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1. Introduction 

Throughout their evolution, animals have developed mechanisms which protect them 
against parasites or infections by detecting and destroying foreign biological material within 
their own bodies. These mechanisms for excluding “non-self” biological materials whilst at 
the same time maintaining the integrity of the “self” have evolved for hundreds of millions 
of years into a highly complex body system, the immune system (Bainbridge, 2000). Any 
disbalance or alteration of the mechanisms maintaining the dynamic equilibrium between 
the “self” and “non-self” recognition could translate into a pathological state (or condition) 
like autoimmune disease at one end of the scale or immunodeficiency at the other.  

The immunological system in placental mammals has been particularly challenged 
throughout the course of evolution, not just because of the exposure to a wide range of 
pathogens (“non-self”) but because the evolution of the placenta allowed females to 
maintain fetuses within the reproductive tract for prolonged periods. One of the most 
intriguing features of mammalian embryo development is the re-organization of the 
maternal uterine tissue (endometrium) by embryo derived cells (trophoblast cells) in order 
to establish an intimate association with the mother. This process starts with embryo 
implantation and is characterized by the invasion of uterine tissues by the embryonic cells 
(trophoblast cells), culminating with the formation of the placenta, which permits 
intrauterine nourishment of the fetus, removal of waste metabolites, and the exchange of 
respiratory gasses to and from the fetal circulation until the moment of birth. 

The intimate association between mother and embryo in placental mammals creates the 
potential problem of two genetically distinct individuals having to coexist for the duration 
of the pregnancy. This means that during pregnancy, the mothers’ immune system has to 
tolerate the presence of paternal alloantigens (“nonself”) from the placenta and/or the fetus 
(Bainbridge, 2000). In this context, pregnancy is a unique immunological challenge and it 
has been compared to the transplantation of a tissue or organ from a donor that is tolerated 
by the recipient (mother) and not rejected.  
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The paradox of the fetal allograft (transplant), as this process has been called, has been the 
dominant hypothesis driving research and debate in the field of reproductive immunology 
and the question why the mother does not reject the feto-placental unit remains 
unanswered. No other tissue, when surgically transplanted between genetically different 
individuals, enjoys the impunity from lethal host immune responses that characterizes the 
maternal-fetal relationship. 

More than 50 years have passed since Peter Medawar (Medawar, 1953) made one of the 
most influential contributions to the field of Reproductive Immunology with his essay 
entitled “Some Immunological and Endocrinological Problems Raised by the Evolution of 
Viviparity in Vertebrates”. Based on his pioneering studies demonstrating the role of tissue 
antigens in the recognition and rejection of skin grafts between genetically different 
individuals, and the work of others (reviewed in (Billington, 2003)) on the genetic basis of 
tumor transplant rejection in mice, Medawar recognized the truly paradoxical nature of the 
immunological relationship between the mother and her fetus. In his words: “The 
immunological problem of pregnancy may be formulated thus: How does the pregnant 
mother contrive to nourish within itself, for many weeks or months, a fetus that is an 
antigenically foreign body?” (Medawar, 1953). 

This immunological paradox exists because according to the laws of tissue transplantation, 
fetal alloantigens encoded by polymorphic genes inherited from the father should provoke 
maternal immune responses leading to fetal rejection soon after blastocyst implantation in 
the uterine wall (Billingham, 1964; Medawar, 1953). From a genetic perspective, mother and 
fetus are never identical in outbred populations because the fetus inherits a different set of 
polymorphic genes from each parent and multiple tissue antigens differ between fetus and 
mother. Even more extraordinary is the case of surrogate mothers, where the feto-placental 
unit represents a bigger alloantigen challenge for the mother and can be considered a perfect 
example of a successful allotransplantation (at least temporarily). 

Originally, Medawar proposed three explanations to answer the question as to how the 
fetus does not usually provoke an immunological reaction from its mother: (1) the 
anatomical separation of fetus from mother; (2) the antigenic immaturity of the fetus; and (3) 
the immunological indolence or inertness of the mother” (Medawar, 1953). 

Medawar himself was convinced that the anatomical separation of fetus from mother, by a 
barrier considered at that time to be impermeable to maternal cells, was by far the most 
important of these possible explanations. Very early on, Billingham (Billingham, 1964) drew 
attention to the growing evidence for bi-directional transfer of cellular elements between 
mother and fetus, indicating that the placenta cannot be regarded as an absolute barrier. It is 
now known that in species with hemochorial placentation, as in humans and rodents, the 
mother and the fetus are not separated by an intact layer of epithelial cells, and placental 
trophoblast cells are thus exposed to maternal immune cells. A bidirectional transfer of cells 
between mother and fetus is common during human and murine pregnancy, and can lead to 
microchimerism (Nelson et al., 2007). 

The second hypothesis proposed by Medawar, that the conceptus lacked immunogenicity, 
has been shown in studies by Hoskin and others (Elbe-Burger et al., 2000; Hoskin and 
Murgita, 1989) not to occur as immune reactions against fetal cells have been described. 
Hoskin and Murgita (Hoskin and Murgita, 1989) showed an immune reaction against fetal 
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cells in the mouse. In this study, splenic T cells with a helper phenotype obtained from 
primiparous CBA/J mice pregnant by syngeneic matings were found to proliferate in 
response to co-culture with fetal thymus cells. Maternal anti-fetal lymphoproliferative 
responses were also shown to be blocked by the addition of antibodies against major 
histocompatibility complex (MHC) molecules (Hoskin and Murgita, 1989). More recently, 
studies have shown that fetal tissue expresses MHC molecules which are required for 
immune recognition and activation (reviewed in (Bainbridge, 2000)). All together, these data 
showed that the conceptus had immunogenic properties. 

In reference to Medawar’s third hypothesis, there is ample evidence that pregnancy is 
recognized by the immune system. Antibodies against fetal antigens have been detected in 
the sera of pregnant women showing that maternal recognition of fetal antigens does occur 
(reviewed in (Billington, 1992)). Women undergoing normal pregnancy preferentially 
release type 2 helper T cell (Th2) cytokines, whereas women who have recurrent 
spontaneous abortions induce the production of type 1 helper T cell (Th1) cytokines 
(Raghupathy, 1997). Thus the maternal immune system not only recognizes pregnancy but 
responds in a way which can determine the success or failure of pregnancy.  

The maternal immune system is clearly active, and under certain conditions may contribute 

to fetal damage/death. Well-defined pathological processes include destruction of fetal 

erythrocytes (Rh antigen, erythroblastosis) and platelets (HPA-1 and -2, alloimmune 

thrombocytopenia) by maternal antibodies and infections of pregnancy, where activated 

macrophages secreting high levels of Th1-type cytokines alter the delicate cytokine balance 

at the maternal-fetal interface (Hunt, 1989; Marzi et al., 1996). Yet even with a demonstrably 

active maternal immune system, mothers usually seem to tolerate rather than reject their 

genetically disparate fetuses (Hunt et al., 2005). Because of this, it has been necessary to 

reconsider the physiological interactions and physical contacts between fetal and maternal 

elements as a dynamic entity occurring at different levels during the course of pregnancy. 

Following on from Medawar’s original hypotheses, a fourth conceptual proposal was 

advanced by Billingham in 1964 (Billingham, 1964). Billingham proposed that the uterus 

may be an immune privileged site, where fetal tissue directs the maternal immune response 

towards a protective, tolerant one. The concept of immune-privileged sites has been 

recognized by immunologists for nearly 135 years, since the Dutch ophthalmologist Van 

Dooremaal observed prolonged survival of a mouse skin graft placed into the anterior 

chamber of a dog’s eye (reviewed in (Stein-Streilein and Streilein, 2002)). Together with the 

anterior chamber of the eye, other tissues such brain, ovary, testis, pregnant uterus, and 

placenta, display many of the characteristics of immune-privileged sites where immune 

reactions are not initiated in response to tissues displaying histocompatibility differences 

either by setting up anatomical and/or physiological barriers, which prevent access to cells 

of the immune system (Trowsdale and Betz, 2006). 

Experimental studies have since shown that transplant immunity can be both elicited and 

expressed in a normal manner in the uterus. This was shown initially by Poppa et al., in 

1964, who demonstrated the rejection of intrauterine parathyroid allografts in 

pseudopregnant parathyroidectomized rats (Poppa et al., 1964). Also, the possibility of 

ectopic pregnancies demonstrates that the uterus does not uniquely protect the conceptus as 

an immune privileged site (Billington, 2003).  
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So the question is how does the mother’s immune system recognize and respond to feto-

placental antigens in a way that promotes successful pregnancy and not immune rejection? 

It is known from extensive studies in transplantation that a semi-allogeneic graft will be 

promptly rejected without adequate pharmacological control of the recipient’s immune 

system, whereas the semi-allogeneic fetus which expresses antigens derived from both the 

mother and the father can survive throughout normal pregnancy without immunological 

rejection (Billington, 2003). This suggests that the developing fetus has mechanisms which 

prevent a maternal immune response against paternal/fetal antigens. Indeed, studies have 

shown that during pregnancy, paternal alloantigens can avoid maternal immune rejection. 

Tafuri et al., showed that female mice would accept an allogeneic tumor graft while 

pregnant with a conceptus from a father matching the allograft but if the tumor cells were 

transplanted from a third party allogeneic donor, they would be rejected. Further, after the 

delivery of the mice, paternal tumors would be rejected showing that this tolerance only 

occurred during pregnancy (Tafuri et al., 1995). 

The immune regulatory processes operating at the level of the maternal-fetal interface are 

highly dynamic and invoke multiple and sometimes redundant mechanisms and/or factors 

to reduce the likelihood of maternal immune rejection. Together with this redundancy, it is 

widely accepted that fetal factors drive changes in maternal immune responses and that 

both the fetus and the mother actively contribute to the development and maintenance of 

the pregnant uterus as an immune privileged site. 

To understand the physiological mechanisms of maternal immune tolerance of the semi-

allogeneic fetus during pregnancy has relevant implications not just for the field of 

Reproductive Immunology but also is clinically relevant for immune-mediated diseases 

(e.g., autoimmunity and asthma/allergy), cancer and for cell and organ transplantation. 

While the precise cellular interactions and mechanisms involved in maternal tolerance to the 

semi-allograft feto-placental unit are not yet completely understood, the identity of some of 

the critical factors and mechanisms have been uncovered and some details follow. 

2. Mechanisms of maternal immune tolerance 

2.1 Complement system 

The innate branch of the immune system comprises the cells and mechanisms that defend 

the host from foreign organisms in a non-specific manner. Central to innate immune 

responses is the complement system (Girardi, 2008). Over 30 proteins are involved in its 

activation and they act in concert to protect the host against invading organisms (Girardi, 

2008; Girardi et al., 2006). Activation of the complement cascade promotes chemotaxis of 

inflammatory cells and osmotic lysis of mammalian and bacterial cells through the 

formation of membrane attack complexes and is commonly used by the immune system to 

kill foreign or cancerous cells (Danilova, 2006). The complement cascade is regulated by 

complement regulatory proteins (CRP) that are expressed on cells and are critical for 

protecting tissues from inflammation that occurs in response to complement activation. 

The complement cascade can be activated by three different pathways: the classical, the 

mannose binding lectin, and the alternative pathway. These pathways are activated as a 

result of different stimuli. The classical pathway is triggered by the presence of antibody 
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bound to a target antigen, the lectin pathway is initiated by carbohydrates on microbial 

surfaces and the alternative pathway is spontaneously and constantly activated on biological 

surfaces in plasma and in most other body fluids allowing for rapid complement activation in 

response to foreign antigens (Zipfel and Skerka, 2009). These three activation pathways lead to 

the cleavage of the C3 component and the generation of C3a and C3b fragments. C3a causes 

the activation and release of inflammatory mediators such as histamine while C3b activates 

additional members of the complement cascade until the binding of C5b initiates the 

recruitment of the membrane attack complex (MAC). The MAC is a pore forming lipophilic 

complex that activates cell lysis, which results in permeabilization of the cell membrane and 

ultimately, cell death (Girardi, 2008; Zipfel and Skerka, 2009). 

In transplantation, the activation of complement has been shown to be involved in acute 

graft rejections. The use of monoclonal antibodies to complement proteins has demonstrated 

that complement is activated and deposited on the vascular endothelium of the transplanted 

tissue in a significant number of acute rejections (Wasowska et al., 2007). However, 

complement can be regulated and the process of regulation can be controlled by the 

stimulation or inhibition of complement activation. Due to the similarities between 

pregnancy and tissue or organ transplantation, it has been suggested that appropriate 

complement inhibition is a requirement for successful pregnancy (Girardi, 2008). Indeed, as 

complement may be one of the components in the maternal blood which may damage 

trophoblast cells after its activation by antibodies, trophoblast cells have protective 

mechanisms which allow them to avoid complement activation. The placenta expresses three 

CRP: decay-accelerating factor (DAF), membrane co-factor protein (MCP), and CD59 (Tedesco 

et al., 1993). These regulatory proteins inhibit complement at different stages of the activation 

sequence. DAF and MCP both act early in the complement cascade to control C3 activation 

whilst CD59 is an inhibitor of the MAC (Morgan and Holmes, 2000) . Thus, the expression of 

CRP at the maternal/fetal interface is a critical adaptation for protecting the fetus from injury 

inflicted by inflammation provoked by complement activation (Holmes et al., 1992). 

The role of CRP in trophoblast complement inhibition is further supported in studies by 

Tedesco et al., 1993 (Tedesco et al., 1993), who tested the role of CRP in the vulnerability of 

human trophoblast to complement activation. In these studies the inhibition of MCP and 

CD59 resulted in an increased susceptibility of trophoblast cells to complement mediated 

immunological activation suggesting the inhibition of complement by MCP and CD59 is 

required for pregnancy to proceed as normal. The protective function of DAF was unable to 

be tested due to its reduced expression on isolated trophoblasts compared to normal 

placental tissue.  

In rare cases, individuals deficient in DAF or CD59 have been reported, but no MCP 

deficiencies have been found. Individuals lacking DAF or CD59 survive pregnancy 

apparently unscathed making it unlikely that either regulator is essential for fetal survival 

but it is tempting to speculate that since there are no reported cases of individuals deficient 

in MCP, this protein may have an essential role in complement inhibition in pregnancy. It is 

possible that the reason that this deficiency has not been identified is because it is without 

consequence (Morgan and Holmes, 2000). However, mutations in MCP have been identified 

in some patients predisposed to preeclampsia, leading to the suggestion that dysregulation 

of complement activation can be a risk factor for preeclampsia (Salmon et al., 2011). 
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The most convincing evidence of complement inhibition in pregnancy comes from studies in 
mice and rats. These species express the three complement regulators detailed above but 
they also carry another regulator not found in other species called Crry (Trowsdale and 
Betz, 2006). Xu et al., 2000 generated mice that were deficient in Crry (Crry(-/-)) and showed 
that survival of Crry(-/-) embryos was compromised due to complement deposition and 
placental inflammation. This study demonstrated that complement was responsible for the 
fetal loss as breeding to C3(-/-) rescued Crry(-/-) from lethality (Xu et al., 2000). 

2.2 Phosphocholination 

Phosphocholination is a post-translational modification which involves the addition of the 
small haptenic molecule phosphocholine to the polysaccharide moiety of certain secretory 
glycoproteins. This modification is characteristic of a wide variety of prokaryotic organisms 
(e.g. bacteria) as well as eukaryotic organisms (e.g. parasites). In parasites it has been 
suggested that phosphocholine containing proteins are secreted into host organisms and 
have an effect on immune cells leading to immunosuppression (Lovell et al., 2007). In 
particular, phosphocholinated proteins in filarial nematodes have been shown to inhibit 
normal proliferative responses of both T and B lymphocytes in vitro. These effects have been 
attributed to the phosphocholine moiety as phosphocholine coupled to bovine serum 
albumin has the same inhibitory effects on T and B lymphocytes as phosphocholinated 
filarial nematode proteins (Harnett and Harnett, 1993; Lal et al., 1990). 

Recent studies have shown that phosphocholination can occur in mammalian species. 
Foulds et al., (Foulds et al., 2008) identified lyso-glycerophosphocholine as an endogenous 
immunosuppressive agent in bovine and rat gonadal fluids. In these studies, the 
immunosuppressive fractions of rat testicular interstitial fluid and bovine ovarian follicular 
fluid were assayed by sequential reverse phase high performance liquid chromatography 
(HPLC) and sequenced using capillary electrophoresis electrospray ionization mass 
spectrometry. These molecules were shown to inhibit T cell proliferation and induce 
apoptosis of T cells in a time and dose dependent manner (Foulds et al., 2008). 

In the placenta, Lovell et al., (Lovell et al., 2007) showed that a large number of placental 
polypeptides and proteins carry phosphocholine as a tissue specific post translational 
modification and suggested the presence of phosphocholine groups on placental secretory 
proteins and peptides may play a major role in maternal immune tolerance during 
pregnancy. In these studies, placental neurokinin B and the precursors of corticotropin 
releasing hormone (CRH), adrenocorticotropin, hemokinin, activin and follistatin were 
shown to be post-translationally modified by the addition of phosphocholine using a 
combination of HPLC and two site immunometric analyses. Lowry (Lowry, 2008) suggested 
that the addition of phosphocholine moieties in placental secreted peptides and proteins 
may be the rule rather than the exception and that this post translational modification may 
play an important role in maternal immune tolerance during pregnancy.  

2.3 Programmed Death Ligand 1 (PDL1)  

The activation of T lymphocytes requires two signals, one of which is delivered by the T cell 
receptor complex after antigen recognition and the other which requires the engagement of 
costimulatory receptors. The second signal can be either positive, which leads to full T cell 
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activation, or negative, which can downregulate immune responses (Rothstein and Sayegh, 
2003). In regards to negative T cell signaling, the inhibitory costimulatory receptor molecule 
programmed death 1 (PD1) and its ligands, PDL1 and PDL2 have been shown to play a role 
in regulating immune responses in vivo (Guleria et al., 2005).  

PD1 is a 55kDa type 1 transmembrane receptor that was initially identified in a murine T-
cell hybridoma undergoing activation induced cell death (Ishida et al., 1992) and is a 
member of the CD28 IgG superfamily (Rothstein and Sayegh, 2003). It has been shown to be 
constitutively expressed by double negative thymocytes (hematopoietic progenitor cells 
present in the thymus which are negative for CD4 and CD8) and natural killer (NK) cells, 
and its expression can be induced on activated CD4 and CD8 T cells, B cells and 
macrophages. The ligands for PD1, PDL1/2, are expressed on antigen presenting cells 
following cellular activation or exposure to interferon gamma (IFN-┛). PDL-1 has also been 
found on a subpopulation of activated T cells. In addition, the ligands can be constitutively 
expressed or induced by a variety of parenchymal or endothelial cells, including heart, 
kidney, pancreas and placenta (Blank et al., 2005).   

Binding of either ligand to PD1 inhibits antigen stimulated T cell activation through several 
mechanisms including the control of proliferation, alteration of cytokine production, and the 
induction of apoptosis (Blank et al., 2005; Hori et al., 2006). In vivo studies have shown the 
critical importance of PD1 in maintaining immunological self tolerance. PD1 knockout mice 
have fatal autoimmune disease and in humans, polymorphisms in PD1 are associated with 
several autoimmune diseases (Nishimura and Honjo, 2001; Prokunina et al., 2002). Further, 
this inhibitory receptor and its ligand have also been shown to prevent allograft rejection 
suggesting an important role in negative T cell signaling (Wang et al., 2007). 

As a result of their established role in negative T cell signaling, it was hypothesized that 
PD1/PDL(1/2) signaling may play an important role in maternal immune tolerance. During 
pregnancy, PDL2 is expressed on the syncytiotrophoblast in early pregnancy, while PDL1 is 
expressed on all trophoblast populations throughout pregnancy. Expression of PDL1 is low 
in first trimester placenta and increases throughout gestation whereas PDL2 is prominent in 
the syncytiotrophoblast of the early placenta and decreases throughout gestation (Petroff et 
al., 2003; Petroff et al., 2005). Interestingly, in the mouse the source of PDL1 is the maternal 
decidua and not the trophoblast suggesting that the decidua may participate in the 
suppression of alloantigen specific T cells. 

Experimental studies on mice using blocking antibodies against PDL1 and PDL2 showed a 
dramatic loss of allogeneic fetuses in animals treated with the PDL1 but not PDL2 blocking 
antibody. No effect of the inhibition of PDL1 signaling was observed in syngeneic fetuses 
suggesting that PDL1 is participating in maternal immune tolerance (Guleria et al., 2005). 
However, in contrast to the above study, Taglauer et al. (Taglauer et al., 2009), showed that 
the absence of maternal PD1 and PDL1 had no detectable effects on gestation length, litter 
size, or pup weight at birth in both syngeneic or allogeneic pregnancies. The discrepancies 
between the two studies are hard to explain but the lack of rejection seen in Taglauer et al., 
(Taglauer et al., 2009) may be explained by the existence of redundant or compensatory 
immunosuppressive mechanisms at the maternal fetal interface. 

As detailed above, The PD1/PDL1 pathway can inhibit T lymphocytes through several 
mechanisms. In regards to maternal immune tolerance, it has been speculated that the role 
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of PD1/PDL1 in maternal-fetal tolerance is to control the abundance of T cells by inducing 
apoptosis of paternal antigen specific T cells. Taglauer et al., 2009 (Taglauer et al., 2009) 
showed that fetal antigen-specific lymphocytes upregulate PD1 following recognition of 
fetal antigen. In the absence of PD1, lymphocytes were seen to accumulate in the maternal 
uterine draining lymph nodes suggesting that PD-1 may be responsible for their deletion.  

2.4 Major Histocompatibility Complex (MHC) and the non-classical Human Leukocyte 
Antigen (HLA) class 1bGenes (HLA-E, -G and –F) expressed on Trophoblast cells 

All mammalian species studied to date possess a tightly linked cluster of genes, the Major 
Histocompatibility Complex (MHC) complex, which are involved in intercellular immune 
recognition and antigen presentation to T lymphocytes. Based on the observation that in 
most of the cases of transplant rejection the immune response is directed against a few 
proteins encoded by the MHC genetic region, the study of the immunological status of the 
mammalian fetus has been primarily directed towards determining which MHC are 
expressed on trophoblast cells (Bainbridge, 2000). The MHC, which is referred to as the 
Human Leukocyte Antigen (HLA) complex in humans, is organized into three regions 
based on the types of molecules that are produced. Class I molecules encode glycoproteins 
which are expressed on the surface of nearly all nucleated cells, class II molecules encode 
glycoproteins primarily expressed on antigen presenting cells and class III molecules encode 
secreted proteins associated with the immune process (e.g. soluble serum proteins) (Kuby, 
1997). 

In organ transplantation, allelic differences between MHC class II and class I molecules form 
the primary basis for transplant rejection. Therefore it is relevant to note that trophoblast 
cells of the placenta are unique because they are one of the few mammalian cell types that 
do not express classical MHC class II antigens, either constitutively or after exposure to IFN-
┛ (Murphy et al., 2004). This is arguably one of the most important immune evasion 
strategies during pregnancy.  

Initially it was thought that trophoblast cells did not display HLA antigens and that this 
phenomenon could completely account for immunological protection of the fetus (Faulk and 
Temple, 1976; Goodfellow et al., 1976; Hunt et al., 1988). It was later discovered that 
placental cells express specific genes within the MHC loci. The expressed class I genes are 
subdivided into class Ia, which includes HLA-A, -B, and -C, and class Ib, which includes 
HLA-E, -F, and -G. Human trophoblast cells do not express the two main polymorphic 
classical class Ia antigens HLA-A and B (Redman et al., 1984) and only express one class Ia 
molecule (HLA-C) and all three class Ib molecules. These class Ib antigens are distinguished 
by low numbers of alleles that differ at the protein level.  

HLA-G was the first trophoblast HLA molecule to be identified and is of great interest due 
to the strong evidence which suggests that this class Ib molecule may be important in 
preventing maternal immune attack against the fetus during pregnancy (Le Bouteiller, 
1996). Interestingly, HLA-G like proteins have also been identified in the placentas of non-
human primates supporting the concept that HLA-G like proteins may be important in 
maternal immune tolerance. 

HLA-G can be expressed as seven isoforms, of which four are membrane bound (HLA-G1 to 
G4) and three are soluble (HLA-G5 to –G7) (Carosella et al., 2008). In contrast to classical 
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HLA alleles, HLA-G has a very low level of polymorphism with only 8 protein variants. 
Most of the polymorphisms that are encountered in the HLA-G gene are not predicted to 
alter the amino acid sequence, or, if they do, will not change the secondary structure of the 
molecule. Due to the low level of polymorphisms, paternal HLA-G expressed on the surface 
of trophoblast cells will be almost identical to maternal HLA-G. This minimizes the risk of 
immune rejection.  

Early studies identified HLA class I antigen expression as being specific to extra-villous 
trophoblast (EVT) populations, with the proteins being prominent in cells adjacent to the 
decidua throughout gestation (Hunt and Langat, 2009). However, the antibody used to 
identify these antigens required MHC light chain and MHC heavy chain associations which 
are not present on all HLA-G isoforms. More recent studies using different antibodies which 
are capable of detecting previously undetectable HLA-G alleles showed that HLA-G 
isoforms are present throughout the placenta and within the chorion membrane, decidua 
and maternal blood (Hunt and Langat, 2009).  

Since HLA-G is produced at high levels at the maternal interface it has been suggested to 

have a role in maternal tolerance induction. The effects of HLA-G in different tissues include 

impacts on NK cell killing activity, migration and cell viability, proliferation and IFN-┛ 

production, regulation of cytokine production, suppression of cytotoxic T lymphocyte 

killing activity and viability, inhibition of proliferation and induction of a suppressive 

phenotype in T helper cells, and alteration of dendritic cell stimulatory capacity and 

maturation of this lineage (reviewed in (Hunt, 2006)). 

There are currently no reported cases of pregnancy from women in which all the forms of 

the HLA-G are absent. However, mutations in HLA-G alleles have been identified. For 

example, Ober et al., (Ober et al., 1998) identified a single base pair deletion at position 1597 

of exon 3 of HLA-G which is present on 7.4% of African American and 2.9% Hispanic 

chromosomes. This deletion causes a frameshift mutation and results in amino acid 

substitutions in all of the residues of the second half of exon 3. Individuals with this 

mutation, have no detectable HLA-G1 protein but are still able to go through normal 

pregnancy suggesting that certain HLA-G alleles are not essential for pregnancy. Other 

studies have shown that certain polymorphisms such as a 14 base pair insertion in exon 8 of 

the 3’-UTR may be associated with pregnancy complications such as preeclampsia and 

recurrent spontaneous abortion (Larsen and Hviid, 2009). However, these data are not well 

supported in the literature and different studies show different effects of HLA-G 

polymorphisms. 

Studies of MHC molecules in the trophoblast of the mouse have shown that mice 

predominantly express only one MHC class I antigen, H-2K, at the cell surface of 

trophoblast giant cells and appear to lack the expression of non-classical MHC molecules 

(Madeja et al., 2011). However, recent studies have hypothesized that mice may have a 

functional homolog of HLA-G, with both Qa-2 and Blastocyst MHC being postulated to play 

this role. The mouse Qa-2 gene has some of the structural characteristics of HLA-G and is 

expressed on pre-implantation embryos (Comiskey et al., 2003) while Blastocyst MHC is 

selectively expressed in the blastocyst and placenta (Tajima et al., 2003). Interestingly, both 

of these putative homologs have been implicated in immune regulation (Comiskey et al., 

2003; Tajima et al., 2003) suggesting that they may play a similar role to HLA-G.  
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Altogether, these data suggest that non-classical MHC molecules may play an important 
role in the generation of maternal immune tolerance.  

2.5 Tryptophan catabolism mediated by indoleamine 2,3,-dioxygenase (IDO)  

Indoleamine 2,3-dioxygenase (IDO) is an enzyme that catabolizes the essential amino acid L-
tryptophan that is required for the biosynthesis of proteins. IDO was initially described in 
1967 by Yamamoto and Hayaishi in the rabbit intestine as an enzyme that could oxidize 
both L- and D-tryptophan (Yamamoto and Hayaishi, 1967) and was later shown to have an 
important role in microbial resistance by allowing cells to deplete tryptophan from 
intracellular pools or the local microenvironment (Mellor and Munn, 1999). When an 
infectious agent invades a tissue, leukocytes and lymphocytes accumulate at the site of 
infection and secrete IFNs into the inflammatory milieu. The presence of IFN triggers IDO 
production and subsequent tryptophan catabolism which inhibits the growth of the 
infectious agent (Grohmann et al., 2003).  

As tryptophan is an indispensible requirement for cell growth, it was proposed that IDO 

may have other important roles. Indeed, there are intriguing associations between altered 

tryptophan metabolism and cell-mediated immune responses. For example, enhanced 

tryptophan catabolism by macrophages has been shown to inhibit T cell proliferation and it 

appears that the expression of IDO by cells allows them to suppress unwanted T cell 

responses (Munn et al., 1999). Further, emerging evidence is linking the IDO pathway with 

T-regulatory (Treg) cell biology. Firstly, studies have shown that IDO competent dendritic 

cells can drive the generation of Tregs through high levels of IDO. Secondly, IDO can 

prevent the reprogramming of Tregs into proinflammatory T-helper-like cells in vivo (Munn, 

2011). In support of the above statements, studies have shown that patients receiving 

tryptophan for a variety of disorders experience a high frequency of autoimmune disease 

(Mellor and Munn, 1999). In addition, studies of the potential role of IDO in transplantation 

tolerance have shown that the presence of this enzyme in pancreatic islet, lung, heart and 

corneal allografts can significantly extend graft survival (reviewed in (Mulley and Nikolic-

Paterson, 2008). Collectively, these data suggest that IDO can modulate immunity. 

IDO expression is not detected in most tissues of healthy mammals but can be increased by 
infection and inflammation due to the production of IFNs and other factors (Baban et al., 
2004). The only tissues where IDO is expressed at constitutively high levels is the proximal 
male epididymis and at the maternal-fetal interface during mammalian pregnancy (Baban et 
al., 2004). Munn et al., (Munn et al., 1998) proposed that in the mouse the expression of IDO 
by the placenta is crucial in the prevention of T cell responses against the fetus. In this study 
Munn et al., demonstrated that tryptophan is catabolized by the placenta during pregnancy 
and that this process suppresses T cell activity and defends the fetus against rejection. Rapid 
T cell-induced rejection of all allogeneic but no syngeneic fetuses occurred when pregnant 
mice were treated with the IDO inhibitor, 1-methyl-tryptophan (Munn et al., 1998).  

In humans, Kudo et al., showed that IDO activity and messenger RNA (mRNA) expression 

can be positively regulated by cytokines such as IFN-┛ and that tryptophan transport into 

the trophoblast is the rate limiting step for IDO mediated tryptophan degradation (Kudo 

and Boyd, 2000; Kudo and Boyd, 2001). Knowing that IDO had similar actions in humans as 

in mice, Kudo et al., examined the potential role of IDO in the human placenta. In these 
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studies, Kudo et al., showed that tryptophan degradation by IDO inhibited lymphocyte 

proliferation in placental tissues. Media conditioned by placental villi in the presence of 

IFN-┛ (inducer of IDO) was more depleted of tryptophan than control media and the 

proliferation of mononuclear cells, specifically CD4+ T lymphocytes was markedly inhibited 

by tryptophan degradation. This inhibition could be reversed by the addition of 1-methyl 

tryptophan (Kudo et al., 2001).  

Despite all of these reports which support a role for IDO in maternal immune tolerance, a 

number of studies have shown that IDO is not essential for pregnancy. Baban et al., 

developed an IDO knockout mouse and showed that in allogeneic matings, the mice were 

capable of producing litters of normal sizes and rates compared to control mice suggesting 

that redundant mechanisms may protect allogeneic fetuses in IDO knockout mice (Baban et 

al., 2004). Also, in humans it has been reported that IDO expression does not differ between 

proven fertile women and women with a history of miscarriages. 

2.6 Progesterone 

Since the 1970s, evidence detailing the production of various hormones and cytokines by the 

placenta has expanded our knowledge on mechanisms by which uterine tissue functions as 

well as the putative roles of these hormones and cytokines in pregnancy (Petraglia et al., 

1996). The production and modulation of hormones during pregnancy is essential and many 

important processes, such as the transport of sperm and oocytes, implantation and labor are 

controlled by alterations in the hormonal environment (Szekeres-Bartho, 2002). Placental 

steroid hormones have also been considered as possible mediators of immunosuppression 

during pregnancy because of the immunosuppressive properties of natural and synthetic 

glucocorticoids (Siiteri et al., 1977). 

Among the hormones present in maternal serum, progesterone, the hallmark of pregnancy, 

appears to play a major role in reducing the maternal response to the fetal allograft (Beagley 

and Gockel, 2003). Progesterone has been shown to be essential in the maintenance of 

pregnancy in a number of mammalian species. In humans, progesterone is produced 

autonomously by the placenta at high levels (up to 250 mg a day) (Szekeres-Bartho, 2002). 

Shortly after delivery the concentration of progesterone in maternal blood falls 

precipitously. 

Early studies showed that high concentrations of progesterone can prolong the survival of 

xenogeneic and allogeneic grafts (reviewed in (Szekeres-Bartho, 2002)). For example, 

Hansen et al., (Hansen et al., 1986) studied the effect of progesterone on skin transplants 

placed in the uterine lumen of ovariectomized ewes. Allografts placed in the uterine lumen 

of progesterone treated ewes were present 30 days after engraftment while allografts placed 

in control animals were completely resorbed. Other studies have shown that progesterone 

can affect various phases of the immune response in vivo. Siiteri et al (Siiteri et al., 1977) 

showed in rats, using progesterone concentrations that mimic the high intrauterine 

concentration in pregnancy, that progesterone can effectively block cellular immune 

responses both in vitro and in vivo. Stites et al., (Stites et al., 1983) using human blood 

cultures showed that progesterone was capable of inhibiting monocyte dependent T cell 

activation.  
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Progesterone can induce its immunological changes by a number of different cellular and 

molecular mechanisms. It has been shown to stimulate the activity of specific enzyme matrix 

metalloproteinases and adhesion molecules, inhibit antibody production and suppress T-cell 

activation and cytotoxicity, modify the activity of natural killer cells and induce the 

secretion of protective asymmetric antibodies (reviewed in (Kyurkchiev et al., 2010). 

In pregnancy, the immunosuppressive effects of progesterone are determined on the one 

hand by its concentration and also by the progesterone-binding capacity of lymphocytes. 

Lymphocytes carried by the maternal blood during pregnancy are extremely sensitive to 

progesterone which suggests receptor mediated action of progesterone on the lymphocytes. 

Szekeres-Batho et al., (Szekeres-Bartho et al., 1990) showed that CD8+ lymphocytes produced 

peripherally during pregnancy were reactive to progesterone receptor monoclonal 

antibodies and that the level of progesterone receptor positive lymphocytes increased 

throughout gestation.  

The biological effects of progesterone during pregnancy are manifested by a 34kDa protein, 

called the progesterone induced blocking factor (PIBF), which is released by lymphocytes of 

pregnant women following binding of progesterone to its receptors (Szekeres-Bartho, 2002). 

In pregnant women, the PIBF concentration gradually increases until the 37th week of 

gestation, followed by a slow decrease until term. PIBF signals through the JAK/STAT 

pathway and has been shown to: alter the cytokine balance resulting in a preferential 

production of Th2 type cytokines in mice, inhibit NK cell activity through mediation by 

cytokines, and regulate anti-abortive effects (Kozma et al., 2006; Szekeres-Bartho, 2002; 

Szekeres-Bartho and Wegmann, 1996; Szekeres-Bartho et al., 2008). In peripheral blood of 

healthy pregnant women, the percentage of PIBF positive lymphocytes is significantly 

higher in all trimesters of pregnancy than in women at risk for premature pregnancy 

termination (Szekeres-Bartho et al., 1995).  

Interestingly, recent studies have suggested that progesterone may have a role in the 

generation of Treg cells in both mice and humans. In these studies, physiological doses of 

progesterone were shown to significantly increase the population of Treg cells (Lee et al., 

2011; Mao et al., 2010). However, in contrast to these data, Mjosberg et al. showed using an 

in vitro model, that progesterone reduced the Treg cell population in PBMC from non-

pregnant women (Mjosberg et al., 2009). While the potential role of progesterone in the 

stimulation of Treg cells is exciting, further studies are required.  

2.7 Th1-Th2 cytokine balance in pregnancy 

The best studied peripheral immune cells in pregnancy are T-lymphocytes. Within this 

population there are two main subsets which are defined as helper T lymphocytes and 

cytotoxic T lymphocytes. Helper T lymphocytes are particularly important in the context of 

pregnancy as they affect the function of other immune cells by producing cytokines 

(Veenstra van Nieuwenhoven et al., 2003). Helper T lymphocytes can be further separated 

into Th1 and Th2 based on their profile of cytokine production. Th1 produce tumor necrosis 

factor (TNF)-┙, IFN-┛ and interleukin (IL)-2 which promote cellular immune responses 

while Th2 produce IL-4, IL-5, IL-9, IL-10 and IL-13 which promote humoral responses 

(Mosmann et al., 1986; Veenstra van Nieuwenhoven et al., 2003). 
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It has been shown that T cells mediate many of their effects through the secretion of 
cytokines and in pregnancy it has been hypothesized that a correctly regulated cytokine 
environment determines the growth and survival of the feto-placental unit. Studies by 
Chaouat et al., (Chaouat et al., 1995; Chaouat et al., 1990) examined fetal survival following 
the injection of various cytokines in mice and showed that granulocyte macrophage colony 
stimulating factor (GM-CSF), IL-3 and IL-10 enhanced fetal survival and promoted 
intrauterine growth while TNF-┙, IFN-┛ and IL-2 had deleterious effects which led to fetal 
death. These studies, and the studies of others led to the Th1/Th2 paradigm proposed by 
Wegmann et al., in 1993 (Wegmann et al., 1993) which hypothesized that Th2 cytokines 
inhibit Th1 responses, improving fetal survival and impairing responses against some 
pathogens. It is important to note that this hypothesis was in reference to the post-
implantation period till labor (Chaouat, 2007) and was never meant to be extended to 
implantation and conception where inflammatory cells and molecules play an important 
role in preparing the female reproductive tract for pregnancy (Robertson, 2010). 

As detailed above, the Th1/Th2 paradigm stated that “successful pregnancy is a Th2 
phenomenon “ (Wegmann et al., 1993). Indeed, pregnancy is characterized by an increase in 
Th2 immune responses. Studies in humans and in mice have shown that the maternal 
immune response is biased toward a Th2 humoral response and away from cell-mediated 
immunity which could be harmful to the fetus (Raghupathy, 1997; Wegmann et al., 1993). In 
women who suffer from recurrent spontaneous abortions their peripheral blood 
mononuclear cells (PBMCs) respond in vitro to trophoblast antigens by producing high 
levels of the Th1 cytokine IFN-┛ and TNF-┙ (Chaouat et al., 1990; Hill et al., 1995). 
Conversely, in PBMC from women who are not prone to recurrent spontaneous abortions a 
preferential production of the Th2 cytokine IL-10 is observed (Hill et al., 1995). It is also 
interesting to note that humoral associated autoimmune diseases such as lupus tend to flare 
up during pregnancy while cell-mediated ones such as rheumatoid polyarthritis, often enter 
remission (reviewed in (Chaouat, 2007)). 

Several different cells and soluble factors have been proposed as potential regulators of the 
altered Th1/Th2 ratio characteristic of pregnancy. The syncytiotrophoblast and 
cytotrophoblast are known to produce cytokines and these cells can influence cytokine 
production by acting on the Th1/Th2 balance (de Moraes-Pinto et al., 1997). Decidual cells 
and cells of the uterine draining lymph node have also been shown to suppress immune 
responses in vitro. Factors such as progesterone, PIBF and IDO have been proposed to alter 
the Th1/Th2 balance and cytokines themselves may play extremely important roles in 
modifying the immune system to favor a Th2 environment. Both transforming growth factor 
(TGF)-┚ and IL-10 appear to assist in maintaining the Th1/Th2 balance. IL-10 plays an 
important role in preventing spontaneous pregnancy failure in mice. The injection of IL-10 
alone into pregnant mice has been shown to lead to the prevention of fetal resorption. This 
effect can be reversed by the addition of anti-IL-10 antibodies (Chaouat et al., 1995). TGF-┚ 
has been correlated with the immunosuppressive activity of decidual supernatants, appears 
to be reduced or absent in mice undergoing fetal resorptions and also appears to have an 
essential role in priming the immune system to tolerate seminal antigens (Raghupathy, 1997; 
Robertson et al., 2002). 

However, Th2 dominant immunity has also been observed in recurrent abortion cases and 
Th2 knockout mice can proceed normally through a pregnancy suggesting that in addition 
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to the Th1/Th2 phenomena, there are other mechanisms which may contribute to maternal 
immune tolerance (Chaouat et al., 2003). With this in mind, the Th1/Th2 paradigm has been 
expanded into the Th1/Th2/Th17/Treg paradigm. In this paradigm, Th17 cells, which 
produce IL-17 and are reported to be expressed at high levels in spontaneous abortion, are 
mediators of inflammation along with Th1 cells, while Treg cells which are potent 
suppressors of inflammatory immune responses and are essential to prevent autoimmunity 
(Saito et al., 2010), may be important in the induction of antigen specific tolerance. 

TGF-┚ super family members are pleiotropic cytokines with well-known roles in a wide 

range of developmental processes including tissue differentiation, morphogenesis, 

proliferation, and migration. TGF-く1, TGF-く2 and TGF-く3 are abundant in mammalian 

reproductive tissues. TGF-┚ fulfils a pivotal role in the peripheral immune system through 

mediating the acquisition of immune tolerance (Schmidt-Weber and Blaser, 2004). TGF-┚ 

can inhibit T helper type 1 (Th1) responses, which may be detrimental to pregnancy 

(Raghupathy, 2001), and is an important regulator of NK cell behavior, down-regulating 

IFN-け induced activation and inflammatory cytokine production. Lymphocyte populations 

secreting TGF-く are causally linked with pregnancy success in mice (Arck et al., 1999) and 

are diminished in the event of miscarriage. Indeed, in mice prone to a high pregnancy 

failure rate, TGF-┚ mRNA is significantly decreased in both uterine epithelial and metrial 

gland (NK) cells (Gorivodsky et al., 1999). 

It has been reported that the intravaginal administration of bioactive TGF-く3 can enhance 

success of pregnancy in vivo in an established mouse model of abortion (resorptions) (the 

CBA/J × DBA/2 mouse model) (Clark et al., 2008). This result could be explained by the 

independent ability of TGF-く to promote a Treg cell response. 

Recent reports have suggested a role for TGF-く in the generation of Treg cells from 

CD4+CD25− precursors (Ayatollahi et al., 2007; Chen et al., 2003; Zheng et al., 2007). These 

data suggest that Treg cells maintain transplantation tolerance through a TGF-く-dependent 

FOXP3 induction (Horwitz et al., 2008; Zheng et al., 2008). Thus, TGF-く is a key regulator of 

the signaling pathways which initiate and maintain FOXP3 expression and suppressive 

function among CD4+CD25− precursors. 

A reduction in TGF-く1 has been observed in samples from non-pregnant women, compared 

with those of pregnant women, which might confirm the effect of TGF-く1 in controlling the 

development and function of the immune system during pregnancy (Ayatollahi et al., 2007; 

Power et al., 2002). 

In addition to the known individual effects of TGF-┚ and IL-10 on lymphocytes and antigen-
presenting cells, there is evidence for both cytokines working together to determine an 
immune response in a synergic way (Nagaeva et al., 2002). It has been shown that 
suppressive effects of TGF-┚ and IL-10 added together is greater than each acting alone 
(Chen et al., 2003; Horwitz et al., 2003; Horwitz et al., 2008; Zheng et al., 2008). 

In spite of TGF-く having a central role in the induction of Foxp3 and regulatory capacity in 
CD4+ T cells for transplantation tolerance, recently, however, the general anti-inflammatory 
role of TGF-く in CD4+ T cell polarization has been questioned by the discovery that, in the 
presence of inflammatory cytokines such as IL-6 or IL-1, TGF-く drives the differentiation of 
Th17 cells associated with transplant rejection (Regateiro et al., 2011). 
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2.8 Regulatory T cells 

The term Tregs (regulatory T-cells) refers to a subpopulation of T-lymphocytes with pivotal 
suppressive/regulatory properties that are devoted to maintaining antigen-specific T-cell 
tolerance, diminishing destructive immune responses and preventing autoimmune disease. 
Three main subsets of CD4+ regulatory T-cells with distinctive suppressive mechanisms 
have been identified and can be distinguished by their phenotype, cytokine secretion and 
tissue origin. These are type 1 regulatory T-cells (Tr1), T-helper 3 cells and CD4+ CD25+ Treg 
cells. Each of these subsets has the capacity to inhibit the proliferation and effector function 
of other T cells. Treg cells have two main physiological roles: control T-cell reaction with self 
antigens that have escaped negative selection by the thymus, and limit the extent and 
duration of responses exerted by T-cells reactive with alloantigens and other exogenous 
antigens (Guerin et al., 2009). 

Treg cells have fast become established as perhaps the most potent and widespread 
suppressive cell lineage in the immune system and they are involved in immune tolerance, 
autoimmunity, inflammation, transplantation and cancer (Guerin et al., 2009). Studies into 
the biological action of Treg cells have shown that they are potent suppressors of 
inflammatory immune responses and are an essential requirement to prevent autoimmunity 
and to promote the tolerance of allogeneic organ grafts (Groux et al., 1997; Kingsley et al., 
2002). These unique properties of T cells have led to speculation that they may have an 
important role in reproduction (Guerin et al., 2009). 

Studies in mice have indicated that Treg cells are essential during the first days of 
pregnancy, even prior to embryo implantation. In mice, the Treg cell population expands as 
early as 2 days after mating where it is required to control the maternal immune response 
during peri-conception. It has been postulated that factors which promote the expansion of 
Treg cells are contained in seminal fluid. Soluble factors in seminal fluid such as members of 
the TGF-┚ family and prostaglandins have previously been linked with the generation of 
Treg cells (Robertson et al., 2009). These early Treg cells play an important role in 
implantation as studies have shown that depletion of Treg cells prior to implantation leads 
to a reduction in the percentage of pregnant mice (Zenclussen et al., 2005). 

Following implantation in the mouse, Treg cell number is seen to increase throughout 
gestation and these cells are able to suppress both autoimmune responses and allogeneic 
responses directed against the fetus. The physiological significance of CD4+CD25+ Treg cells in 
pregnancy was demonstrated in studies using an adoptive transfer model, where complete T-
cell populations or populations depleted of CD4+CD25+ Treg cells were transferred into 
pregnant T-cell deficient mice. In these studies, Aluvihare et al., (Aluvihare et al., 2004) 
observed that in the absence of CD4+CD25+ Treg cells, allogeneic fetuses were promptly 
rejected, whereas syngeneic fetuses were unaffected. In addition, Zenclussen et al., (Zenclussen 
et al., 2005) showed that in vivo prevention of fetal rejection in abortion prone mice could only 
be achieved after adoptive transfer of Treg cells from normal pregnant mice.  

A similar increase in Treg cell populations is evident in pregnant women. Studies have 
shown that circulating human CD4+CD25+ Treg cells increase throughout gestation with a 
peak during the second trimester and then a subsequent decline postpartum. Isolated 
human CD4+CD25+ Treg were further shown to suppress proliferative responses of 
autologous CD4+CD25- T-cells to allogeneic dendritic cells (Somerset et al., 2004). The role of 
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Treg cells in maternal immune tolerance is further supported in studies which show that 
paternal antigen stimulation of Treg cells is required for optimal protection of fetuses from 
rejection. Mjosberg et al., showed that Treg cells from peripheral blood of pregnant and non-
pregnant women can suppress alloantigen responses in vitro, with increased capacity to 
suppress anti-paternal as opposed to irrelevant alloantigens (Mjosberg et al., 2007). 

The importance of Treg cells in pregnancy is further supported by studies of individuals 
who had complications of pregnancy. In preeclampsia, CD4+CD25high Treg cells are 
significantly reduced in both peripheral blood and decidual tissue compared to normal 
pregnant women (Sasaki et al., 2007). In spontaneous abortions, the levels of CD4+CD25+ 

Treg cells are significantly lower in patients who had a spontaneous abortion compared to 
samples from induced abortions (Sasaki et al., 2004). Unexplained infertility is also 
associated with a reduction in the expression of the Treg cell marker FOXP3 mRNA in 
endometrial tissue (Jasper et al., 2006). Furthermore, cells expressing the Treg cell activation 
marker CTLA-4 are more prevalent in peripheral blood and term deciduas of normal 
healthy pregnant women compared with non-pregnant women (Heikkinen et al., 2004). 
Therefore, impaired differentiation and recruitment of uterine Treg cells may increase the 
chance of pregnancy complications.  

Collectively, these results suggest that Treg cells may have an important role in maternal 
immune tolerance.  

2.9 Corticotropin Releasing Hormone (CRH) and its regulation of FasL expression 

CRH is a 41 amino acid peptide hormone that acts as the main neurotransmitter 
orchestrating the stress response through the secretion of adrenocorticotropic hormone 
(ACTH) or corticotropin from corticotropes of the anterior pituitary (McLean and Smith, 
2001; Vale et al., 1981). In addition to its function in the hypothalamic-pituitary-adrenal axis, 
expression of CRH has been recognized at several different sites, including the placenta 
(McLean and Smith, 2001). 

Despite the knowledge of the role of CRH in the hypothalamic-pituitary-adrenal axis, the 
precise biological role/s for CRH in feto-maternal tissues are yet to be elucidated. In the 
placenta and fetal membranes CRH appears to have a wide variety of functions, including 
the regulation of trophoblast cell growth and invasion, tissue remodeling through the 
secretion of the matrix degrading protease matrix metalloproteinase 9, control of placental 
vascular tone through the activation of the nitric oxide pathway, direct modulation of 
endocrine function, especially prostaglandin generation and bioavailability, gestation length 
and the onset of labor (reviewed in (Grammatopoulos, 2008)). In addition to these roles, 
CRH is also known to have immunological effects.  

Traditionally hypothalamic CRH has been considered to act indirectly in an anti-inflammatory 
fashion as the end product of the hypothalamic-pituitary-adrenal axis is cortisol which is a 
well known anti-inflammatory compound. However CRH produced at peripheral 
inflammatory sites has been shown to possess potent proinflammatory properties that can 
influence both innate and acquired immune responses (Kalantaridou et al., 2007). In the 
reproductive system, intrauterine and ovarian CRH can have proinflammatory properties. For 
intrauterine CRH, various studies have shown that it may participate in the acute aseptic 
inflammatory response that is characteristic of embryo implantation (Makrigiannakis et al., 
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2001). Ovarian CRH can also participate in the inflammatory processes of ovulation and 
luteolysis (Kalantaridou et al., 2007). However, following implantation, the embryo suppresses 
the inflammatory response and prevents immune rejection. It has been hypothesized that the 
anti-inflammatory role of CRH may play a role in this process through interactions with the 
proapoptotic cytokine, Fas Ligand (FasL) (Makrigiannakis et al., 2001).  

FasL is a type II membrane protein of approximately 280 amino acids that belongs to the 
TNF superfamily. FasL has a high level of conservation amongst species and is highly 
expressed on several immune cells including activated T and B lymphocytes, NK cells, 
monocytes and macrophages. The major function of FasL is to induce apoptosis in cells 
which express its receptor, Fas (Lee and Ferguson, 2003). Fas, a membrane protein that 
belongs to the TNF and nerve growth factor receptor family, is also expressed at high levels 
in several immune cells, including activated B and T lymphocytes, NK cells, monocytes, and 
macrophages (reviewed in (Houston and O'Connell, 2004)). Due to the expression of Fas at 
high levels in several immune cells, it has been hypothesized that Fas/FasL interactions may 
be important in immune tolerance.  

FasL expression has also been reported in nonhemopoietic cells, mainly from immune-
privileged tissues, including testis, cornea, trophoblast (Makrigiannakis et al., 2001), and 
cancer cells (Houston and O'Connell, 2004), suggesting that the Fas-FasL system may play 
an important role in the mechanism underlying this immune-privileged status (Griffith et 
al., 1995). 

The Fas-FasL system is involved in apoptosis and is extensively used by the immune system 
during lymphopoiesis and immunopoiesis. It is also a major mechanism during clonal deletion 
of autoimmune cells inside the central and peripheral lymphoid organs and is involved in the 
cytolytic pathways of NK cells, Th1 cells and cytotoxic T cells. The Fas/FasL system is also 
implicated in the regulation of cellular turnover, tumor cell elimination, antiviral responses 
and protection of particular tissues against potential danger represented mainly by activated 
lymphocytes (reviewed in (Houston and O'Connell, 2004; Thellin et al., 2000)). 

During human pregnancy, FasL is expressed on the trophoblast and decidualized 
endometrial cells. (Makrigiannakis et al., 2004; Taylor et al., 2006). Studies on placental 
exosomes have also shown the presence of cytoplasmic microvesicular forms of FasL in 
syncytiotrophoblast (Frangsmyr et al., 2005) and its secretion into maternal blood (Taylor et 
al., 2006). As a result of this expression profile, FasL has been speculated to have a role in 
embryo implantation and maternal immune tolerance. Makrigiannakis et al., 
(Makrigiannakis et al., 2001) examined the role of FasL in implantation and early pregnancy 
and showed that CRH increased FasL expression in human EVT cells which in turn 
increased the levels of activated T cell apoptosis in PBMC isolated from newborn children. 
Neutralizing antibodies to FasL were shown to inhibit CRH-induced apoptosis suggesting 
that this effect was mediated by Fas/FasL interactions.  

To determine the relevance of these in vitro findings, Makrigiannakis used an in vivo rat 
model to study embryo implantation. These studies showed that administration of the CRH-
R1 antagonist, antalarmin, to female rats resulted in a marked decrease in FasL expression, 
implantation sites and live embryos. As with the in vitro studies, these studies showed that 
this was a T cell dependent process as T cell deficient rats treated with antalarmin had no 
difference in the number of implantation sites compared to control animals (Makrigiannakis 
et al., 2001).  
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However, as with IDO and PDL-1, studies have shown that Fas/FasL interactions are not 
obligatory for successful pregnancy. Hunt et al., (Hunt et al., 1997) examined whether the 
absence of FasL affected pregnancy using gld mice (mice unable to express a functional 
FasL). In these mice, extensive leukocytic infiltrates and necrosis at the decidual-placental 
interface were observed which resulted in increased embryo resorption and a decrease in 
litter size. Interestingly, the lack of FasL in this mutant strain did not abrogate fertility 
suggesting that there may be other mechanisms which can control the maternal immune 
response in the absence of FasL. 

2.10 Placental endogenous retroviral envelope proteins 

Retroviruses can be defined as a class of enveloped viruses that have their genetic material 

in the form of RNA and use the enzyme reverse transcriptase to translate their RNA into 

DNA in a host cell (Ryan, 2004). All retroviruses contain information coding for three 

defined sets of regions of genes: gag (group specific antigen), pol (polymerase) and env 

(envelope). Gag directs the synthesis of internal virion proteins that form the capsid and 

nucleoprotein structure; pol contains the information for the reverse transcriptase and 

integrase enzymes and env contains the surface and transmembrane subunits of the virion 

envelope protein, which are involved in cell fusion, immunosuppression and receptor 

recognition (Sandrin et al., 2004).  

Human endogenous retroviruses (HERVs) are evolutionary fossils inherited in a Mendelian 

fashion and are derived from retroviruses which, at some ancient time-point, have infected 

germline cells (Urnovitz and Murphy, 1996) and because of that, they are present in all 

human cells. HERVs represent about 8% of the human genome (Ryan, 2004). The analysis by 

Tristem (Tristem, 2000) confirms previous reports that the vast majority of HERV elements 

are defective by virtue of deletions or stop codons in gag, pol or env genes. Although many 

HERVs are defective, some still have open reading frames that are free from deletions and 

mutations. From these sequences, several types of expression are seen, from subgenomic 

and full length RNA transcripts, to complete retroviral particles with polymerase and 

protease activity. 

The most abundant expression of different HERVs is seen in the placenta and embryonic 
tissues, and other reproductive tissues or cells, such as the testis and oocyte. From as early 
as the 1970s repeated electron microscope observations have been made of the presence of 
C-type ERVs within both human and animal placental tissue (Harris, 1991). The presence of 
ERV particles and proteins in these tissues suggests a normal function for these proteins in 
this environment (Mwenda, 1994). 

In 1999, Blond et al. (Blond et al., 1999) described a HERV env gene belonging to the HERV-
W family encoding a protein expressed in the syncytiotrophoblast which was called 
syncytin by Mi et al. (Mi et al., 2000). Syncytin (syncytin-1) was shown to fuse human 
trophoblasts cells and it has been proposed that syncytin-1 may be a key factor in regulating 
syncytialization during placenta formation (Blond et al., 2000; Mi et al., 2000). Later on, a 
second fusogenic envelope protein belonging to the HERV-FRD family was identified in the 
placenta and named syncytin-2 (env-FRD) (Blaise et al., 2003). We now know that human 
(Blaise et al., 2003; Mi et al., 2000), mouse, rat, gerbil, vole, hamster (Dupressoir et al., 2005), 
rabbit (Heidmann et al., 2009) and most recently bovine (Koshi et al., 2011) all express in 
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their placenta, endogenous retroviral envelope proteins which appear to play an important 
biological role.  

In addition to their role in cell-cell fusion, it has been hypothesized that placental ERV 

envelope proteins may have a role in maternal immune tolerance (Mangeney et al., 2007). 

Retroviral infections are commonly associated with immunosuppression in many species 

which can result in susceptibility to other infections (Haraguchi et al., 1997). The majority of 

studies on the immunosuppressive effects of retroviruses have focused on exogenous 

retroviruses (Blaise et al., 2001; Mangeney and Heidmann, 1998; Peterson et al., 1963) however 

there is growing evidence that ERVs may play an immunosuppressive role at the maternal-

fetal interface (Mangeney et al., 2001; Villarreal, 1997). The source of this immunosuppression 

is a highly conserved amino acid sequence called the immunosuppressive domain (ISD) 

present in the transmembrane subunit of the envelope protein of most retroviruses (Cianciolo 

et al., 1985). Both syncytin-1 and syncytin-2 carry a sequence with a degree of homology to the 

ISD. 

A synthetic peptide with the 17 amino acid consensus sequence of the ISD called CKS-17, 

was originally produced by Cianciolo et al., (Cianciolo et al., 1985) and has been extensively 

studied (reviewed in (Haraguchi et al., 2008)). Initially, CKS-17 was shown to inhibit the 

proliferation of an IL-2 dependent murine cytotoxic T cell line as well as alloantigen 

stimulated proliferation of murine and human lymphocytes (Cianciolo et al., 1985). Since 

these initial studies by Cianciolo, CKS-17 has been shown to have important immunological 

effects ultimately resulting in an inhibition of cell-mediated immunity (Th1 type responses) 

and a shift towards humoral immunity (Th2 type responses) (Haraguchi et al., 2008). The 

maintenance of pregnancy has also been correlated with a shift from Th1 to Th2 type 

immune responses (Wegmann et al., 1993).  

The immunosuppressive properties of the retroviral ISD have been further explored in vivo. 

Exogenous retroviral envelope proteins from MMuLV (Mangeney and Heidmann, 1998) and 

Mason Pfizer Monkey Virus (MPMV) (Blaise et al., 2001) as well as the endogenous HERV-

H (Mangeney et al., 2001) have been shown to have immunosuppressive properties using an 

in vivo mouse tumor model. Allogeneic tumor cells that would normally be rejected by the 

mice were transfected with the envelope protein of the retroviruses and tumor cell growth 

and proliferation was examined. Retroviral envelope expression was able to block immune-

mediated elimination of the tumor cells (Blaise et al., 2001; Mangeney et al., 2001; Mangeney 

and Heidmann, 1998). Interestingly, in studies on MPMV, this immunosuppression was 

shown to be specific to tumor cells expressing the envelope protein, as tumor cells not 

expressing the envelope protein injected simultaneously into the same mouse were rejected 

(Mangeney and Heidmann, 1998).  

Mangeney et al., 2007 (Mangeney et al., 2007) provided the first evidence for an 

immunosuppressive function for placental syncytins. Human syncytin-1 and -2, and mouse 

syncytin-A and –B were transfected into an allogeneic tumor cell line and transplanted 

subcutaneously into mice. Tumor cell growth was used as a measure of immunosuppression. 

This study showed that in both humans and mice, one of the two syncytin proteins (syncytin-2 

in humans, syncytin-B in mice) was immunosuppressive, while the other is not (syncytin-1 in 

humans, syncytin-A in mice).  
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To further characterize placental syncytins immunosuppressive properties, Mangeney 
analyzed the humoral immune response of syncytin-1 and -2 using recombinant syncytin 
ectodomains, which are 63- or 64-residue-long fragments respectively and which include the 
ISD. These ectodomains are large enough to adopt the proper physiological conformation 
(Kobe et al., 1999; Mangeney et al., 2007; Renard et al., 2005). An assay was designed based 
on the production of antibodies by mice injected with the purified ectodomain. The human 
syncytin ectodomain proteins were injected twice at a 1 week interval and sera were 
collected 4 days after the last injection for analysis of IgG titers. The results showed that a 
humoral response was only mounted against the “non-immunosuppressive” syncytin-1 
suggesting that syncytin-2 had no stimulatory effect on the production of antibodies 
(Mangeney et al., 2007). 

The findings of Mangeney et al., (Mangeney et al., 2007) are rather puzzling as the 
localization of the immunosuppressive syncytin-2 is within the villous cytotrophoblast cells 
where it is not directly exposed to the maternal circulation while syncytin-1 is localized in 
the maternal blood bathed syncytiotrophoblast (Kudaka et al., 2007; Malassine et al., 2008). 
Also, while syncytin-1 levels have been shown to increase throughout pregnancy, syncytin-2 
has a decreasing pattern of expression (Okahara et al., 2004). Transcriptional levels of 
syncytin-2 are also about 10-fold lower than syncytin-1 in the first trimester and 40-fold 
lower at term. 

To our knowledge, no further studies have been completed on the immunosuppressive 
properties of syncytin-2, -A and –B so further analysis of these proteins are required. In 
regards to syncytin-1, it is clear that the current knowledge on the involvement of this 
protein in maternal immune tolerance requires further characterization. However, it is clear 
from these studies that placental retroviral envelope proteins may contribute to the altered 
maternal immune environment during pregnancy.  

2.11 Placental exosomes 

Recently it has become apparent that placental exosomes also may play an important role in 
maternal immune tolerance (reviewed in (Mincheva-Nilsson and Baranov, 2010)). The 
authors would like to point the reader’s attention to Chapter: 12. by Lucia Mincheva-Nilsson 
and Vladimir Baranov for a detailed review on the role of placental exosomes in immune 
modulation. 

3. Conclusion 

Despite over half of a century of systematic research and the advance of new and more 
precise research methods on the mechanisms behind maternal immune tolerance, there is 
still no answer to the question originally formulated by Medawar: “How does the pregnant 
mother contrive to nourish within itself, for many weeks or months, a foetus that is an antigenically 
foreign body?” (Medawar, 1953). Undoubtedly more research needs to be done in this field to 
allow a better understanding of the critical mechanisms involved in maternal immune 
tolerance. The mechanisms that are detailed above (for overview of the mechanisms 
discussed, please refer to Figure 1) are all capable of inducing immune tolerance, but not all 
of them are necessarily required for pregnancy to be successful (Baban et al., 2004; Chaouat 
et al., 2003). There appear to be many redundant mechanisms that exist to provide 
robustness to the system that is essential for mammalian pregnancy. 
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Fig. 1. Some of the mechanisms operating at the feto maternal interface that contribute to 
the immune tolerance towards fetal antigens. The immune regulatory processes operating 
at the level of the maternal fetal interface are highly dynamic and invoke multiple and 
sometimes redundant mechanisms and/or factors to reduce the likelihood of maternal 
immune rejection. Together with this redundancy, it is widely accepted that fetal factors 
drive changes in maternal immune responses and that both the fetus and the mother 
actively contribute to the successful pregnancy. A) General overview of the anatomical 
relationship between the feto placental unit within the uterus. B) Humans have a 
haemochorial placenta characterized by a high level of infiltration of maternal tissues by 
extravillous trophoblast cells and the release of maternal blood into the intervillous space. In 
this form of placentation the mother and the fetus are separated by a villous trophoblast 
layer which consists of an outer syncytiotrophoblast layer and an inner cytotrophoblast 
layer. The syncytiotrophoblast is formed by the fusion of the underlying mononuclear 
cytotrophoblast layer to form a multinucleated syncytium. C) Numerous factors are 
expressed at the maternal fetal interface which can regulate the maternal immune system to 
tolerate the presence of fetal antigens. These factors can be carried by either 
syncytiotrophoblast or extravillous trophoblast or may even be produced by maternal 
immune cell subtypes present in the decidua. Multiple strategies are used by trophoblast 
cells to avoid maternal immune cells and antibody-mediated cell destruction, including 
altered HLA expression (HLA-G, HLA-C), synthesis of immunosuppressive molecules such 
as FasL, PDL1, IDO, and expression of high levels of complement regulatory proteins (DAF, 
MCP, CD59) that protect the extraembryonic tissues from maternal anti-paternal cytotoxic 
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antibodies. Uterine changes during pregnancy also help contribute to maternal immune 
adaptation, including alterations in the relative proportions, phenotype, and functions of 
leukocyte subpopulations, induction of immunosuppressive molecules (progesterone, 
prostaglandins), and changes in cytokine profiles across gestation. D) More recently, studies 
detailing the secretion of immunosuppressive exosomes by trophoblast cells have led to the 
hypothesis that placental derived exosomes may play an important role in the shift from a 
Th1/Th17 immune response, which promotes rejection, toward a Th2/Treg cell response 
that promotes tolerance as it inhibits Natural Cell Killer cytotoxicity against trophoblast 
cells. E) A number of immunosuppressive molecules have been documented as being 
carried by placental exosomes, including FasL, PDL1, MHC molecules, NKG2D ligands as 
well as miRNAs that may modulate the immune response. 

The knowledge gained from research into the mechanisms of maternal immune tolerance 
can lead to a greater understanding of the processes vital to the establishment and 
maintenance of tolerance. These findings can not only contribute to developing therapeutic 
strategies to treat pregnancy immune related disorders such as preeclampsia or some 
infertilities but also to develop interventions to address malignancies in cancer and also to 
improve transplantation success rates. 
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