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Abstract 
Pregnancy is a fascinating phenomenon when it comes to tolerance of the fetus by the maternal 
immune system. A fetus consists partially of foreign material, namely the fathers, making it 
semiallogeneic. However, instead of attacking, the immune system starts to switch from a pro- to 
anti-inflammatory environment after early pregnancy. This is achieved together with a variety of 
hormones, of which estrogens, progesterone, hCG and relaxin are discussed due to their prominent 
roles in gestation and recurrence in studies. The immunological shift can be divided into two physical 
locations: the maternal periphery and maternal-fetal interface. Pregnancy-associated hormones can 
alter a variety of immune cells, including macrophages, T helper cells, regulatory T cells and natural 
killer cells. Several cytokines such as IL-10, TGF-β and IFN-γ have shown to be affected as well. The 
present thesis focuses on the key hormonal changes during pregnancy, how these hormones regulate 
immunological modulation and how immune-endocrine crosstalk contributes to successful 
pregnancy.  

Key words: Pregnancy, immune-endocrine crosstalk, fetal tolerance, immunological shift, maternal-
fetal interface, maternal periphery, estrogens, progesterone, hCG, relaxin. 
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Introduction 
How the maternal immune system is able to tolerate the fetus during pregnancy remains a fascinating 
concept on both an endocrinological and immunological level. The fetus is semiallogeneic (Svensson-
Arvelund et al., 2015), meaning that it is partially non-self. Successful pregnancy requires effective 
innate immunity to protect both mother and fetus against infection, but tolerance against paternal 
antigens of the fetus must be maintained as well (Wan et al., 2007). This poses quite a challenge for 
the maternal immune system. Even though much research has already been done concerning the 
underlying mechanisms, the exact details are only partially understood.  

Pregnancy involves both physical and chemical alterations regulated by the increase of several steroid 
and peptide hormones. The most well-known steroid (sex) hormones are progesterone and 
estrogens, including estrone (E1), estradiol (E2) and estriol (E3) (Thomas & Potter, 2013). E2 is the 
most potent form of estrogen in non-pregnant females (Thomas & Potter, 2013) while E3 is the major 
estrogen in pregnancy; it is produced in high concentrations by the placenta (Darne et al., 1987). 
Estrogens and progesterone normally regulate the menstrual cycle, while during pregnancy both are 
significantly increased in maternal peripheral blood and in placental tissue to ensure establishment 
and maintenance of the fetus (Stewart et al., 1993). E2 triggers luteinizing hormone (LH) mid-
menstrual cycle, resulting in the LH surge to initiate ovulation (Monroe et al., 1972). Additionally, E2 
and progesterone prepare the endometrium for implantation in the luteal phase after ovulation by 
inducing decidualization, a process in which stromal cells surrounding the implanting embryo 
differentiate into decidual cells (Ramathal et al., 2010).  

Peptide hormones that increase during pregnancy include human chorionic gonadotropin hormone 
(hCG) and relaxin. HCG is the first hormone to interact between mother and fetus since it is already 
released during the first step of implantation (Reshef et al., 1990) making it the hormone that is 
detected by a pregnancy test. After its peak in the first trimester, it keeps on being released during 
gestation (Braunstein et al., 1976). Relaxin promotes the relaxation of muscles and arteries (Longo et 
al., 2003).  

Altogether, numerous hormones act a part in the regulation of pregnancy and while their direct 
effects are of key importance, the immune system is indirectly modified as well. Immunity undergoes 
several changes as a response to complex immune-endocrine interactions. These immunological 
adaptations are essential for tolerating the semiallogeneic fetus (Schumacher et al., 2013). During 
implantation, an injury-induced inflammatory response promotes the transition of a nonreceptive 
uterus into a receptive uterus (Gnainsky et al., 2010). Implantation and pregnancy success is 
dependent on the immune system and endometrial receptivity (Pourmoghadam et al., 2020). As 
gestation progresses, the mother’s immune system undergoes an immunological shift: immunity is 
altered to upregulate anti-inflammatory and innate responses and thus downregulates an adaptive 
and proinflammatory environment (Kraus et al., 2011). An influx of pro-inflammatory immune cells 
and cytokines into the myometrium during delivery induces renewed inflammation (Shynlova et al., 
2012; Romero et al., 1989). The shift can be divided into two parts; modifications that occur at the 
maternal periphery and at the maternal-fetal interface.  

Although both the endocrine and immune system majorly contribute to the gestation process, their 
precise interaction remains under investigation. Therefore, this thesis aims to discuss the key altered 
hormonal levels during pregnancy and how these changes influence immune responses. The crosstalk 
between the endocrine and immune system will be discussed to review how they contribute to 
successful pregnancy. 
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Key hormonal changes during pregnancy 
Pregnancy is characterized by temporal physiological changes that can be attributed to altered 
hormonal levels. In pregnancy, hormonal fluctuations play a crucial role in fetal establishment and 
maintenance to ensure successful development (Stewart et al., 1993). A variety of hormones are 
affected during pregnancy, of which estrogens, progesterone and human chorionic gonadotropin are 
the most fundamental (Stewart et al., 1993; Challis et al., 2009).  

Steroid hormones start to gradually rise after conception to establish and safeguard pregnancy 
(Darne et al., 1987; Piccinni et al., 1995). The increased secretion of ovarian steroid hormones might 
be the result of the preimplantation embryo giving a gonadotropic stimulus (Stewart et al., 1993). 
Estrogens have broad reproductive and non-reproductive functions. During placentation, E2 is a 
crucial factor in trophoblast invasion and remodeling of decidual spiral arteries in the uterus (Hsieh et 
al., 2023). E2 levels rise as the placenta grows during pregnancy; maternal plasma estrogen levels 
increase gradually as gestation progresses (O’Leary et al., 1991). E3 is the major estrogen with an 
exponential rise after 34 weeks of pregnancy (Darne et al., 1987). In early stages, estrogens are 
mainly produced by the corpus luteum, until the luteal-placental shift, which signifies the moment 
pregnancy maintenance shifts from control by the corpus luteum to placental control (Ziegler et al., 
2023). Estrogens are then synthesized in large amounts by the placenta (Rosenfeld & Rivera, 1978b). 

Additionally, estrogens such as E1 and E2 modulate vascular endothelium function and can act as 
vasodilators on reproductive tissue (Rosenfeld & Rivera, 1978b). Moreover, human endometrial cells 
show enhanced cell proliferation as a response to estrogens (Pavlik & Katzenellenbogen, 1978) via the 
expression of estrogen receptors (ER) (Bryś et al., 2009), suggesting their crucial function in 
maintaining the lining of the uterus and preparing it for gestation and birth. A thick endometrium 
optimizes implantation and nutrition. Estradiol combined with progesterone upregulates mucin-1 at 
the receptive endometrium, which promotes adhesion and implantation to a proper site (Meseguer 
et al., 2001). Progesterone is a central regulator of pregnancy maintenance. Its main functions are the 
stimulation of endometrial decidualization (Ramathal et al., 2010) and inhibition of smooth muscle 
contractility to maintain myometrial quiescence (Mesiano et al., 2002). The latter ensures that early 
labor does not take place and thus, progesterone withdrawal is linked to labor induction (Mesiano et 
al., 2002). Progesterone helps the endometrium thicken via progesterone receptors (PR) (Bryś et al., 
2009).  

After fertilization, progesterone levels are regulated by hCG. This hormone induces the production of 
progesterone by the corpus luteum of the ovary (Ziegler et al., 2023). The placenta takes over 
progesterone (and estrogen) production after the luteal-placental shift in the first trimester, as there 
are sufficient syncytiotrophoblast cells present (Handschuh et al., 2007). Syncytiotrophoblast cells 
cover the outer layer of the placental villous trees and invade the wall of the uterus during 
implantation. This establishes transport of nutrients, gases, and waste between mother and fetus 
(Handschuh et al., 2007).  

HCG is produced and secreted by trophoblast cells of the blastocyst, which is the earliest cell stage of 
an embryo (Reshef et al., 1990). Via growth and maturation of the endometrium, hCG can prepare 
the uterus for implantation and thus support the blastocyst (Burton et al., 2002). During implantation 
of the early placenta, hCG facilitates trophoblast invasion and migration. Moreover, hCG stimulates 
endometrial glands (Burton et al., 2002) and angiogenesis in the endothelium of the uterus (Licht et 
al., 1998) to ensure optimal blood supply and nutrition for the placenta and fetus. Relaxin is not 
mentioned in literature as much as the aforementioned hormones but is still of importance in 
gestation. It is also derived from the corpus luteum (Piccinni & Romagnani, 1996; Danielson et al., 
1999). Relaxin plays a role in implantation, placentation, and the maintenance of pregnancy in 
general by for example enhancing trophoblast survival and proliferation due to its anti-apoptotic 
effects (Lodhi et al., 2013). The contractility of the myometrium is affected by relaxin, since it inhibits 
spontaneous uterine activity that could result in preterm labor. (Longo et al., 2003).  
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Moreover, relaxin is a potent vasodilator, thus it is thought to influence pregnancy blood pressure 
(Longo et al., 2003). These effects were shown in a study by Danielson et al. (1999), since relaxin 
administration to rats revealed renal and osmoregulatory effects resembling those in pregnancy, such 
as reduced plasma osmolality (Danielson et al., 1999).  

While estrogens and progesterone steadily increase during pregnancy (Johansson & Jonasson, 1971; 
O’Leary et al., 1991), hCG and relaxin already peak in the first trimester and then slowly decline, but 
remain measurable (Braunstein et al., 1976; Eddie et al., 1986). The four discussed key hormonal 
fluctuations during all three trimesters are depicted in figure 1.  

 

Figure 1: Key hormonal fluctuations during pregnancy. Estrogens and progesterone continue to increase throughout 
pregnancy while hCG and relaxin peak in the first trimester and then decline but remain detectable (based on figure 1a by 
Fuhler (2020)). 
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Immunological adaptations in pregnancy 
Hormonal changes play a key role in pregnancy progression to adapt the maternal body to the fetus. 
However, the endocrine system contributes significantly to the immunological shift as well, as 
crosstalk between hormonal and immunological factors contribute to fetal tolerance (Schumacher et 
al., 2013). Interaction between mother and fetus takes place at the placental attachment site in the 
uterus, which is where the maternal decidua develops: the maternal-fetal interface (figure 2). It is 
known that maternal-derived immune cells reside here, thus local regulation is necessary to prevent 
a harmful immune response to the fetus (Loewendorf et al., 2014).  

 

Figure 2: The maternal-fetal interface composed of the maternal-derived decidua and fetal-derived placenta. Trophoblast 
cells invade the endometrium, resulting in the influx of maternal-derived immune cells including natural killer cells, dendritic 
cells, macrophages, monocytes and innate lymphoid cells (Semmes & Coyne, 2022). 

Pregnancy stages and immunity  
Stage I 
The first stage of pregnancy, including implantation, placentation and the first trimester, triggers an 
inflammatory response. The process of implantation and placentation involves damage of the 
endometrium by the invasion of trophoblast cells and influx of a variety of immune cells, such as 
dendritic cells (DCs), macrophages and proinflammatory cytokines at the maternal-fetal interface 
(Gnainsky et al., 2010). It is suggested that these inflammatory immune cells are involved in the 
development of a receptive endometrium, due to the expression of MIP-1B (a macrophage 
inflammatory protein) and its mediation by TNF-α (Gnainsky et al., 2010). The influx of uterine DCs 
(uDCs) are required for successful embryo implantation and decidualization in mice by finetuning 
decidual angiogenesis, promoting blood vessel maturation and preventing embryo resorption (Plaks 
et al., 2008). Infertile women that underwent endometrial scratching showed increased pregnancy 
rate and implantation chance (Gibreel et al., 2012), indicating that implantation success is partially 
dependent on an injury-induced inflammatory reaction for proper repair and development of early 
pregnancy. 
Two major subtypes of macrophages can be distinguished: M1 cells and M2 cells. M1 cells are linked 
to strong immune response induction while M2 cells appear to have a suppressive function to 
immunity and increase neovascularization (Zajac et al., 2013). The inflammatory environment during 
implantation would implicate the prominent presence of M1 cells.  

Stage II 
During the second stage, a pregnant female’s immune system is shifted from proinflammatory to anti-
inflammatory responses. This does not imply immunosuppression, but rather an alteration in immune 
priorities including strengthened innate immune barriers and a reduction in adaptive and 
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inflammatory responses (Kraus et al., 2011). There is a switch to a M2 phenotype to tolerate foreign 
fetal antigens after implantation. This switch is partly regulated by hCG at the maternal-fetal interface 
to maintain immunological homeostasis (Furcron et al., 2016; Rami et al., 2014).  

Furthermore, pregnancy represents a higher type 2 T helper cell to type 1 T helper cell ratio in the 
maternal peripheral blood to prevent damage to the pregnancy (Raghupathy et al., 2000). The 
associated cytokines are likely mediated by pregnancy hormones (Piccinni & Romagnani, 1996). CD4+ 
T lymphocytes are essential in steering immune responses by producing cytokines. Th1 cytokines 
include IL-2, TNF-α and IFN-γ and are responsible for proinflammatory responses, while Th2 cytokines 
IL-4, IL-5, IL-10 and IL-13 are involved in IgE allergic reactions and anti-inflammatory responses (Lee et 
al., 2019).  
The Th1 to Th2 immune shift occurs both peripherally and locally at the maternal-fetal interface (Lin 
et al., 1993; Krishnan et al., 1996). A Th1/Th2 disbalance can result in preterm delivery due to a 
proinflammatory bias (El-Shazly et al., 2004), thus it is crucial for healthy gestation to maintain proper 
balance towards the Th2 type.  

Regulatory T cells (Tregs or CD4+CD25+) are a subset of CD4+ T cells and express the transcription 
factor FoxP3, which is important in the immunosuppressive function of Tregs and their development. 
Maternal FoxP3+ greatly increases during pregnancy in the maternal bloodstream and locally at the 
maternal-fetal interface. (Sasaki et al., 2007; Loewendorf et al., 2014). Fetal-specific Tregs are 
recruited at the maternal-fetal interface where they help maintain tolerance to fetal antigens and 
boost a homeostatic environment for fetal survival (Rowe et al., 2012). The fetal placenta itself 
creates a tolerant uterine environment by producing regulatory factors, such as macrophage colony-
stimulating factor (M-CSF), IL-10 and TGF-β, to induce homeostatic macrophages and Tregs and 
maintain excessive Th activation (Svensson-Arvelund et al., 2015). 

Stage III 
The third and last stage of pregnancy implies completed development of the fetus, thus parturition 
can be initiated. Decidual M2 cells are abundant at term and have an immunoregulatory role prior to 
term pregnancy (Xu et al., 2016). Spontaneous delivery involves renewed inflammation due to an 
influx of leukocytes into the myometrium (Shynlova et al., 2012) and increased production of pro-
inflammatory cytokines such as IL-1 (Romero et al., 1989). The recruitment of immune cells before 
and during labor helps in the process of tissue repair and regeneration after birth (Shynlova et al., 
2012). Tissue macrophages, monocytes and neutrophils showed to infiltrate the myometrium around 
the time of parturition, indicating a role in labor activation. These alterations were followed by 
increased proinflammatory cytokine genes in a mouse model (Shynlova et al., 2012). Furthermore, 
Osman (2003) showed that neutrophils and macrophages infiltrate the cervix during labor, indicating 
an inflammatory process (Osman, 2003). Moreover, there is a bias back towards Th1 responses, as 
Th1 proinflammatory cytokine TNF-α peaked in early labor implying labor to be a proinflammatory 
state (Buonocore et al., 1995).  

During parturition, M2 cells undergo M1 polarization (Furcron et al., 2016; Xu et al., 2016). Via the 
stimulation of these proinflammatory conditions, estrogen activation and a drop in progesterone 
(Mesiano et al., 2002), uterine contractions take place to deliver the baby and placenta. Altered 
myometrial responsiveness to progesterone and estrogens resulting in delivery is likely due to 
changes in receptor expression (Mesiano et al., 2002). A global illustration of the immunological shift 
during pregnancy is depicted in figure 3. 



8 
 

 

Figure 3: Altered immune responses during pregnancy. There is a switch from a proinflammatory to anti-inflammatory 
environment (based on figure 1 by Robinson & Klein, 2012). Furthermore, Th1 responses are dominant during early 
pregnancy, which is taken over by Th2 as gestation progresses and near the end Th1 is dominant again (based on figure 1a 
by Fuhler (2020)). 

Receptors  
Receptors for pregnancy hormones are present on most immune cells, connecting immune 
adaptations to reproduction and pregnancy (Littauer et al., 2017; Salem, 2004). Modulation of 
immunity is thought to be achieved by direct binding to a specific receptor expressed by immune cells 
(Salem, 2004). For instance, pregnancy-associated hormones can modulate the recruitment of 
monocytes, their differentiation intro macrophages and their function in the reproductive tract 
(Tonello & Poli, 2007).  

ERs are expressed in the endometrium and vagina and their gene expression is significantly increased 
after E3 treatment (Bryś et al., 2009). Estrogens can also mediate immune responses by binding to 
ERs on several lymphoid tissue cells, such as lymphocytes, macrophages, and DCs (Phiel et al., 2005). 
The expression of subtypes ERα and ERβ can vary; ERα is highly expressed in T cells while ERβ is 
mostly present in B cells (Phiel et al., 2005). Treatment with E3 resulted in higher endometrial PR 
gene levels as well, indicating progesterone can act on the endometrium (Bryś et al., 2009). In the 
immune system, progesterone mediates responses through PR-A and PR-B. These receptors are 
expressed on various immune cells, including natural killer cells (NKs), macrophages, DCs and T cells 
(Teilmann et al., 2006). Membrane-associated PRs are detectable on CD4+ and CD8+ T cells, 
indicating that progesterone can act on these cells (Lissauer et al., 2015). Uterine NKs express both 
nucleus ERs and PRs through which their expression is modulated (Kuang et al., 2010).  

HCG can interact with the hCG/LH receptor, which is the same receptor LH can bind to. It is expressed 
by uterine spiral arteries and binding of hCG to this receptor induces syncytiotrophoblast 
differentiation and angiogenesis (Shi, 1993). In a murine system, the CG/LH receptor is expressed by 
DCs (Schumacher et al., 2013) and Tregs (Schumacher et al., 2009b; Schumacher et al., 2013). High 
hCG levels can promote Treg migration to the maternal-fetal interface to facilitate immune tolerance 
toward the fetus (Schumacher et al., 2009b). Relaxin can bind to its receptor LGR7, which has an 
increased expression in fetal membrane in early pregnancy stages compared to that at term 
(Lowndes et al., 2006). Through a LGR7-dependent mechanism, relaxin can stimulate leukocyte 
migration and activity (Figueiredo et al., 2006). 
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Immunological shift at the maternal-fetal interface and relation with 
pregnancy-associated hormones  
Maternal tolerance allows a mother to continue pregnancy to term, even though the fetus presents 
foreign fetal antigens. The maternal-fetal interface consists of specialized tissue: the maternal 
decidua and the fetal placenta, and a variety of infiltrated decidual immune cells (Loewendorf et al., 
2014; Furcron et al., 2016). Crosstalk between this tissue ensures nourishment of the fetus and 
prevents rejection by the mother’s immune system (Svensson-Arvelund et al., 2015).  

The maternal-fetal interface involves immune cells, such as maternal peripheral blood mononuclear 
cells (PBMC), making direct contact with cytotrophoblasts, which are specialized epithelial cells of the 
placenta (Drake et al., 2001; Nakayama et al., 2002). PBMCs include T cells, B cells, NKs and 
monocytes (Pourmoghadam et al., 2020).  
The invasion of the uterine wall by extravillous cytotrophoblasts is crucial for the establishment of 
pregnancy (Handschuh et al., 2007). Invasive cytotrophoblasts come across specialized maternal NK 
cells, macrophages, and T cells that accumulate within the uterine wall during pregnancy, which they 
can attract by producing MIP-1α (Drake et al., 2001). The fetal placenta induces homeostatic M2 
macrophages and Tregs mainly through trophoblast cells (Svensson-Arvelund et al., 2015). This 
increase was coupled with induced IL-10 production and reduced Th cell activation.  

In the fetal part of the placenta, the maternal and fetal tissue is largely separated by adjoining 
multinucleated syncytiotrophoblasts (SYNs), which are involved in the exchange of gases and 
nutrients between the mother and the fetus (Handschuh et al., 2007). Cytotrophoblast stem cells lie 
close to macrophages called Hofbauer cells in the fetal part as well (Drake et al., 2001). SYNs can 
produce progesterone and hCG, which is particularly important in early pregnancy due to hCG being 
required for progesterone production and pregnancy maintenance (Handschuh et al., 2007). 
Moreover, SYNs lack class I and II MHC antigens which prevents recognition by the immune system, 
so trophoblast cells do not provoke a T cell response from contacting maternal tissue (Hanna et al., 
2006).  

The increased recruitment of immune cells, such as NKs, macrophages, mast cells (MC) and Tregs at 
the maternal-fetal interface is facilitated by pregnancy-associated hormones (Jensen et al., 2010; 
Kuang et at., 2010; Furcron et al., 2016). Uterine NKs (uNK) accumulate in the maternal decidua and 
make direct contact with fetal trophoblasts during pregnancy (Hanna et al., 2006). They are also 
referred to as decidual NKs in literature. Recruitment of uNK precursor cells from the maternal blood 
is induced by rising plasma estrogens and limited by rising progesterone (Van Den Heuvel et al., 2005; 
Furcron et al., 2016). Trophoblast invasion is regulated by uNKs by production of the IL-8 and IFN-
inducible protein-10 chemokines (Hanna et al., 2006). Immune tolerance and successful pregnancy 
are promoted by uNKs through downregulating proinflammatory Th17 cells via secretion of IFN-γ (Fu 
et al., 2012). 

Th2-specific cytokines IL-4, IL-5, and IL-10 were detectable in fetal-placental cells in all three 
trimesters of gestation and at term, indicating their production at the maternal-fetal interface (Lin et 
al., 1993; El-Shazly et al., 2004). Furthermore, placentas from preterm delivery contained increased 
levels of Th1-associated cytokines IL-2, IFN-γ and IL-12 (El-Shazly et al., 2004), supporting a 
proinflammatory bias. Th17 cells are highly proinflammatory, likely contributing to recurrent 
spontaneous abortion (RSA) (Wang et al., 2010). Increased numbers of Th17 cells together with 
decreased Tregs in both the periphery and decidua from RSA patients suggest an immunological 
disbalance (Wang et al., 2010). Thus, a proper balance between Th17 and Treg is crucial for healthy 
pregnancy outcomes. 
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Human chorionic gonadotropin hormone 
When it comes to suppressing the maternal immune system and improving immune tolerance, hCG is 
key. Administration of hCG results in a significant inhibition of M-CSF and IGF-BP-1, which is a marker 
of decidualization. Growth factors such as VEGF were significantly stimulated. These measurements 
indicate the important endometrial role of hCG in decidualization, angiogenesis and tissue 
remodeling (Licht et al., 1998). 

The proportion of macrophages and neutrophils decreased after hCG administration (Furcron et al., 
2016). Additionally, hCG increased the number of M2 cells in late pregnancy, promoting an anti-
inflammatory environment that participates in maternal-fetal tolerance during late pregnancy and 
the process of labor at term (Furcron et al., 2016). This implies that hCG administration reduces the 
proportion of innate immune cells with a proinflammatory role at the maternal-fetal interface in mid 
and late pregnancy (Furcron et al., 2016).  
According to Wan et al. (2008), hCG can modify DCs to a tolerogenic phenotype at the maternal-fetal 
interface. A combination of hCG and LPS increased the IL-10:IL-12 ratio and decreased TNF-α and 
antigen-specific T cell proliferation by DCs (Wan et al., 2008).  

The production of hCG has shown to enhance frequency, recruitment, and suppressive function of 
Tregs (Schumacher et al., 2013). A mouse study by Furcron et al. (2016) showed that hCG 
administration increased Tregs and Th17 cells at the maternal-fetal interface (Furcron et al., 2016). 
Another study by Schumacher et al. (2013) found comparable results, as their research showed an 
increased number of Tregs after hCG application as well, both peripherally and locally. Tregs also 
showed to elevate the secretion of IL-10 and TGF-β, and hCG restored Treg levels back to normal after 
disturbed tolerance, which prevented abortion (Schumacher et al., 2013). There is a possible 
preference for recruiting fetus-specific Tregs from the maternal peripheral blood to the maternal-fetal 
interface to support local maintenance of immune responses (Tilburgs et al., 2008). Thus, prominent 
levels of hCG during early pregnancy ensure the migration of Tregs to the maternal-fetal interface, 
contributing to tolerance towards the fetus. Altogether, hCG appears to function as one of several 
factors to prevent rejection of the fetal-placental tissue. 

Estrogens and progesterone 
Estrogens and progesterone have distinctive and overlapping effects on immunity. A mouse study by 
Kuang et al. (2010) revealed that estrogens or progesterone are required for uterine expression of 
uNKs through binding to their receptors; ER and PR. It is suggested that hormonal regulation is 
necessary for homing of uNK precursors already before embryo implantation (Kuang et al., 2010). 
UNKs are not cytotoxic, and they are likely to play an important role in the regulation of trophoblast 
invasion and angiogenesis to contribute to successful placentation and immunity (Kuang et al., 2010). 
UNKs are dominant lymphocytes at the implantation site and a source of VEGF (Wang et al., 2000b) 
and IFN-γ (Ashkar et al., 2000). The expression of VEGF may help in the process of uterine 
neovascularization and is regulated by granulated metrial glands, which are components belonging to 
a NK lineage (Wang et al., 2000b). Furthermore, IFN-γ derived from uNKs can modify the expression 
of genes that initiate the instability of vessels in the uterine vasculature and stroma. This implies a 
regulatory role in the facilitation of pregnancy-induced remodeling of decidual arteries (Ashkar et al., 
2000).  

MCs express steroid receptors, suggesting that they can be influenced by steroid hormones (Jensen et 
al., 2010). E2 and progesterone upregulate chemokine receptor expression on MCs, together with 
inducing their degranulation and migration from the periphery into the maternal-fetal interface 
(Jensen et al., 2010). This may prepare the uterus for implantation through production of histamine 
and VEGF (Jensen et al., 2010). Histamine from the uterus has been suggested to be a key regulator in 
implantation because of its ability to change uterine vascular permeability and increase stromal 
decidualization (Johnson & Dey, 1980). 
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In a human cell study by Lee et al. (2011), the regulatory role of progesterone on fetal T cell 
differentiation was investigated. Progesterone plays a role in the differentiation of naïve cord blood 
fetal T cells into Tregs, and the majority of these cells expressed FoxP3 (Lee et al., 2011). They also 
discovered that progesterone suppressed the differentiation of cord blood CD4+ T cells into Th17 and 
the expression of the IL-6 receptor, which both have a proinflammatory effect. The upregulation of 
Tregs and downregulation of Th17 by progesterone imply a role in inducing tolerance (Lee et al., 
2011) and reduce immunological disbalance that could lead to RSA (Wang et al., 2010). Furthermore, 
RSA patients have lost their NK-mediated regulatory response, leading to local inflammation caused 
by Th17 cells at the maternal-fetal interface (Fu et al., 2012).  

Effector or activated maternal T cells can lead to harmful inflammation and preterm labor (Arenas-
Hernandez et al., 2019). CD4+ and CD8+ T cells alter their cytokine production as a response to 
progesterone depending on the dose. Alteration is subtle when administrating progesterone 
concentrations comparable to those in maternal blood, while the effects are more profound at 
maternal-fetal interface concentrations (Lissauer et al., 2015). Maternal T cells from women with 
spontaneous preterm labor expressed more granzyme B and perforin at the maternal-fetal interface, 
which are pro-inflammatory molecules. In vivo T cell activation also increased inflammatory 
responses at the maternal-fetal interface, such as the release of B cell cytokines and proinflammatory 
macrophage polarization (Arenas-Hernandez et al., 2019). Progesterone reduces the production of 
IFN-γ, TNF-α, IL-5, and IL-10 and increases IL-4 by both CD4+ and CD8+ T cells. This enhanced IL-4 
production is regulated via increased IL-4-expressing maternal CD8+ T cells and their cytokine 
production (Lissauer et al., 2015). 

The modulation of T cell function by steroid hormones helps to understand normal pregnancy biology 
and supports possible therapy opportunities in pregnancies more prone to fetal loss (Lissauer et al., 
2015). Treatment with steroid hormones might prevent preterm labor and counteract 
proinflammatory responses by activating T cells at the maternal-fetal interface (Arenas-Hernandez et 
al., 2019).  

Relaxin 
A study by Horton et al. (2011) examined the effects of relaxin on cytokine secretion from primary 
decidual macrophages at the end of pregnancy. Relaxin caused a decrease in proinflammatory 
cytokines CSF-2 and IL-8 at 4 hours of treatment, while longer treatment was not significant. 
However, the longer treatment increased anti-inflammatory IL-6 secretion, but shorter treatment did 
not show significance (Horton et al., 2011). This could indicate relaxin has a significant role in an anti-
inflammatory response.  
However, relaxin increases IL-6 and IL-8 secretion, suggesting that induced decidual relaxin expression 
can cause proinflammatory cytokine production to rise from fetal membranes (Bryant-Greenwood et 
al., 2007). Additionally, pregnancy levels of relaxin favored the development of Th cells producing Th1 
type cytokines, and these cell lines had increased production of TNF-β and IFN-γ (Piccinni & 
Romagnani, 1996). These findings correspond with the proinflammatory effects of hCG, which would 
match with their similar levels throughout pregnancy (figure 1).  
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Immunological shift at the maternal periphery and relation with 
pregnancy-associated hormones 
Throughout pregnancy, the maternal immune system undergoes significant changes to protect both 
mother and fetus. The affected immune cells can differ depending on where they are measured. The 
immunological shift at the maternal periphery consists of the mother’s circulating immune cells in the 
blood and organs.  

A study by Sasaki et al. (2007) showed that peripheral blood Tregs increased in normal late 
pregnancy, and that the majority of these CD4+ CD25bright Tregs, expressed FoxP3+ (Sasaki et al., 
2007). A similar study measured the number of Tregs and IL-17 producing cells within circulating 
CD4+ T cells in late pregnancy and found that cells producing IL-17 decreased in normal pregnancy 
(Santner-Nanan et al., 2009). IL-17 is a proinflammatory cytokine, thus it being low at the end of 
pregnancy is in line with the immunological shift (figure 2). CD4+Foxp3+ Treg numbers were 
enhanced as well (Santner-Nanan et al., 2009). Both studies compared cell numbers to women with 
preeclampsia.  

There is a bias towards Th2 cytokine expression during pregnancy, resulting in an adjustment of the 
innate and adaptive immune system. These Th2 cytokines can downregulate Th1 responses against 
parasite infections in the periphery (Krishnan et al., 1996) and clinically improve Th1 autoimmune 
diseases (Piccinni & Romagnani, 1996). Infection in pregnant mice came with reduced IFN-γ and 
increased IL-4, IL-5, and IL-10 production by the spleen and popliteal lymph nodes (Krishnan et al., 
1996). 

Normal pregnancy has a general activation of circulating granulocytes and monocytes (Luppi et al., 
2002). This was demonstrated by the increased expression of adhesion molecules, which mediate 
leukocyte responses to inflammatory stimuli. Increased monocyte numbers induced the regulation of 
phagocytosis, IL-12 and IL-1β production and T cell activity, while granulocytes could synthesize more 
IL-8 (Luppi et al., 2002). The stimulation of these immune cells in the maternal blood supports the 
idea that innate immunity is elevated while adaptive responses are suppressed.   

Human chorionic gonadotropin hormone 
The peripheral impact of the hormone hCG during pregnancy is diverse and it can promote healthy 
pregnancy outcomes. Intrauterine administration of hCG-activated PBMCs increased pregnancy rate 
and live birth in patients with recurrent implantation failure (Pourmoghadam et al., 2020). A similar 
study found that hCG-enhanced PBMCs from pregnant women increased murine embryo and 
trophoblastic cell invasion (Nakayama et al., 2002). Human monocytes respond to high hCG doses by 
increased IL-8 production (Kosaka et al., 2002), which can stimulate cell proliferation and the 
migration of endothelial cells (Koch et al., 1992). HCG can also directly enhance macrophage function 
through receptor mediation and therefore increase innate immunity (Wan et al., 2007). 
Proinflammatory IL-6 and IL-12 were increased as well, as was phagocytosis of apoptotic cells (Wan et 
al., 2007). This possibly contributes to early pregnancy consisting of an inflammatory environment. 
Thus, hCG affects PBMC function during pregnancy.  

It is hypothesized by Khan et al. (2001) that hCG inhibits Th1 mediated autoimmune diseases (Khan et 
al., 2001). In this study, hCG administration lowered diabetes symptoms, reversed inflammatory 
infiltration in the pancreas and downregulated the activity of Th1 cells, such as IFN-γ production.  
As mentioned previously, a study by Schumacher et al. (2013) supports the idea that the temporal 
tolerance during pregnancy is partially achieved due to the activity of Tregs. They found a peripheral 
and local increased number of Tregs after hCG application, coupled with an elevated secretion of IL-
10 and TGF-β. These cytokines induce the suppressive activity of Tregs (Schumacher et al., 2013). 
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B cells produced more IL-10 when cultured with serum from normal pregnancy than that from 
patients with spontaneous abortion or non-pregnancy (Rolle et al., 2013). These activated B cells 
(CD19+) strongly suppressed Th1 cytokine TNF-α production from cocultured T cells in this study, 
indicating the important role of Bregs in suppressing harmful immune responses and promoting 
tolerance. HCG can regulate the number and function of Bregs and is therefore a critical factor (Rolle 
et al., 2013). 

Looking at these studies, it can be concluded that hCG has a duplex function because of its effect on 
both pro- and anti-inflammatory factors. This could however depend on the location of 
measurement. Systemically, hCG has a proinflammatory effect, but it is likely to have a different, anti-
inflammatory function at the maternal-fetal interface (Furcron et al., 2016).  

Estrogens  
Steroid hormones can have both a pro- and anti-inflammatory function, depending on the type of 
immune cell and the environment. Estrogens can influence macrophage function, since these 
immune cells express ERs (Phiel et al., 2005). Acting on ERα regulates the anti-inflammatory role of 
macrophages (Vegeto et al., 2004). Locally increased estrogens showed to have possible activating 
effects on macrophage and fibroblast cell proliferation, contributing to autoimmunity (Cutolo et al., 
2004). When treating influenza A virus with E2, neutrophil numbers significantly increased compared 
to the placebo group, also causing virus-specific CD8 T cells to be induced (Robinson et al., 2014). This 
enhanced the production of IFN-γ and TNF-α as well, improving infection outcome.  

Because of the immunological shift, the number of certain cytokines changes as gestation continues. 
Estrogens can modify immune function by stimulating anti-inflammatory cytokines (IL-10, IL-4, and 
TGF-β) and inhibiting those that promote inflammation (IL-12, TNF-α and IFN-γ) (Salem, 2004). The 
amount of IFN-γ is high at early stages, but its levels change due to the shift (Salem, 2004).  
E2 treatment had multiple effects on the DC population in a study by Liu et al. (2002), including 
reduced production of inflammatory cytokines TNF-α, IFN-γ and IL-12 by mature DCs. This could 
contribute to a downregulation of Th1 cells (Liu et al., 2002). 
Nakaya et al. (2006) performed a mouse study in which the effect of E2 on cytokine production was 
examined. However, IFN-γ production was enhanced by E2 stimulation and the number of NKs also 
increased. This stimulating effect is thought to be mediated via ERs (Nakaya et al., 2006). The fact that 
estrogens induce either pro- or anti-inflammatory effects could be due to the level of estrogen used 
in experiments. Early pregnancy supports an inflammatory environment (Gnainsky et al., 2010) and 
has low estrogen levels compared to late pregnancy (O’Leary et al., 1991) (figure 1), which is after the 
immunological shift. 

Estrogens show to have an influence on Tregs already before pregnancy, since their rise in serum 
levels just before ovulation matches a peak in Tregs at the same time (Arruvito et al., 2007). Estrogens 
induce the expression of Foxp3, and estrogen treatment increases CD4+CD25+ Tregs, in an animal 
model (Loewendorf et al., 2014).  

Progesterone 
The immunological effects of progesterone are mediated through progesterone-induced blocking 
factor (PIBF), which is a protein that promotes Th2 cytokine production (Szekeres-Bartho, 2008; 
Szekeres-Bartho & Polgar, 2010). Activated pregnancy lymphocytes express PRs, which enables 
progesterone to activate PIBF. Its production is a feature of normal pregnancy (Szekeres-Bartho & 
Polgar, 2010).  

Progesterone induces the recruitment of NKs to the uterus by inducing the secretion of CXCR3 ligands 
Mig and IP-10 from cultured endometrial stromal cells (Kitaya et al., 2004). NKs are attracted to 
CXCR3 ligands. Mig and IP-10 were found in several places in the uterus, including the surface 
epithelia, glandular epithelia, and stroma (Kitaya et al., 2004). Stromal cells respond to progesterone 
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by increasing IL-15 trans-presentation to uNKs, inducing their expansion and differentiation (Wilkens 
et al., 2013).  

The DC system is adapted in pregnancy to promote Th2 type responses (Bachy et al., 2008). In a study 
by Bachy et al (2008) monocytes differentiated into less phenotypically mature DC, which had less co-
stimulatory and antigen-presenting molecules. Inflammatory stimuli made monocyte-derived DCs 
secrete more IL-10 and less IL-12, which enhances Th2 cells and Tregs to improve tolerance (Bachy et 
al., 2008). Progesterone induces an immature phenotype in bone marrow derived DCs so it may be 
involved in the maternal immune response through affecting DC differentiation, maturation and 
function (Liang et al., 2006). Similar results were found by Butts et al. (2007); progesterone inhibits 
the proinflammatory function of bone marrow derived DCs by suppressing their activity, resulting in 
decreased production of cytokines IL-1β and TNF when compared to untreated cells. Stimulation of 
progesterone inhibited proliferation of T cells as well (Butts et al., 2007). 

Progesterone can promote CD4+ T cells to shift from a Th1 to Th2 type via high concentrations of 
PIBF, which is characterized by increased levels of IL-4, IL-5, and IL-10 (Szekeres-Bartho et al., 1996; 
Piccinni et al., 1995). B cell proliferation is promoted and Th1 cytokines are inhibited by IL-10 
(Szekeres-Bartho, 2008). This implies that progesterone production at the placenta may be partially 
responsible for increased production of Th2 type cytokines, which is crucial for the progression of a 
successful pregnancy (Piccinni et al., 1995).  
In vivo T cell activation, prior to inducing preterm labor, caused maternal hypothermia, bradycardia, 
systemic inflammation, cervical dilation, intra-amniotic inflammation, and fetal growth restriction in a 
murine model. This indicates that increased T cell activation causes pathological inflammation and 
might even result in preterm labor (Arenas-Hernandez et al., 2019). 

Relaxin 
A rhesus monkey study revealed that pregnancy levels of relaxin treatment resulted in multiple 
significant effects on the uterus, including the endometrium showing a more decidualized 
morphology and a greater number of arterioles and lymphocytes (Goldsmith & Weiss, 2009).  
Relaxin stimulates the recruitment, migration and adhesion of leukocytes by binding to its receptor 
LGR7, coupled with proportional cAMP accumulation for intracellular messaging (Figueiredo et al., 
2006). Incubation of rat coronary endothelial cells with LPS and relaxin caused a significant reduction 
of adherent neutrophils and endothelial expression of adhesion molecules, suggesting an anti-
inflammatory role (Nistri et al., 2003). Asthmatic guinea pigs that received relaxin showed reduced 
respiratory abnormalities, decreased mast cell degranulation and leukocyte infiltration. Increased 
alveolar capillary dilation and reduction of the air-blood barrier were observed as well (Bani et al., 
1997). Thus, the effect of relaxin on immune cells can be conflicting in research.  
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Discussion and conclusion 
In the present thesis, several key hormones that change during pregnancy are discussed, which 
include estrogens (estrone, estradiol and estriol), progesterone, human chorionic gonadotropin 
hormone and relaxin. These hormones are crucial for the regulation of healthy gestation, as they 
induce both endocrinological and immunological modifications to successfully endure gestation. The 
functional activity of these hormones on the immune system can be divided into those occurring at 
the maternal periphery and at the maternal-fetal interface. During pregnancy, the immune system of 
the mother shifts from a pro- to anti-inflammatory state, to ensure tolerance against the 
semoallogeneic fetus (Schumacher et al., 2013; Svensson-Arvelund et al., 2015). It is reviewed how 
pregnancy-associated hormones regulate the changing maternal body and recruit, promote, and 
inhibit certain immune cells.  

While a fair number of literature can be found concerning the influence of certain pregnancy-related 
hormones on immune responses, there still are knowledge gaps and conflicting topics. The type of 
immune cells present is highly dependent on the stage of pregnancy and physical location. The start 
of gestation consists of inflammation which is necessary for implantation (Gnainsky et al., 2010). 
Because of the immunological shift, immune cell levels are changed. It is only until delivery that an 
inflammatory environment reoccurs (Shynlova et al., 2012; Romero et al., 1989). To accurately 
measure immune cell levels, it must be determined whether the shift has already taken place or not. 
Arruvito et al (2007) explains that menstrual cycle stages should be considered when investigating 
Tregs in non-pregnant women, since fluctuating hormones alter their numbers (Arruvito et al., 2007), 
indicating how important hormone levels are when investigating immunity.  

It was observed that a significant amount of research on immunological sex differences with respect 
to hormones could be found, especially how estrogens and progesterone affect immune cells. Yet, 
research on how certain hormones act on individual immune cell types in pregnancy is still lacking. 
Conflicting results in studies could be due to the immunological shift. Thus, the effect of pregnancy-
associated hormones on immunity is unfortunately still somewhat contradictory and unclear.  

Further research on the regulatory functions of pregnancy-associated hormones on immunity can 
improve the understanding of immune-endocrine crosstalk. Insight into the exact underlying 
mechanisms can help in treating pregnancy complications concerning abnormal immune responses 
and fetal intolerance. Progesterone, for instance, might prevent preterm labor when applied in a 
clinically approved treatment (Arenas-Hernandez et al., 2019). Knowing the exact expression of ERs 
and PRs on immune cells may provide a basis for analyzing the mechanisms of immune modulation 
by estrogens and progesterone, which in turn could help identify therapeutic targets for treating 
immunologic disorders (Phiel et al., 2005). Crosstalk between PRs and ERs in the myometrium can 
provide further understanding how estrogens and progesterone affect the onset of delivery (Mesiano 
et al., 2002). Moreover, therapy with hCG-activated PBMCs may be an effective approach for women 
with recurrent IVF failure, since it has shown to promote healthy gestation (Pourmoghadam et al., 
2020). Relaxin can be a possible therapeutic for treating asthma, possibly reducing the chance of 
further complications such as high blood pressure (Bani et al., 1997). 

To conclude, pregnancy is a unique condition with a modulated, not suppressed, immune system, 
resulting in altered responses against immunological challenges. The exact nature of immune-
endocrine crosstalk in pregnancy remains to be discovered.  
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Pellicer, A., & SimóN, C. (2001). Human Endometrial Mucin MUC1 Is Up-Regulated by 
Progesterone and Down-Regulated In Vitro by the Human Blastocyst1. Biology Of 
Reproduction, 64(2), 590–601. https://doi.org/10.1095/biolreprod64.2.590  

54. Mesiano, S., Chan, E., Fitter, J. T., Kwek, K., Yeo, G., & Smith, R. (2002). Progesterone 
Withdrawal and Estrogen Activation in Human Parturition Are Coordinated by 
Progesterone Receptor A Expression in the Myometrium. �The �Journal Of Clinical 
Endocrinology And Metabolism/Journal Of Clinical Endocrinology & Metabolism, 87(6), 
2924–2930. https://doi.org/10.1210/jcem.87.6.8609  

55. Monroe, S. E., Jaffe, R. B., & Midgley, A. R. (1972). Regulation of Human Gonadotropins. 
XII. Increase in Serum Gonadotropins in Response to Estradiol. �The �Journal Of Clinical 
Endocrinology And Metabolism/Journal Of Clinical Endocrinology & Metabolism, 34(2), 
342–347. https://doi.org/10.1210/jcem-34-2-342  

56. Nakaya, M., Tachibana, H., & Yamada, K. (2006). Effect of Estrogens on the Interferon-γ 
Producing Cell Population of Mouse Splenocytes. Bioscience, Biotechnology, And 
Biochemistry, 70(1), 47–53. https://doi.org/10.1271/bbb.70.47 

57. Nakayama, T., Fujiwara, H., Maeda, M., Inoue, T., Yoshioka, S., Mori, T., & Fujii, S. (2002). 
Human peripheral blood mononuclear cells (PBMC) in early pregnancy promote embryo 
invasion in vitro: HCG enhances the effects of PBMC. Human Reproduction, 17(1), 207–
212. https://doi.org/10.1093/humrep/17.1.207  

https://doi.org/10.1371/journal.ppat.1006757
https://doi.org/10.1002/jnr.10409
https://doi.org/10.3109/09513590.2013.829444
https://doi.org/10.1371/journal.pone.0096723
https://doi.org/10.1067/mob.2003.454
https://doi.org/10.1016/j.placenta.2005.07.011
https://doi.org/10.1189/jlb.72.5.874
https://doi.org/10.1095/biolreprod64.2.590
https://doi.org/10.1210/jcem.87.6.8609
https://doi.org/10.1210/jcem-34-2-342
https://doi.org/10.1271/bbb.70.47
https://doi.org/10.1093/humrep/17.1.207


21 
 

58. Nistri, S., Chiappini, L., Sassoli, C., & Bani, D. (2003). Relaxin inhibits lipopolysaccharide-
induced adhesion of neutrophils to coronary endothelial cells by a nitric oxide-mediated 
mechanism. �The �FASEB Journal, 17(14), 1–15. https://doi.org/10.1096/fj.03-0216fje  

59. O’Leary, P., Boyne, P., Flett, P., Beilby, J., & James, I. (1991). Longitudinal assessment of 
changes in reproductive hormones during normal pregnancy. Clinical Chemistry, 37(5), 
667–672. https://pubmed.ncbi.nlm.nih.gov/1827758/  

60. Osman, I. (2003). Leukocyte density and pro-inflammatory cytokine expression in human 
fetal membranes, decidua, cervix and myometrium before and during labour at term. 
Molecular Human Reproduction, 9(1), 41–45. https://doi.org/10.1093/molehr/gag001  

61. Pavlik, E. J., & Katzenellenbogen, B. S. (1978). Human Endometrial Cells in Primary Tissue 
Culture: Estrogen Interactions and Modulation of Cell Proliferation*. �The �Journal Of 
Clinical Endocrinology And Metabolism/Journal Of Clinical Endocrinology & Metabolism, 
47(2), 333–344. https://doi.org/10.1210/jcem-47-2-333  

62. Phiel, K. L., Henderson, R. A., Adelman, S. J., & Elloso, M. M. (2005). Differential estrogen 
receptor gene expression in human peripheral blood mononuclear cell populations. 
Immunology Letters, 97(1), 107–113. https://doi.org/10.1016/j.imlet.2004.10.007  

63. Plaks, V., Birnberg, T., Berkutzki, T., Sela, S., BenYashar, A., Kalchenko, V., Mor, G., Keshet, 
E., Dekel, N., Neeman, M., & Jung, S. (2008). Uterine DCs are crucial for decidua 
formation during embryo implantation in mice. �The �Journal Of Clinical 
Investigation/�The �Journal Of Clinical Investigation. https://doi.org/10.1172/jci36682  

64. Piccinni, M. P., Giudizi, M. G., Biagiotti, R., Beloni, L., Giannarini, L., Sampognaro, S., 
Parronchi, P., Manetti, R., Annunziato, F., & Livi, C. (1995). Progesterone favors the 
development of human T helper cells producing Th2-type cytokines and promotes both 
IL-4 production and membrane CD30 expression in established Th1 cell clones. �The 
�Journal Of Immunology/�The �Journal Of Immunology, 155(1), 128–133. 
https://doi.org/10.4049/jimmunol.155.1.128 

65. Piccinni, M., & Romagnani, S. (1996). Regulation of fetal allograft survival by hormone-
controlled Th1- and Th2-type cytokines. Immunologic Research, 15(2), 141–150. 
https://doi.org/10.1007/bf02918503  

66. Pourmoghadam, Z., Soltani-Zangbar, M. S., Sheikhansari, G., Azizi, R., Eghbal-Fard, S., 
Mohammadi, H., Siahmansouri, H., Aghebati-Maleki, L., Danaii, S., Mehdizadeh, A., 
Hojjat-Farsangi, M., Motavalli, R., & Yousefi, M. (2020). Intrauterine administration of 
autologous hCG- activated peripheral blood mononuclear cells improves pregnancy 
outcomes in patients with recurrent implantation failure; A double-blind, randomized 
control trial study. Journal Of Reproductive Immunology, 142, 103182. 
https://doi.org/10.1016/j.jri.2020.103182  

67. Raghupathy, R., Makhseed, M., Azizieh, F., Omu, A., Gupta, M., & Farhat, R. (2000). 
Cytokine production by maternal lymphocytes during normal human pregnancy and in 
unexplained recurrent spontaneous abortion. Human Reproduction, 15(3), 713–718. 
https://doi.org/10.1093/humrep/15.3.713  

68. Ramathal, C., Bagchi, I., Taylor, R., & Bagchi, M. (2010). Endometrial Decidualization: Of 
Mice and Men. Seminars in Reproductive Medicine, 28(01), 017–026. 
https://doi.org/10.1055/s-0029-1242989  

69. Rami, D., La Bianca, M., Agostinis, C., Zauli, G., Radillo, O., & Bulla, R. (2014). The first 
trimester gravid serum regulates procalcitonin expression in human macrophages 

https://doi.org/10.1096/fj.03-0216fje
https://pubmed.ncbi.nlm.nih.gov/1827758/
https://doi.org/10.1093/molehr/gag001
https://doi.org/10.1210/jcem-47-2-333
https://doi.org/10.1016/j.imlet.2004.10.007
https://doi.org/10.1172/jci36682
https://doi.org/10.4049/jimmunol.155.1.128
https://doi.org/10.1007/bf02918503
https://doi.org/10.1016/j.jri.2020.103182
https://doi.org/10.1093/humrep/15.3.713
https://doi.org/10.1055/s-0029-1242989


22 
 

skewing their PhenotypeIn vitro. Mediators Of Inflammation, 2014, 1–10. 
https://doi.org/10.1155/2014/248963  

70. Reshef, E., Lei, Z. M., Rao, C. V., Pridham, D. D., Chegini, N., & Luborsky, J. L. (1990). The 
Presence of Gonadotropin Receptors in Nonpregnant Human Uterus, Human Placenta, 
Fetal Membranes, and Decidua*. �The �Journal Of Clinical Endocrinology And 
Metabolism/Journal Of Clinical Endocrinology & Metabolism, 70(2), 421–430. 
https://doi.org/10.1210/jcem-70-2-421  

71. Robinson, D. P., Hall, O. J., Nilles, T. L., Bream, J. H., & Klein, S. L. (2014). 17β-Estradiol 
Protects Females against Influenza by Recruiting Neutrophils and Increasing Virus-Specific 
CD8 T Cell Responses in the Lungs. Journal Of Virology, 88(9), 4711–4720. 
https://doi.org/10.1128/jvi.02081-13  

72. Robinson, D. P., & Klein, S. L. (2012). Pregnancy and pregnancy-associated hormones alter 
immune responses and disease pathogenesis. Hormones And Behavior, 62(3), 263–271. 
https://doi.org/10.1016/j.yhbeh.2012.02.023  

73. Romero, R., Brody, D. T., Oyarzun, E., Mazor, M., Wu, Y. K., Hobbins, J. C., & Durum, S. K. 
(1989). Infection and labor. American Journal Of Obstetrics And Gynecology, 160(5), 
1117–1123. https://doi.org/10.1016/0002-9378(89)90172-5  

74. Rolle, L., Tehran, M. M., Morell-García, A., Raeva, Y., Schumacher, A., Hartig, R., Costa, S., 
Jensen, F., & Zenclussen, A. C. (2013). Cutting edge: IL-10-Producing regulatory B cells in 
early human pregnancy. American Journal Of Reproductive Immunology, 70(6), 448–453. 
https://doi.org/10.1111/aji.12157  

75. Rosenfeld, C. R., & Rivera, R. (1978b). Circulatory responses to systemic infusions of 
estrone and estradiol-17α in nonpregnant, oophorectomized ewes. American Journal Of 
Obstetrics And Gynecology, 132(4), 442–448. https://doi.org/10.1016/0002-
9378(78)90782-2 

76. Rowe, J. H., Ertelt, J. M., Xin, L., & Way, S. S. (2012). Pregnancy imprints regulatory 
memory that sustains anergy to fetal antigen. Nature, 490(7418), 102–106. 
https://doi.org/10.1038/nature11462  

77. Salem, M. L. (2004). Estrogen, A Double-Edged Sword: Modulation of TH1- and TH2-
Mediated Inflammations by Differential Regulation of TH1 / TH2 Cytokine Production. 
Current Drug Targets. Inflammation & Allergy, 3(1), 97–104. 
https://doi.org/10.2174/1568010043483944  

78. Sasaki, Y., Darmochwal-Kolarz, D., Suzuki, D., Sakai, M., Ito, M., Shima, T., Shiozaki, A., 
Rolinski, J., & Saito, S. (2007). Proportion of peripheral blood and decidual CD4+ 
CD25bright regulatory T cells in pre-eclampsia. Clinical And Experimental Immunology, 
149(1), 139–145. https://doi.org/10.1111/j.1365-2249.2007.03397.x  

79. Semmes, E. C., & Coyne, C. B. (2022). Innate immune defenses at the maternal-fetal 
interface. Current Opinion in Immunology, 74, 60–67. 
https://doi.org/10.1016/j.coi.2021.10.007  

80. Schumacher, A., Brachwitz, N., Sohr, S., Engeland, K., Langwisch, S., Dolaptchieva, M., 
Alexander, T., Taran, A., Malfertheiner, S. F., Costa, S., Zimmermann, G., Nitschke, C., Volk, 
H., Alexander, H., Gunzer, M., & Zenclussen, A. C. (2009b). Human Chorionic 
Gonadotropin Attracts Regulatory T Cells into the Fetal-Maternal Interface during Early 
Human Pregnancy. �The �Journal Of Immunology/�The �Journal Of Immunology, 182(9), 
5488–5497. https://doi.org/10.4049/jimmunol.0803177  

https://doi.org/10.1155/2014/248963
https://doi.org/10.1210/jcem-70-2-421
https://doi.org/10.1128/jvi.02081-13
https://doi.org/10.1016/j.yhbeh.2012.02.023
https://doi.org/10.1016/0002-9378(89)90172-5
https://doi.org/10.1111/aji.12157
https://doi.org/10.1016/0002-9378(78)90782-2
https://doi.org/10.1016/0002-9378(78)90782-2
https://doi.org/10.1038/nature11462
https://doi.org/10.2174/1568010043483944
https://doi.org/10.1111/j.1365-2249.2007.03397.x
https://doi.org/10.1016/j.coi.2021.10.007
https://doi.org/10.4049/jimmunol.0803177


23 
 

81. Schumacher, A., Heinze, K., Witte, J., Poloski, E., Linzke, N., Woidacki, K., & Zenclussen, A. 
C. (2013). Human Chorionic Gonadotropin as a Central Regulator of Pregnancy Immune 
Tolerance. �The �Journal Of Immunology/�The �Journal Of Immunology, 190(6), 2650–
2658. https://doi.org/10.4049/jimmunol.1202698  

82. Shynlova, O., Nedd-Roderique, T., Li, Y., Dorogin, A., & Lye, S. J. (2012). Myometrial 
immune cells contribute to term parturition, preterm labour and post-partum involution 
in mice. Journal Of Cellular And Molecular Medicine, 17(1), 90–102. 
https://doi.org/10.1111/j.1582-4934.2012.01650.x  

83. Stewart, D. R., Overstreet, J. W., Nakajima, S. T., & Lasley, B. L. (1993). Enhanced ovarian 
steroid secretion before implantation in early human pregnancy. �The �Journal Of Clinical 
Endocrinology And Metabolism/Journal Of Clinical Endocrinology & Metabolism, 76(6), 
1470–1476. https://doi.org/10.1210/jcem.76.6.8501152  

84. Svensson-Arvelund, J., Mehta, R. B., Lindau, R., Mirrasekhian, E., Rodriguez-Martinez, H., 
Berg, G., Lash, G. E., Jenmalm, M. C., & Ernerudh, J. (2015). The Human Fetal Placenta 
Promotes Tolerance against the Semiallogeneic Fetus by Inducing Regulatory T Cells and 
Homeostatic M2 Macrophages. �The �Journal Of Immunology/�The �Journal Of 
Immunology, 194(4), 1534–1544. https://doi.org/10.4049/jimmunol.1401536  

85. Szekeres-Bartho, J. (2008). Role of progesterone and progestin therapy in threatened 
abortion and preterm labour. Frontiers in Bioscience, 13(13), 1981. 
https://doi.org/10.2741/2817  

86. Szekeres-Bartho, J., Faust, Z., Varga, P., Szereday, L., & Kelemen, K. (1996). The 
Immunological Pregnancy Protective Effect of Progesterone Is Manifested via Controlling 
Cytokine Production. American Journal Of Reproductive Immunology, 35(4), 348–351. 
https://doi.org/10.1111/j.1600-0897.1996.tb00492.x  

87. Szekeres-Bartho, J., & Polgar, B. (2010). PIBF: The Double Edged Sword. Pregnancy and 
Tumor. American Journal Of Reproductive Immunology, 64(2), 77–86. 
https://doi.org/10.1111/j.1600-0897.2010.00833.x  

88. Teilmann, S. C., Clement, C. A., Thorup, J., Byskov, A. G., & Christensen, S. T. (2006). 
Expression and localization of the progesterone receptor in mouse and human 
reproductive organs. Journal Of Endocrinology/Journal Of Endocrinology, 191(3), 525–
535. https://doi.org/10.1677/joe.1.06565  

89. Thomas, M. P., & Potter, B. V. (2013). The structural biology of oestrogen metabolism. 
Journal Of Steroid Biochemistry And Molecular Biology/�The �Journal Of Steroid 
Biochemistry And Molecular Biology, 137, 27–49. 
https://doi.org/10.1016/j.jsbmb.2012.12.014  

90. Tilburgs, T., Roelen, D. L., Van Der Mast, B. J., De Groot-Swings, G. M., Kleijburg, C., 
Scherjon, S. A., & Claas, F. H. (2008). Evidence for a Selective Migration of Fetus-Specific 
CD4+CD25bright Regulatory T Cells from the Peripheral Blood to the Decidua in Human 
Pregnancy. �The �Journal Of Immunology/�The �Journal Of Immunology, 180(8), 5737–
5745. https://doi.org/10.4049/jimmunol.180.8.5737  

91. Tonello, A., & Poli, G. (2007). Tubal ectopic pregnancy: macrophages under the 
microscope. Human Reproduction, 22(10), 2577–2584. 
https://doi.org/10.1093/humrep/dem246  

92. Van Den Heuvel, M. J., Xie, X., Tayade, C., Peralta, C., Fang, Y., Leonard, S., Paffaro, V. A., 
Sheikhi, A. K., Murrant, C., & Croy, B. A. (2005). A Review of Trafficking and Activation of 

https://doi.org/10.4049/jimmunol.1202698
https://doi.org/10.1111/j.1582-4934.2012.01650.x
https://doi.org/10.1210/jcem.76.6.8501152
https://doi.org/10.4049/jimmunol.1401536
https://doi.org/10.2741/2817
https://doi.org/10.1111/j.1600-0897.1996.tb00492.x
https://doi.org/10.1111/j.1600-0897.2010.00833.x
https://doi.org/10.1677/joe.1.06565
https://doi.org/10.1016/j.jsbmb.2012.12.014
https://doi.org/10.4049/jimmunol.180.8.5737
https://doi.org/10.1093/humrep/dem246


24 
 

Uterine Natural Killer Cells. American Journal Of Reproductive Immunology, 54(6), 322–
331. https://doi.org/10.1111/j.1600-0897.2005.00336.x  

93. Vegeto, E., Ghisletti, S., Meda, C., Etteri, S., Belcredito, S., & Maggi, A. (2004). Regulation 
of the lipopolysaccharide signal transduction pathway by 17β-estradiol in macrophage 
cells. Journal Of Steroid Biochemistry And Molecular Biology/�The �Journal Of Steroid 
Biochemistry And Molecular Biology, 91(1–2), 59–66. 
https://doi.org/10.1016/j.jsbmb.2004.02.004  

94. Wan, H., Versnel, M. A., Cheung, W. Y., Leenen, P. J. M., Khan, N. A., Benner, R., & Kiekens, 
R. C. M. (2007). Chorionic gonadotropin can enhance innate immunity by stimulating 
macrophage function. Journal Of Leukocyte Biology, 82(4), 926–933. 
https://doi.org/10.1189/jlb.0207092  

95. Wan, H., Versnel, M. A., Leijten, L. M. E., Van Helden-Meeuwsen, C. G., Fekkes, D., 
Leenen, P. J. M., Khan, N. A., Benner, R., & Kiekens, R. C. M. (2008). Chorionic 
gonadotropin induces dendritic cells to express a tolerogenic phenotype. Journal Of 
Leukocyte Biology, 83(4), 894–901. https://doi.org/10.1189/jlb.0407258  

96. Wang, W., Hao, C., Yi-Lin, N., Yin, G., Bao, S., Qiu, L., & Lin, Q. (2010). Increased 
prevalence of T helper 17 (Th17) cells in peripheral blood and decidua in unexplained 
recurrent spontaneous abortion patients. Journal Of Reproductive Immunology, 84(2), 
164–170. https://doi.org/10.1016/j.jri.2009.12.003  

97. Wang, C., Umesaki, N., Nakamura, H., Tanaka, T., Nakatani, K., Nakatani, K., Ogita, S. & 
Kaneda, K. (2000b). Expression of vascular endothelial growth factor by granulated 
metrial gland cells in pregnant murine uteri. Cell & Tissue Research/Cell And Tissue 
Research, 300(2), 285–293. https://doi.org/10.1007/s004410000198 

98. Wilkens, J., Male, V., Ghazal, P., Forster, T., Gibson, D. A., Williams, A. R. W., Brito-
Mutunayagam, S. L., Craigon, M., Lourenco, P., Cameron, I. T., Chwalisz, K., Moffett, A., & 
Critchley, H. O. D. (2013). Uterine NK Cells Regulate Endometrial Bleeding in Women and 
Are Suppressed by the Progesterone Receptor Modulator Asoprisnil. �The �Journal Of 
Immunology/�The �Journal Of Immunology, 191(5), 2226–2235. 
https://doi.org/10.4049/jimmunol.1300958  

99. Xu, Y., Romero, R., Miller, D., Kadam, L., Mial, T. N., Plazyo, O., Garcia-Flores, V., Hassan, S. 
S., Xu, Z., Tarca, A. L., Drewlo, S., & Gomez-Lopez, N. (2016). An M1-like Macrophage 
Polarization in Decidual Tissue during Spontaneous Preterm Labor That Is Attenuated by 
Rosiglitazone Treatment. �The �Journal Of Immunology/�The �Journal Of Immunology, 
196(6), 2476–2491. https://doi.org/10.4049/jimmunol.1502055  

100. Zajac, E., Schweighofer, B., Kupriyanova, T. A., Juncker-Jensen, A., Minder, P., Quigley, 
J. P., & Deryugina, E. I. (2013). Angiogenic capacity of M1- and M2-polarized macrophages 
is determined by the levels of TIMP-1 complexed with their secreted proMMP-9. Blood, 
122(25), 4054–4067. https://doi.org/10.1182/blood-2013-05-501494  

101. Ziegler, T. E., Tardif, S. D., Ross, C. N., Snowdon, C. T., Kapoor, A., & Rutherford, J. N. 
(2023). Timing of the luteal-placental shift is delayed with additional fetuses in litter-
bearing callitrichid monkeys, Saguinus oedipus and Callithrix jacchus. General And 
Comparative Endocrinology, 333, 114195. https://doi.org/10.1016/j.ygcen.2022.114195  

  

https://doi.org/10.1111/j.1600-0897.2005.00336.x
https://doi.org/10.1016/j.jsbmb.2004.02.004
https://doi.org/10.1189/jlb.0207092
https://doi.org/10.1189/jlb.0407258
https://doi.org/10.1016/j.jri.2009.12.003
https://doi.org/10.4049/jimmunol.1300958
https://doi.org/10.4049/jimmunol.1502055
https://doi.org/10.1182/blood-2013-05-501494
https://doi.org/10.1016/j.ygcen.2022.114195


25 
 

Afterword 
I would like to thank dr. M.M. Faas for supervising throughout the process of writing this bachelor’s 
thesis. The effect of pregnancy hormones on the immune system has been a very interesting subject 
to learn and write about. 

 


