts and
their effect on the mother’s immune system. Therefore, this review will concentrate on the immune
response during pregnancy in both humans and horses.
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1. Introduction

The immunological functions are influenced by a multitude of factors, for example,
age or genes, due to the intricacy of the immune processes and their interconnection with
other systems [1]. When confronted with pathogens, the immune system has at its disposal
the components that produce the processes of specific (acquired) and nonspecific (innate)
immunity. The initial line of defense is nonspecific mechanisms which work regardless of
past pathogen exposure. This immunity serves as a barrier against infections and illnesses
brought on by the environment. These processes of nonspecific immunity mechanisms are
less accurate, but they allow for the rapid identification and killing of invading microbes.
T lymphocytes, B lymphocytes, antigen-presenting cells, cytokines, and antibodies are
key components of specific immunity, which is defined by extreme precision of antigen
recognition [2]. Acquired immunity cells can generate an infinite number of receptors.
Furthermore, their exposure to the antigen leads to the establishment of immunological
memory, whereas re-exposure to the same antigen triggers an immune response [3].

Embryo implantation in the mother’s womb generates an immune response which
is the animal’s evolutionary adaptation. In spite of its ideal settings and protection, the
fetus’ close proximity to the mother’s uterine tissue makes it vulnerable to her immune
system. That is why the immune system’s function alters during pregnancy [4]. Paternal
alloantigens may severely challenge the immune system of the mother during gestation [5].
While pregnant, as long as the mother’s MHC antigen tolerance is maintained, her immune
system should be able to protect the fetus from pathogens, which is a delicate balancing
act [6]. Trophoblast ‘split tolerance’ is a condition when one component of the immune
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system responds to antigens while another tolerates them [7]. This type of response is
essential because the trophoblast must be immunologically protected in order to prevent
destruction [4].

Pregnancy’s decidua serves as a chemokine-producing location that attracts neu-
trophils, NK cells, and dendritic cells [8]. Studies show that decidual NK cells and antigen-
presenting cells (APC) play an important role in modulating trophoblast invasion and
decidual vascularization throughout pregnancy. Several immune system elements, includ-
ing adaptive immune cells, must be engaged in the identification and tolerance of paternal
alloantigens through APC presentation throughout the whole gestation period [9]. It has
been proved that the adaptive immune system relies on Foxp3+ regulatory T cells that
ensure immunological tolerance in connection to the developing fetus [10]. Furthermore,
immunological tolerance can be maintained by a different subpopulation of suppressor T
cells, CD4+HLA-G+ (CD-cluster of differentation, human leukocyte antigen G-HLA-G),
according to new research [11,12]. It was documented that innate immune cell populations
seem to dominate during pregnancy [13,14]. Knowing the details of all of this will allow
research about reproduction pathology to be performed. However, several of processes are
still unknown.

The nonsurgical recovery of early-stage embryos and conceptuses, as well as the
isolation of pure trophoblast cell populations, are possible because of the horse conceptus’
unique structure and physiology, and such an outcome is not possible in other model
organisms. Pregnant mares also produce strong cytotoxic antibody responses to MHC class
I antigens produced by chorionic girdle cells, allowing for a more in-depth examination of
the antigenicity of these invasive trophoblasts and their impact on the maternal immune
system. On the other hand, none of the mare trophoblast populations express MHC class II
molecules. These factors have resulted in horses being a particularly helpful animal model
in pregnant immunology research [7]. Thus, this review will focus on the immunological
response during pregnancy in humans and horses.

2. Cell-Mediated Immune Response during a Healthy Pregnancy

Immunological tolerance in the maternal–fetal interface is critical for a healthy preg-
nancy outcome. This process is most significant at the decidua, implantation location,
and placentation [9]. The placenta is the sole organ that connects two distinct beings, the
mother and the fetus, and is referred to as the blood–placental barrier [15]. This barrier
controls the exchange of substances between the mother’s and fetus’ circulations [5]. The
chorionic villi are the major functioning components which, in the adjacent intervillous
region, separates fetal blood from maternal blood by only three to four cell layers (the
placental membrane) [15]. Equine placenta has six tissue layers, and thus the barrier is very
firm. It is called the diffuse epitheliochorial placentae type [16], and thus it differs from the
human discoid, hemochorial type.

The mother’s immune system needs to tolerate the semiallogeneic embryo for 9 months
in humans and 11 months in horses [9]. A healthy pregnancy is distinguished by a mild
systemic inflammatory state that is well-controlled and maintained. While the adaptive
immune response is more active during implantation, delivery, and intrauterine infections,
the innate immune response continually examines the maternal–fetal interface for foreign
antigens that might jeopardize the pregnancy. During pregnancy, the decidual layer is
a critical location for innate immune responses. During pregnancy, there are numerous
maternal immune cells close to the trophoblast in the uterus mucosa, with the most common
being macrophages and the cluster of differentiation three plus (CD3+) T cells. Other cells
seen in the decidua include CD56+ cells, CD38+ cells, CD2+/− cells, CD3+/− cells, and
CD16+ NK cells. B cells, on the other hand, are almost nonexistent in the decidua [17].

The composition of the immune cells changes during pregnancy. While circulating
leukocytes in the first trimester of healthy human pregnancies are composed primarily
of peripheral NK cells (pNK), decidual leukocytes are dominated by decidual NK cells
(dNK) [18,19], with the remaining 30% composed of macrophages and T cells [20]. There
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are fewer dNK cells in the pregnancy during the second trimester, and their number
continuously decreases until there are none left. For successful implantation, endome-
trial decidualization and leukocyte migration to the endometrial stroma are needed. An
important step in the process is the infiltration of this tissue by NK cells [21,22].

Similar findings were obtained in horses. In this species, pNK have been discov-
ered; [23] however, they have not yet been identified in the uterus. It is yet unclear how
they work in vivo [7]. According to a study on porcine pregnancy, NK cells may be drawn
to a species’ uterus that have an epitheliochorial type of placentation [24]. This placentation
is seen in both strepsirrhine primates and laurasiatherians, and it is a derived state in both
species. Long gestation durations, tiny litters, and precocial pups are all commonly seen in
this condition [25]. A distinct fraction of trophoblast cells invade the endometrium during
an equine pregnancy, resulting in the formation of endometrial cups, which are unique,
separated structures. Shortly after the trophoblasts have penetrated [26], there is a rise in
the number of of maternal leukocytes, including CD4+ and CD8+ lymphocytes, as well as
plasma cells, macrophages, and eosinophils, that are seen in the stroma at the periphery
of the lymph sinuses around every endometrial cup [27]. Thought-provoking is why and
how the endometrial cups in mares are eventually destroyed after successfully evading
the maternal immune effectors for two months [7]. In the dying cups, there are many
visible clusters of CD4+ and CD8+ lymphocytes, as well as inflammatory leukocytes [28].
A lack of MHC class I antigen expression may result in NK cells that serve as cytotoxic cells.
However, it is not obvious whether the cups’ death is mostly due to invading immune cells
or if they just die at the end of their normal lifecycle [7].

During implantation and placentation, the embryo also plays a very important role by
signaling its presence through producing embryonic signals. Embryo–maternal “informa-
tion exchange” is thought to be essential for effective embryo implantation in conjunction
with hormonal preparation [29]. When it comes to embryos, primates and horses are the
only ones that produce the crucial trophoblastic protein known as gonadotropin (CG) [30].
According to studies, human chorionic gonadotropin (hCG) is one of the major indicators
of the embryo that enhances the endometrium’s responsiveness to the sex steroid hor-
mone [31,32]. The reproduction of mammals seems to have evolved through a number of
divergent paths which have resulted in multiple different types of chemical signals being
used in the process of implantation [30] There are a number of hormones that are secreted
by the conceptus that act on the endometrium to inhibit prostaglandin production, as well
as to increase protein synthesis. Ovaries can also be stimulated to secrete more proges-
terone by these chemical signals [33]. Gonadotropin-releasing hormone (GnRH), which
is generated by the early blastocyst, controls the early embryo’s production of CG [30].
Embryos may also influence their own movement inside the oviduct and uterus in some
mammals. This phenomenon can be seen in horses. The oocytes that have not been fertil-
ized stay in the oviduct and cannot be transferred to the uterus in mares, while fertilized
eggs are capable of being moved into the uterus [33]. Focal adhesion molecules (FAMs),
which are not suppressed in pregnant mares, may be used by embryo movement to begin
communication by chemical signals. The research suggests that FAMs could be relevant in
the maintenance of the CL [34].

2.1. NK Cells

Natural killer (NK) cells during early pregnancy are the main leukocyte population
in the decidua of humans. In most species, uNK and dNK vary from peripheral cells
in their phenotypic and functional characteristics [26]. Different NK cell subtypes are
seen in the peripheral blood, including those with low CD56 expression that specialize
in cytolysis, and those with high CD56 expression that prefer cytokine secretion. CD56
bright NK cells predominate in the uterine mucosa during the first trimester of pregnancy
which are similarly biased toward cytokine production [35]. Their number diminishes
during midgestation, and they are missing during the term [20]. The regulatory subset is
the CD56 bright CD16-NK subset. These NK cell activities in the uterine mucosa before
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and throughout pregnancy, as well as in the endometrial and decidua tissues, are a clear
example of its regulating role [36].

Even though they are called “natural killer”, these uterine cells are mildly lytic and
actually contribute to the development and continuation of pregnancy. When it comes to
lymphocyte ‘behavior’, NK cells frequently defy the guidelines set by their T cell and B
cell counterparts. NK cells remained ‘armed’ but not deadly. It is a fascinating biological
contradiction, since they looked to be completely capable of killing target cells while
also being plainly self-tolerant [37]. Although they have been connected to vascular
remodeling and the encouragement of trophoblast invasion, the precise role of NK cells
in pregnancy is still unknown [26]. Numerous reproductive health issues in women, such
as preeclampsia, have been connected to altering the number and type of NK cells in the
bloodstream [38]. In humans, and also in mice, the connection between uNK activating
receptors and the allogeneic paternal MHC I is critical for various processes occurring
during pregnancy, such as trophoblast invasion or fetal growth [39,40]. The formation of
the placenta requires the collaboration of maternal NK cells and fetal trophoblast cells,
which restructure the blood supply [35]. The human endometrium is highly reliant on
mature NK cells prior to implantation, although, in mice, fully developed NK cells are not
present until implantation [41], which shows that other models for reproductive studies
are required.

Moreover, in horses, these cells are of great interest in reproductive studies. Because
the horse uterus lacks the spiral artery modification, which has been found in animals
with hemochorial placentae, this uNK cell activity can allow trophoblast invasion and
endometrial remodeling to occur separately from placentation [26]. Fetal endometrial cup
cells invading the uterine stroma and being destroyed by the mare’s leukocytes is typical
during a healthy developing horse pregnancy. It is possible that NK cells or lymphokine-
activated killer cells may be involved in this process; however, the existence of these cell
types in the equine uterus has not yet been well verified [42].

2.2. Lymphocytes T

As a result of pregnancy, the endometrium develops a large concentration of leukocytes
with distinct regulatory roles. The regulatory T cells (Treg) are one of the two primary
regulating populations (decidual macrophages are the second population) [43]. Crucial
functions are provided by the subpopulation of CD4+/CD25+ Treg cells, as they help in
the establishment of immunological tolerance during pregnancy, preventing autoimmunity
and allowing for the growth of a semiallogeneic fetus in the womb [44,45]. Even in the
first months of human pregnancy, a systemic increase in the Treg cell population can be
noticed [46]. Treg are unique to paternally derived cells, indicating that their aim is to
prevent paternally produced cells to be rejected by the mother’s immune system [44]. In
addition to decreasing autoimmune reactions, maternal Treg prevent an intense allogeneic
response targeted at the fetus. As a result of their absence, the immune system rejects the
fetus, resulting in a miscarriage. Thus, regulatory T cells are required for the fetal allograft
to be accepted by the mother’s immune system [47].

CD4+ and CD8+ T lymphocytes predominate in the stratum compactum above the
stratum spongiosum in the mare’s endometrium. After antigenic stimulation of the en-
dometrial lining, the number of CD4+ and CD8+ cells increases, indicating the beginning of
an adaptive immune reaction [48]. In mares, Agrícola et al. found a substantial reduction in
the proportion of cells expressing CD2, CD3, and CD19 in the course of the final trimester
of pregnancy compared to early postpartum levels (p < 0.05). However, the dynamics of
CD4, CD8, and NK cell expression did not alter between these two periods of the study [49].
What is more, allograft rejection can be caused by the principal effectors of cell-mediated
immune responses, CD8+ cytotoxic T cells, and so may have a negative influence during
pregnancy [50], and, as other studies have shown, a rise in the number of CD8+ have been
linked to preterm miscarriages in human pregnancies [51,52]. The expression of the FOXP3
gene does not vary between nonpregnant mares in the luteal phase of the estrous cycle
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and mares with early pregnancies, but the CD4+FOXP3+ T cell population was increasing
dramatically in the peripheral blood mononuclear cells (PBMCs) of pregnant mares. As
a result, while Tregs appear to have a role at the horse’s maternal–fetal interface, it is
uncertain if they have an influence on the T cell populations observed in the periphery [50].

2.3. Macrophages

Cells that are macrophages make up about 30% of decidual cells at the implantation
area [53] and their amount stays high during pregnancy, in contrast to NK cells [14]. It has
been hypothesized that they play an important role in embryonic evolution, placentation,
and fetal growth [54]. These phagocytotic mononuclear cells have a role in both the innate
and adaptive immune systems [55]. A one-way mixed lymphocyte response suggests
that macrophages play a part in human decidua immunosuppression, leading to fetal
tolerance [56].

There are two types of macrophages: typically activated macrophages (M1) and alterna-
tively activated macrophages (M2). When Th1 cytokines are administered to macrophages,
they become proinflammatory type 1 macrophages (M1 cells) instead of M2-type ones. This
group of cells can help guard against infections in the uterus and placenta, but they are
not involved in fetal tolerance [57]. M2-type macrophages, which include M2a, M2b, M2c,
and M2d subsets, help to restructure tissues and also have immunosuppressive capabili-
ties. They also induce Th2-type responses, which are characterized by antibody synthesis,
plasma cell upkeep, and improved phagocytic activity [58]. In addition, M2 cells express
CD163, a mononuclear phagocyte-restricted cell surface glycoprotein antigen, which has
been found to have an anti-inflammatory effect [55,59]. Gene expression analysis reveals
that M2 cells predominate in the human decidua, contributing to the immunosuppressive
condition required to maintain the semiallogeneic fetus [60].

To enable appropriate maternal decidua tissue restructuring and embryo invasion,
apoptosis is critical during implantation [61]. Macrophages engulfing apoptotic cells, on
the other hand, may inhibit the release of possibly proinflammatory and proimmunogenic
intracellular substances that might occur during secondary necrosis, according to some
studies [62]. Allogenicity of the placenta may make this procedure crucial for the fetus’
well-being [14]. When a typical placental bed is examined histologically, it is shown to
have a considerable number of macrophages that are primarily found in the proximity
of apoptotic cells. Macrophages are abundant in the decidua and the tissues near the
placenta during the first weeks of implantation in humans [63]. It has also been seen that
macrophages accumulate near the implantation site in rodents [64].

In horses, studies about uterine macrophages during pregnancy are unique [65]. After
ovulation, macrophages and other cells, such as dendritic cells, mast cells, and neutrophils,
are found in the endometrium of mares [66,67]. In addition, the quantity of macrophage-
like cells in the endometrial lamina propria of the mare is unaffected by the stage of the
estrous cycle [68].

2.4. Other Antigen-Presenting Cells

As a result of their ability to play a variety of roles, antigen-presenting cells (APC) are
interesting prospects for regulating the essential immunological balance between pathogen
protection and tolerance of the fetal allograft. Through phagocytosis, as a result of which
MHC class II antigens are presented, by secreting cytokines such as interleukin-10 (IL-10)
or by expressing inhibitory receptors, they can enhance immunity as well as mediate
tolerance [69]. The challenges to being recognized by the mother’s immune system are
mostly overcome through fetus trophoblasts. It has been found that trophoblast cells do
not exhibit MHC class I or class II molecules, but extravillous cytotrophoblast cells produce
the nonclassic MHC gene that synthesizes HLA-G, which may limit NK cell activity [6].
To ensure pregnancy success and to prevent the activation of abortogenic cells of the NK
lineage, paternal peptides that attach to the class I MHC groove appear to be crucial [70].
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An extensive and diverse population of APCs can be found in the early pregnancy
decidua in humans. APCs are designed to trigger and sustain immune responses. Bone
marrow-derived dendritic cells (DC) are the most effective presenters through these APCs.
Research suggests that DCs have a function in the development of tolerance [69]. As a result
of the difficulty of isolating and identifying DCs in decidual tissues, there has been little
research on decidual cells in humans. This is due to the fact that there is no single marker
that can be used to identify DCs in decidual tissues [9]. Dendritic cells convert antigens
into peptides, which are then presented as ligands for antigen-specific T cell receptors in
the context of MHC class I and class II molecules [71]. By presenting specific antigens on
MHC molecules, mature DCs are the only APCs that can excite naive T lymphocytes [72].
The maturation phase of the DC may have a role in spontaneous pregnancy failure. For
example, murine models (CBA/J × DBA/2J) with high abortion rates develop DCs that
have a more matured phenotype compared to mice with low abortion rates [73]. It has
been demonstrated that women with a history of recurrent loss during the eighth week
of pregnancy have significantly more CD83+ DCs in their deciduas than normal controls
of the same gestational age [74]. Uterine complexity suggests that the success or failure
of the pregnancy is not entirely dependent on immunological factors. Both innate and
adaptive processes appear to be involved when it comes to DCs, which appear to be crucial
modulators of pregnancy [75].

In horses, when the chorionic girdle trophoblasts infiltrate the pregnant mare’s uterus
early in the pregnancy, they produce endometrial cups, unique tissue formations in the
surface of the endometrium. The maternal immune system recognizes the MHC class I
antigens that are expressed on the surface of these trophoblasts during pregnancy and
develops a strong humoral immune response [26]. Due to the MHC comparability between
the foal and mare, the nonsuccess of the maternal immune system to identify fetal antigens
and oppositely may result in a deficiency of the placental partition in mares [76]. The
chorionic girdle trophoblast populates the horse placenta. Especially high quantities of
maternal and paternal polymorphic MHC class I antigens are present in these cells of fetal
descent [26].

3. Cytokine Response during Pregnancy

Cytokines are tiny polypeptides that are capable of influencing a wide range of bio-
logical processes in living beings, which include pregnancy and the development of the
embryo. In the present state of knowledge, the function of cytokines in embryology is
poorly understood [77] and research into the role of cytokines in the body of a pregnant
woman and mare is limited. These proteins play a function in the regulation of immune
response, inflammatory responses, healing, and hematopoiesis on a local and systemic
level. Since cytokines may have such a large impact on cell activity, migration, cell-to-cell
contact, proliferation, and gene expression levels, cytokines and interferons (IFNs) are
essential regulators of a successful pregnancy [78].

Maternal immune responses work to regulate inflammation via regulatory and anti-
inflammatory mediators, whereas placental formation and implantation are both proin-
flammatory activities [79]. Due to the presence of paternal MHC antigens, the conceptus
may be seen as an allograft, presuming that alterations in the pattern of the cytokines
produced by the T cells have a substantial influence on immune tolerance or rejection. This
may indicate that Th1-type cytokines that encourage allograft rejection may jeopardize
pregnancy, while on the contrary, Th2-type cytokines that suppress Th1 reactions increase
the allograft tolerance and therefore enhance the fetus’ chances to survive [80].

3.1. Systemic Cytokine Response

The “transition” from Th1 to Th2 cytokine production throughout a successfuly devel-
oping pregnancy, relative to women that were not pregnant, was found by utilizing isolated
PBMCs from pregnant women in the first and last trimesters [81,82]. The hypothesized
Th1/Th2 cytokine switch during pregnancy was shown to be associated with an increase
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in anti-inflammatory Th2 cytokine synthesis in the second trimester [83,84]. A significant
reduction in serum proinflammatory cytokines was observed in the third trimester, such as
TNF-α, INF-γ IL-1-α IL-1-β IL-2, and IL-12p70, comparable to those seen in healthy women
during the first trimester of pregnancy [85]. In another study, the increase of TNFα occurred
among the first, second, and third trimesters of a successful pregnancy (108.00 pg/mL,
153.01 pg/mL, and 172.89 pg/mL, respectively) [86]. Thus, there are opposite data about
changes of TNFα during pregnancy, which is essential for the survival of the placenta tro-
phoblast cells during normal pregnancy and to the apoptosis process to be controlled [87].
However, the differences may be induced by environmental factors such as stress or a proin-
flammatory diet [88]. Another cytokine that changes during pregnancy is IFN-γ, which
influences maternal vascular remodeling and angiogenesis [89]. Once again, the results are
in contrast. There are studies confirming the decrease of IFN-γ following the pregnancy [85].
Whereas, in another study, there was an increase between the first and last trimesters of
pregnancy [90]. However, the study participants were overweight and the subclinical viral
infection was not excluded. Other proinflammatory cytokines, of which concentrations
decrease during pregnancy, are IL-1β, IL-2, and IL-8. During a healthy pregnancy, maternal
blood levels of each of these cytokines stayed at low levels [85,90]. Once again, the data are
misleading, which perhaps is connected with the reported concentrations below the lower
limit of detection, or its short half-life in circulation.

One of the most important cytokines during pregnancy are anti-inflammatory cy-
tokines, such as IL-10 or IL-4, because they activate the Treg [91,92]. It was documented
that both of them rise in the third trimester of a healthy pregnancy or continue to be constant
during pregnancy [85,90,93]. In addition, the lower concentration of anti-inflammatory cy-
tokines during the second trimester was proposed as an early indicator of preeclampsia [81],
which, in the future, may be the early biomarkers of pregnancy health.

Few studies have been done on the functions of cytokines during pregnancy in live-
stock, although it has been discussed in connection to acute-phase proteins during the
canine peri- and postimplantation period [94]. It is now proved that equine abortions
are caused by both infectious and noninfectious conditions. According to Fedorka et al.,
late-gestation mares with healthy cytokine profiles did not seem to vary with time, whereas
mares with placenta inflammations had an enhanced cytokine response. Serum concen-
trations of IL-2, IL-5, IL-6, IL-10, IFN, and TNF were shown to be elevated in mares with
placentitis [95]. Recent research on horses using an experimental paradigm to induce
ascending placentitis examined the cytokine response to placental infection. It revealed
a rise in blood concentrations of proinflammatory IL-2 and IFN, anti-inflammatory IL5
and IL-10, as well as pleiotropic IL-6 and TNF [96]. These cytokines, which are potent cell-
signaling chemicals, and the development of several lymphocyte populations associated
with the fetus’ adaptive immunological-mediated tolerance, are linked to both a rapid and
temporary innate immune reaction when pathogens are detected [95].

In conclusion, in most studies, it was postulated that TNF-α rose during gestation,
IL-8 was shown to be decreased in the second trimester, and IL-4 levels stayed consistent
throughout the whole pregnancy [81]. In addition, the increased Th1 proinflammatory
cytokines, such as TNF-α, IFN-γ, IL-2, IL-8, and IL-6, all have been associated with serious
pregnancy outcomes such as preeclampsia or preterm labor [97,98]. The researchers con-
cluded that a mismatch between maternal proinflammatory cytokines and immunological
regulatory factors (such as Tregs and IL-10) caused reproductive issues. However, the
investigation of the link between proinflammatory and anti-inflammatory cytokine levels
revealed significant inconsistencies, but did not reveal the preponderance of a specific im-
mune response. Thus, understanding the changes in the maternal cytokine profile in detail
may assist to differentiate between a healthy pregnancy and one marred by pregnancy
problems, and could also allow scientists to better understand the immune response during
pregnancy [81].
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3.2. Local Cytokine and Hormonal Response

The embryo binds to the layer of the endometrium after fertilization, and semiallo-
geneic fetal extravillous trophoblasts (EVTs) start to penetrate the uterine mucosa but are
not eliminated by the host’s (i.e., the mother’s) immune system [99]. The development
and maintenance of a normal pregnancy are impossible without trophoblast invasion,
the careful cooperation of immune cells and cytokines, and the interaction between EVTs
and immune cells. As cytokines are secreted by these cells, they work together to keep
the immune system in balance [100]. During the midsecretory phase, hormones from the
ovaries cause the uterus to generate proinflammatory mediators, including IL-8, IL-15, IL-6,
CXCL10, and CXCL11 [84,101].

TGF-β1 is a cytokine that acts as a negative regulator in the endometrium. A TGF-β
route redirected native T cells away from the Treg cell pathway and toward the Th17 cell
pathway when the pathogens that promote IL-6 or IL-1 production activated DCs [102].
High TGF-β concentrations stop human Th17 cell development, although IL-1 and IL-6
are required [103,104]. In addition, TGF-β1 activation is required for the synthesis of
CD4+FOXP3+ Tregs, which can then release TGF-β1 and engage in immune control. Low
cytotoxic dNK cells can regulate vascular reorganization at the maternal–fetal contact by
producing vascular endothelial growth factor, angiopoietin, and TGF-β1 [105]. There is
also a correlation between TGF-β1 and NK cells because the decidual stromal cells secrete
TGF-β1 that converts CD56dimCD16+ NK cells into CD56brightCD16- NK cells [106].

Early pregnancy spiral artery remodeling is linked to the production of angiogenic
growth factors by the dNK cells during 8–10 weeks of gestation [107]. The dNK cells
release cytokines (IL-8 and INF- inducible protein, IP10) that enhance EVT invasion by
boosting MMP-9 production and lowering EVT apoptosis between 12 and 14 weeks. TNF-
α, TGF-β, as well as IFN-γ can also be secreted by dNK to limit EVT invasion in later
stages [108]. The inflammatory process of parturition is well known. Maternal leukocytes
(innate and adaptive) are selectively drawn to the reproductive organs in late pregnancy
by a number of chemotactic factors secreted by these tissues (e.g., CXCL8, CXCL10, CCL2,
and CCL3) [109,110]. Pregnancy is induced by the release of proinflammatory mediators
such as cytokines (IL-1, IL-6, IL-8, and TNF), MMPs, and prostaglandins, which cause the
cervical effacement/dilation and the rupture of the membranes, resulting in the birth of the
child [105]. If this proinflammatory route is prematurely activated and the maternal–fetal
interaction is compromised, it may lead to premature delivery [111].

In a study by Lennard et al., all endometrial samples from pregnant mares, and a
significant level of TGF-β1 expression, was identified at the junction of the fetal endometrial
cups and the maternal endometrium. As this is further examined, the lymphocytes and
glandular epithelium can be shown to be the primary contributors to this signal [112,113].
In situ hybridization of fetal and endometrial tissues revealed diverse and fascinating
patterns of IGF-2, TGF-β1, and EGF gene expression, suggesting that peptide growth
factors are also important regulators of fetal and placental development in the horse. For
example, the unique and localized patterns of TGF-β1 gene expression among fetal and
endometrial tissues in the horse pregnancy imply a function for TGF-β1 in the chorionic
girdle invasion and differentiation of the noninvasive trophoblast of allantochorion, as was
observed in rodents [11].

4. Conclusions

The survival of a species depends on safeguarding the growing fetus. The immune
system was developed to defend the host against infections that were able to infiltrate
the organism. Whenever a fetus is being protected by its mother’s immune system, the
mother’s health must be maintained as much as possible. While protecting the fetus from
pathogens, females carrying an allogeneic fetus must tolerate and avoid immune-mediated
harm to the fetus. Thus, many processes influence the pregnancy in humans and, similarly,
in mares.
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The unique anatomy and physiology of the horse seems to be a good model for further
reproduction studies. For example, the isolation of a pure trophoblast cell population,
and the antigenicity of its invasiveness, seems to be easier to examinate in this species.
Equine placenta allows for a better separation between the maternal and trophoblas-
dependent processes, and thus in-depth examination is possible. However, there is lack of
studies, especially connected with the cell-mediated reaction. The lack of species-specific
monoclonal antibodies seems to limit the research. However, technologies are improving,
and thus there is hope that our knowledge will expand.
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