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ABSTRACT  The capacity of the immune system to maintain the integrity of the individual requires 
recognition and control of entities identified as genetically distinct, or ‘non-self’. In mammalian 
reproduction, the embryo and subsequent fetus and placenta are all recognized as non-self by 
the maternal immune system, and are vulnerable to immunological attack. An active system to 
prevent rejection must exist from when conceptus and maternal tissues first come into contact at 
implantation. Crucial mediators of immune protection are inducible regulatory T cells (Treg cells). 
Unless sufficient Treg cells are present in the endometrium, successful implantation and progres-
sion to pregnancy cannot ensue. This key role of Treg cells confers to the female immune system 
substantial capability to influence reproductive events, particularly around the time of conception 
and embryo implantation. While on the one hand this risks susceptibility to immune-based repro-
ductive disorders, the potential evolutionary trade-off is the benefit of quality control to avoid poor 
reproductive outcomes. Here we summarize current knowledge of the factors required to establish 
a robust Treg cell response and an immune environment conducive to successful implantation 
and pregnancy.  These factors include (a) appropriate cytokine balance; (b) correct phenotype of 
endometrial leukocytes to enable Treg cell activation; (c) sufficient estrogen and progesterone to 
stabilize and strengthen Treg cell phenotype, and (d) appropriate priming of Treg cell populations by 
male partner seminal fluid. Compromises in the quality of this immune adaptation at conception 
can influence the early embryo and either prevent implantation or impair placental morphogenesis. 
Failure to successfully establish Treg cell-mediated immune tolerance can result in poor fertility or 
impart long-term adverse consequences for the fetus and offspring. 
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Introduction

The peri-conception period, when the embryo is formed and 
implantation occurs, is a crucial phase for establishing sustain-
able pregnancy. By setting the trajectory of gestation, events at 
this early time influence pregnancy progression and the health of 
offspring. Disturbances in pre-implantation embryo development 
and/or endometrial receptivity are the major causes of subfertility 
and also impact placental development and fetal growth (Fowden 
et al., 2008), which has implications for the phenotype of the 
offspring and capacity to withstand health challenges in later 
life (Hoet et al., 2000, Kwong et al., 2000, Sjoblom et al., 2005, 
Thompson et al., 2005). Key regulators of these peri-conception 
events are maternal tract cytokines and immune cells. Blastocyst 
development and implantation competence are both profoundly 
impacted by the cytokine environment within the female reproduc-
tive tract, while the receptivity of the endometrium is dependent 
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on immune cell populations present within the implantation site. 
It may seem incongruous that the immune system is so intimitely 

involved in reproduction, given common understanding that its 
primary role is to defend an organism against invading microor-
ganisms and tumors. However the conceptus is also foreign or 
‘non-self’ – it expresses antigens, including some encoded by 
major histocompatibility complex (MHC) genes, derived from pa-
ternal chromosomes. In a healthy pregnancy the conceptus does 
not experience immunological attack. A combination of strategies 
prevents fetal rejection - some aspects of the immune response 
are circumvented, while others are engaged and activated to 
skew the immune system towards tolerance. A key element of 
this active immune tolerance is engagement of special T cells 
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known as regulatory T cells (Treg cells). Treg cells induced and 
recruited into the uterus before embryo implantation permit the 
immune system to allow the intimate associations between ma-
ternal cells and the embryo, fetus and placenta that are required 
for reproductive success.

In this review we summarize current understanding of the im-
mune and cytokine parameters operating in the peri-conception 
and peri-implantation period that contribute to implantation suc-
cess. The two main paths of action are cytokine control of embryo 
development during the pre- and peri-implantation period, and 
the cytokine and cellular immune response underpinning immune 
tolerance required for endometrial receptivity. We then discuss 
the various regulatory factors that influence immune conditions 
at implantation, principally including ovarian steroid hormones 
and male partner seminal fluid.

The immune environment at implantation

Successful implantation depends on a dynamic and synchro-
nized process in which both the embryo and the endometrium 
are adequately developed to enable their coalescence during 
the brief window of endometrial receptivity (Fig. 1). Immune cells 
and cytokines are intimately engaged with both aspects of this 
process, as described below.

Immune determinants of endometrial receptivity
Even prior to embryo attachment to the epithelial surface, im-

mune cell changes within the endometrium occur. These contribute 
to both the remodeling events that allow blastocyst attachment 
and invasion of conceptus cells into the endometrial stroma, and 
mediate immune cell adaptations to accommodate and respond 
to the infiltrating conceptus-derived cells. The changes to the 
surface epithelial glycocode that allow the embryo to attach are 
influenced by local macrophages, which secrete specific cytokines 
including LIF and IL1B to induce elevated epithelial cell expression 
of fucosyltransferases which in turn increase cell surface fucosyl-
ated structures that allow trophectoderm attachment (Jasper et 
al., 2011, Nakamura et al., 2011). Decidual transformation of 
stromal cells, which commences before implantation in women 
and contemporaneously with implantation in mice, is facilitated 
by local dendritic cells and uterine NK cells (King, 2000, Plaks et 
al., 2008). These leukocytes produce cytokines to participate in 
complex interactions with ovarian steroid hormones and growth 
factors that drive the decidual phenotype transition (Dimitriadis 
et al., 2005, Salamonsen et al., 2003). 

Decidualisation changes the local extracellular matrix, to 
provide a structural framework for trophoblast invasion and to 
support an increase in vascular permeability and tissue oedema 
(Salamonsen et al., 2003) and also alters the adhesion, migration 
and differentiation of resident leukocyte populations within the 
endometrial surface (Salamonsen et al., 2007), limiting the range 
of immune cells able to contact trophoblast cells once invasion 
and placental morphogenesis begins. Despite these physical 
constraints to immune cell interaction with invading trophoblasts, 
it is evident that a directed immune response involving specific 
populations of immune cells is required to support and tolerate 
implantation and enable appropriate progression of placental 
development and fetal growth. 

Immune recognition of pregnancy commences before implantation
Renowned transplantation immunologist Sir Peter Medawar was 

the first to articulate the immune paradox of pregnancy and devel-
oped three interrrelated hypotheses to address it, postulating that 
attenuated antigenicity of the fetus, physical separation of the fetus 
and maternal immune system, and/or systemic maternal immune 
suppression were required to allow fetal survival (Medawar, 1953). 
While these ideas informed and guided research in reproductive 
immunology for more than 50 years (Billington, 2003), ultimately 
none have withstood the test of time as a sufficient explanation. 

Although placental trophoblasts have reduced antigenicity and 
attenuated expression of MHC genes, an array of transplantation 
antigens is clearly expressed, with variation between species in 
the various classical and non-classical MHC molecules present 
(Fernandez et al., 1999). Furthermore, there is only partial physical 
separation between mother and fetus - fetal cells can be found in 
the maternal circulation and vice versa, indicating that the barrier 
between fetal and maternal tissues is limited at best. The maternal 
immune system is not ignorant of, but instead recognizes and re-
sponds to these antigens - women produce antibodies and exhibit 
lymphocyte reactivity against fetal human leukocyte antigens (HLA) 
antigens (Hunt et al., 2003, Van Rood et al., 1958). 

Contemporary studies confirm that activated T cells reactive 
with fetal HLA are detectable in the peripheral blood and decidua 
of pregnant women and are consistent with healthy pregnancy 
(Tilburgs et al., 2009, van Kampen et al., 2001). A high degree 
of MHC mismatch between maternal and fetal HLA increases the 
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Fig. 1. Successful implantation depends on a dynamic and synchro-
nized process in which both the embryo and the endometrium are 
adequately developed. The immune system is involved in the leukocyte 
and cytokine networks required to generate endometrial receptivity, and 
also in the provision of cytokine signals to regulate development of the pre-
implantation embryo. Critical endometrial immune cells are macrophages, 
dendritic cells, natural killer cells (NK cells) and regulatory T cells (Treg cells). 
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numbers of these cells (Lashley et al., 2013). Mice with transgenic T 
cells reactive to conceptus antigens conclusively demonstrate that 
immune awareness of fetal antigens occurs, and begins from the 
time of conception, with T cell responses ranging from activation 
and proliferation to anergy and deletion (Moldenhauer et al., 2010a).

These observations provide compelling evidence that the ma-
ternal T cell-mediated immune response to the conceptus is not 
suppressed, but instead is activated and cognizant of the invading 
conceptus cells. Skewing in the nature of the T cell response, from 
active rejection to active tolerance, is essential to allow the semi-
allogeneic conceptus to survive when it penetrates the endometrium 
and first contacts maternal immune cells at implantation (Trowsdale 
and Betz, 2006). MHC mismatch may even increase the likelihood 
of pregnancy and benefit fetal growth. In humans, intervals between 
pregnancies are longer when the parents are genetically similar 
(Ober, 1999). In mice, MHC disparate matings result in bigger litters, 
with heavier fetuses. This is likely to reflect the facilitatory effects 
of uterine NK cells and Treg cells on transformation of the uterine 
vasculature, which results in larger diameter blood vessels and 
increased vascular supply to the placenta (Madeja et al., 2011). 

Regulatory T cells as mediators of immune tolerance
To understand how T cell activation can be consistent with 

tolerance, not rejection of the implanting embryo, it is necessary 
to consider the different types of T cells that comprise the adap-
tive immune response. Broadly, T helper cells (Th cells) can be 
classified as Th1, Th2, Th17 and Treg cells. Th1 cells produce 
inflammatory cytokines, including TNF and IFNG, while Th2 cells 
produce anti-inflammatory cytokines such as IL4, and promote 
B lymphocyte development. Th17 cells are pro-inflammatory ef-
fectors of anti-pathogen immunity and graft rejection. Treg cells, 
generally defined as CD4+CD25+ cells expressing the signature 
transcription factor Foxp3, are anti-inflammatory and immune-

cell surface molecules including CD223 (lymphocyte-activation 
gene 3, LAG-3), neuropilin-1 and cytotoxic T-lymphocyte associ-
ated protein 4 (CTLA-4), which interfere with dendritic cell function 
by downregulating the costimulatory molecules required for T cell 
activation.

Regulatory T cells in pregnancy
A decade ago, Treg cells were shown to play a central role in 

mediating active immune tolerance to fetal antigens in pregnancy. 
The absolute requirement for Treg cells was first demonstrated 
in experiments where complete T cell populations or populations 
depleted of CD4+CD25+ Treg cells were transferred into pregnant 
T cell deficient mice (Aluvihare et al., 2004). In the absence of 
Treg cells, allogeneic fetuses (from MHC disparate parents) are 
uniformly rejected, while syngeneic fetuses (from MHC identical 
parents) generally survive (Aluvihare et al., 2004). Administration of 
CD25-reactive PC61 monoclonal antibody to deplete CD25+ cells 
in vivo provided further support for an essential role for Treg cells 
in maternal tolerance (Darrasse-Jeze et al., 2006, Zenclussen et 
al., 2005). Fetal loss and fetal growth impairment are similarly seen 
in mice when Treg cells are depleted using denileukin diftitox (IL2 
coupled to diphtheria toxin to eliminate CD25 expressing cells), 
with loss of predominantly male fetuses in syngeneic pregnancies 
(Kahn and Baltimore, 2010).

Treg cells are most crucial during the earliest phase of embryo 
implantation and early placental morphogenesis, since this is when 
MHC disparate trophoblasts first contact the maternal immune sys-
tem. To ensure enough Treg cells are present in the implantation 
site, their activation and proliferation during the pre-implantation 
period is critical. Within 2 days of conception an expanded popula-
tion of Treg cells can be detected within the uterine lymph nodes 
(Aluvihare et al., 2004, Robertson et al., 2009a, Zhao et al., 2007). 
The importance of Treg cells at implantation is shown in experi-
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Fig. 2. Cytokines released from the oviduct and uterus, which signal via specific receptors 
on the embryo cell surface, exert effects on cell number and viability, gene expression 
and developmental competence in embryos. Embryotrophic cytokines induced by seminal 
fluid modulate embryo metabolic function and gene expression, facilitate cell viability and 
sustain development, while embryotoxic cytokines induced by inflammatory challenges such 
as infection, act to induce apoptosis, inhibit embryo development potentially causing perturbed 
post-implantation development.

suppressive. While differentiation of Th1 and 
Th2 cells is generally viewed as irreversible, 
Th17 and Treg cells are less stable and there is 
greater plasticity for movement between these 
two phenotypes when environmental conditions 
change (Zhou et al., 2009). 

The key feature of the tailored immune re-
sponse to pregnancy is Treg cells (Fig. 3). Treg 
cells are potent suppressors of the generation 
and effector function of inflammatory immune 
events and Th1 and Th17 cell-mediated immu-
nity (Rudensky, 2011). They are critical for the 
prevention of immunity towards exogenous and 
self-antigens (Sakaguchi, 2000, Shevach, 2002) 
via a variety of mechainsms including inhibition 
of T cell proliferation and cytokine production 
(Piccirillo and Shevach, 2001), suppression of B 
cell proliferation and antibody production (Lim et 
al., 2005), prevention of NK cell cytotoxicity (Ghir-
inghelli et al., 2005a) and inhibition of dendritic 
cell and macrophage maturation and activation 
(Misra et al., 2004, Taams et al., 2005).

Treg cells suppress via a paracrine mechanism 
involving production of cytokines TGFB and IL10 
(Ghiringhelli et al., 2005a, Kornete and Piccirillo, 
2012), and contact-dependent strategies using 
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ments where deletion of Treg cells on days between conception 
and implantation leads to implantation failure and pregnancy loss. 
Eradication of Treg cells by the administration of anti-CD25 PC61 
antibody on day 2.5 post-coitum (pc) results in implantation failure. 
Depletion of Treg cells post-implantation on day 4.5 or day 7.5 pc 
does not terminate pregnancy, but does increase the rate of fetal 
resorption in later pregnancy. In contrast, depletion of Treg cells 
in mid- and late gestation does not adversely affect ongoing fetal 
development (Shima et al., 2010). 

Additional evidence for the crucial role of Treg cells comes from 
the abortion-prone mating combination of CBA/J females mated 
to DBA/2J males, where fewer Treg cells are generated (Clark 
et al., 2008, Zenclussen et al., 2005). Transfer of Treg cells from 
pregnant mice into CBA/J females prevents fetal loss, while Treg 
cells from virgin mice are ineffective. Transfer of Treg cells before 
implantation is crucial – transfer on or after day 4 of pregnancy 
does not rescue pregnancy loss (Zenclussen et al., 2005). These 
studies suggest that Treg cells must be primed under pregnancy 
conditions to exert their effect on the maternal immune system 
prior to embryo implantation. 

The strength of the Treg cell response is a limiting factor not only 
for implantation success, but also for the quality of early placental 
development. Early pregnancy is crucial for setting the course of 
placental morphogenesis, which in turn is the major constraint of 
later fetal growth. Failure to induce adequate immune tolerance 
at the outset of pregnancy can result in ‘shallow’ implantation 
and poor placentation leading to later miscarriage or fetal growth 
restriction (Fowden et al., 2008, Maltepe et al.). Imbalance in 
the maternal-fetal immune relationship is also implicated as a 
contributing factor in programming development of metabolic and 
other diseases that result from impaired growth in utero (McMillen 
and Robinson, 2005). This highlights the significance of sufficient 
maternal immune tolerance for supporting successful pregnancy, 
and for the lifetime health of offspring.

Treg cells in women and in complications of pregnancy
In the human, there is a similar Treg cell response to that 

seen in mice, with an increase in systemic and decidual Treg cell 
populations in the first trimester. Circulating CD4+CD25+ cells, with 
suppressive function, increase in early pregnancy, peaking in the 
second semester before declining at term (Somerset et al., 2004). 
Interestingly this decline is most evident in HLA-DR+ Treg cells, 
which are those with the highest suppressive capacity. A reduc-
tion in Treg cells may be required to halt immune tolerance as 
one of the triggers for parturition (Schober et al., 2012, Steinborn 
et al., 2012). Placental trophoblasts, which constitutively secrete 
high levels of TGFB, likely exert direct effects on Treg cells with 
co-culture experiments showing that they induce naïve T cells 
into Foxp3 expressing cells with a Treg cell-like cytokine profile 
(Ramhorst et al., 2012). 

Fertility complications are linked to insufficient Treg cells with 
primary unexplained infertility associated with reduced endometrial 
expression of FOXP3 mRNA (Jasper et al., 2006). Women who 
experience repeated miscarriage have fewer Treg cells in decidua 
and peripheral blood, and those Treg cells that are present have 
a lower suppressive capacity (Arruvito et al., 2007, Jin et al., 
2009, Sasaki et al., 2004, Winger and Reed, 2011). Conversely, 
some women show elevated susceptibility to trans-signaling by 
IL6, a factor that can convert Treg cells to Th17 cells, which are 

increased in miscarriage (Arruvito et al., 2009, Lee et al., 2011, 
Wang et al., 2010). 

In preeclampsia, which is also thought to originate in the implan-
tation phase of pregnancy, CD4+CD25high T cells are significantly 
reduced in both the peripheral blood and decidual tissue and their 
suppressive function may be impaired (Darmochwal-Kolarz et al., 
2012, Hsu et al., 2012, Quinn et al., 2011, Sasaki et al., 2007). This 
is accompanied by elevated Th17 cells and is consistent with a 
Treg/Th17 imbalance contributing to this disease (Santner-Nanan 
et al., 2009). Dysfunction in dendritic cells, with reduced HLA-G 
and LILRB2, may cause the deficiency in inducible Treg cells in 
preeclampsia (Hsu et al., 2012).

Cytokine determinants of embryo implantation competence
At the same time as immune adaptations are underway to allow 

implantation, the embryo undergoes cleavage and differentiation to 
reach the blastocyst stage. Dissolution of the zona pellucida then 
occurs and the blastocyst commences attachment to the luminal 
epithelium of the receptive endometrium. The maternal immune 
system also has a part to play in these events, through cytokine 
signals that modulate the embryo’s developmental program. 

Cytokine control of blastocyst development
It is often assumed that embryo survival and development 

is autonomous. But in vivo, the growth and development of the 
pre-implantation embryo as it traverses the female reproductive 
tract is influenced by cytokines and growth factors which either 
support, or sometimes constrain its development. The oviduct, 
like the uterus, is richly endowed with resident immune cells that 
together with epithelial cells secrete an array of cytokines (Givan et 
al., 1997, Shaw et al., 2010, Shaw et al., 2011). Embryos express 
cytokine receptors from conception until implantation, with several 
cytokines exerting different effects on cell number and viability, 
gene expression and developmental competence (Sharkey et al., 
1995). In addition to steriod hormones influencing the cytokine 
environment, the embryo itself can regulate endometrial expres-
sion of chemokines such as IL8 (Caballero-Campo et al., 2002). 

Trophic support is provided by cytokines released from the oviduct 
and uterus, which signal via specific receptors on the embryo cell 
surface, to modulate embryo metabolic function and gene expres-
sion, facilitate cell viability and sustain development (Hardy and 
Spanos, 2002, Kaye, 1997, O’Neill, 2008). The biological effects 
of different cytokines targeting the pre-implantation embryo have 
been reviewed previously (Hardy and Spanos, 2002, Kane et al., 
1997). In a healthy reproductive tract factors such as GM-CSF (also 
known as CSF2), CSF1, LIF, heparin-binding epidermal growth 
factor (HB-EGF), insulin-like growth factor-I (IGFI) and IGFII act 
to promote blastocyst development, increasing cell number and 
the likelihood of implantation success.

The cytokine environment can have a profound effect on re-
productive outcome, causing changes in cell numbers, lineage 
allocation or gene expression in the blastocyst that in turn can 
cause changes in placental structure and nutrient transport func-
tion (Kwong et al., 2000, Sjoblom et al., 2005). One embryotrophic 
factor studied extensively is GM-CSF, which is produced by the 
epithelial cells lining the oviduct and uterus during the peri-con-
ception period (Robertson, 2007). GM-CSF is required for normal 
blastocyst development, subsequent fetal viability and offspring 
health (Robertson, 2007). GM-CSF exerts a potent pro-survival 
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and anti-cell stress effect (Chin et al., 2009, Sjoblom et al., 1999) 
to promote development of the embryo to blastocyst stage, through 
suppressing the stress response, inhibiting apoptosis and facili-
tating glucose uptake (Chin et al., 2009, Robertson et al., 2001). 
Optimal embryo development is compromised when GM-CSF is 
deficient. Null mutation of the Csf2 gene reduces cell number and 
increases apoptosis in blastocysts (Robertson et al., 2001), with 
adverse consequences for development including altered fetal and 
placental growth, accelerated growth trajectory in offspring and 
metabolic dysfunction in adult life (Sjoblom et al., 2005). 

Under some circumstances, embryotoxic cytokines including 
TNF, TRAIL and IFNG can be synthesized in the oviduct and uterus, 
and these induce apoptosis and exert potent inhibitory effects on 
embryo development (Fig. 2). Inflammation and/or local infection 
trigger toll-like receptors (TLRs) to elevate TRAIL and related 
members of the TNF family in the oviduct and uterus, even after 
relatively minor inflammatory insults (Chin et al., 2010) or disrup-
tion of cytokine-modulating seminal fluid signaling (Bromfield et 
al., 2014). Recognition that these pro-apoptotic cytokines act as 
effectors of perturbed embryo development, and the prospect that 
these are elevated in many common inflammatory conditions such 
as infection, hyperglycaemia and obesity, may help explain why 
these health conditions are linked with pregnancy disorders and 
intergenerational transmission of metabolic disease. 

The balance between trophic and toxic cytokines appears to 
comprise a key part of the physiological quality control that de-
termines whether a given reproductive cycle will result in embryo 
survival and progression to pregnancy. This cytokine nexus seems 
to explain why under certain circumstances, the female tract can 
actively prevent embryo development. This potent capacity of 
cytokine-mediated pathways to integrate internal and external cues, 

of both maternal and paternal origin, is thus an important means 
by which immune environment can impact implantation success.

Key regulators of the immune response at implantation 

To begin to define how the immune response to implantation 
– both the endometrial and embryo components – can be per-
turbed or manipulated, it is crucial to understand the underlying 
regulatory pathways that control the precise environment neces-
sary to establish pregnancy. The immune environment in the 
peri-conception period is governed by networks of cytokines and 
chemokines expressed in the oviduct and endometrium, which 
act on Treg cells both directly and indirectly through the actions of 
other leukocyte lineages, particularly antigen presenting cells. The 
factors that act on these cytokines and chemokines to influence 
the immune response include ovarian steroid hormones, seminal 
fluid, and a wide range of other insults and challenges likely to 
include the microbiome and sexually-transmitted infection, diet 
and nutrition, metabolism and obesity. The major identified factors 
are discussed below.

Cytokine and chemokine control of endometrial receptivity
As in any immune response, the paramount factor in determin-

ing the nature and quality of the immune balance is the cytokine 
environment. In the endometrium, certain cytokines such as LIF 
and IL11 are essential for the decidual and vascular changes 
underpinning implantation success (Dimitriadis et al., 2005, Robb 
et al., 1998, Stewart et al., 1992), while others including TGFB, 
GM-CSF, G-CSF (also known as CSF3) and IL10 are linked with 
the regulation of dendritic cell function and induction of Treg cell-
mediated immune tolerance essential to protect the embryo from 
immune rejection (Guerin et al., 2009, Moldenhauer et al., 2010b, 
Robertson et al., 2007). 

The cytokine milieu is of paramount importance in the genera-
tion of sufficient inducible Treg cells before implantation. Specific 
and appropriate cytokine stimuli are essential for fate commitment 
of T cells into Treg cells, as opposed to Th1, Th2 or Th17 pheno-
types (Shevach, 2002)(Fig. 3). TGFB, well known for its immune 
suppressive and anti-inflammatory actions, is particularly critical 
for inducible Treg development (Sakaguchi, 2000, Shevach, 
2002). TGFB can also drive proliferation of mature Treg cells by 
modulating the function and signaling capabilities of dendritic cells 
(Ghiringhelli et al., 2005b). Prostaglandin E (PGE2) synergises with 
TGFB to enhance the generation and inhibitory capacity of Treg 
cells (Baratelli et al., 2005).

An excess of inflammatory cytokines including TNF, IFNG and 
IL2 in the peri-implantation period inhibits implantation success 
(Chaouat et al., 1990). These act through skewing the adaptive 
immune response towards cytotoxicity and away from the genera-
tion of Treg cells (Moldenhauer et al., 2009b, Robertson et al., 
2009b, Shima et al., 2010, Trowsdale and Betz, 2006). Conditions 
that are linked with elevated expression of these cytokines include 
local infection, as well as nutritional and metabolic stressors such 
as diabetes. This capacity for the cytokine environment to reflect 
a range of various insults and stressors provides an additional 
pathway by which the immune system can exert quality control on 
the reproductive cycle, suppressing pregnancy when unfavorable 
conditions prevail. 

Chemokines synthesized by decidual cells and trophoblast 
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Fig. 3. The generation of Treg cells required for endometrial receptiv-
ity depends on the balance of cytokines and the activity of dendritic 
cells. Cytokines are a key part of the microenvironmental context which 
determines whether CD4+ Th0 cells differentiate and develop into Treg cells 
as opposed to Th1, Th2 or Th17 cells. Treg cells confer immune tolerance 
and suppress inflammation while Th1, Th2 and Th17 cells mediate immunity 
and are linked with inflammation and rejection of the conceptus. Signals 
originating from the dendritic cell presenting antigen to the Th0 cell, as well 
as the relative concentrations of key cytokines in the immediate vicinity, 
are instrumental. IL, interleukin; Th1, Th2, Th17,  T-helper type 1, type 2 and 
interleukin 17-producing Th cell; TGFB, transforming growth factor beta. 



210    S.A. Robertson and L.M. Moldenhauer

cells in the early developing placenta are responsible for the 
distinct patterns of leukocyte populations present at the fetal-
maternal interface (Arcuri et al., 2001, Drake et al., 2001, Drake 
et al., 2004, Garcia-Velasco and Arici, 1999, Kayisli et al., 2002). 
For example, CCL3 (MIP1a) attracts monocytes and NK cells 
into the human uterus (Drake et al., 2001), whereas IL8 attracts 
neutrophils and other leukocyte populations (Saito et al., 1994). 
Interestingly CCL3 is also implicated in facilitating cytotrophoblast 
cell differentiation (Drake et al., 2004), a finding that illustrates the 
multifunctional nature of immune-regulatory molecules at the fetal 
maternal interface. Genes encoding other cytokines are subject to 
epigenetic silencing in decidual cells, particularly those involved in 
cytotoxic Th1 cell recruitment, including CCL5, CXCL9, CXCL10 
and CXCL11, to prevent Th1 cells from entering the fetal-maternal 
interface (Nancy et al., 2012).

Immune regulation by sex steroid hormones
Primary control of the endometrial cytokine and immune envi-

ronment at implantation is mediated by ovarian sex hormones. In 
terms of immune competence, the cycling uterus closely resembles 
other mucosal tissues whose surfaces are exposed to environmen-
tal agents and pathogens. But unlike other tissues, the uterus of 
reproductive-aged women undergoes extensive and predictable 
remodeling to prepare for potential embryo implantation and 
pregnancy each cycle. In the early proliferative phase that follows 
menstruation, estrogens predominate and stimulate proliferation 
and partial differentiation of the endometrial epithelial cells. At 
ovulation, estrogens decline and progesterone from the corpus 
luteum targets the mesenchymal cells of the endometrium to initi-
ate the changes required for receptivity for embryo implantation.

The balance between estrogen and progesterone is a major 
driver of the changes in cytokine, chemokine and growth factor 
expression by uterine endometrial cells (Miller et al., 1996, Robert-
son et al., 1992a). Estrogens induce synthesis of several important 
pro-inflammatory cytokines in uterine epithelial cells, giving rise to 
similar patterns of cytokine production in the peri-ovulatory period 
in the rodent and human uterine epithelium. Estrogen-regulated 
cytokines including CSF1, GM-CSF, TNF (Robertson et al., 1994), 
IFNG (Fox et al., 1991) and IFNE (Fung et al., 2013) all fluctuate 
in the reproductive tract over the course of the cycle. 

Opposing this is progesterone, which inhibits epithelial cell 
production of GM-CSF, IL1 and several chemokines. This suppres-
sion of pro-inflammatory cytokines by progesterone in the luteal 
phase is the next step towards preparing endometrial receptivity 
and initiating immune adaptation for possible embryo implantation 
and pregnancy. Progesterone enhances the expression of the 
chemoattractants IL8 and CCL2 (MCP1), as well as uterine NK 
cell chemokines CXCL10 (IP10) and CXCL11 (ITAC) (Caballero-
Campo et al., 2002, Sentman et al., 2004). Chemokines required 
for recruitment of Treg cells, including CCL19 (MIP3b), and CCL5 
(RANTES), are also expressed in the mid-secretory phase (Daikoku 
et al., 2004, Kayisli et al., 2002). If implantation does not occur and 
progesterone declines, macrophages, eosinophils and neutrophils 
are recruited to assist in tissue breakdown and menstrual shedding 
(Jones et al., 2004).

Ovarian steroid hormone control of Treg cells
Treg cells fluctuate over the course of the ovulatory cycle, in 

both humans and animals, in response to ovarian hormones. No-

tably Treg cells begin to accumulate in the uterus at the time of 
ovulation, correlating with an increase in estrogen levels, as the 
result of increased synthesis of Treg-attracting chemokines CCL3, 
CCL4 and CCL5 (Arruvito et al., 2007, Kallikourdis and Betz, 2007, 
Robertson et al., 2009a). In mice, E2 leads to activation of Treg 
cell proliferation and suppressive function (Prieto and Rosenstein, 
2006). Administration of estradiol after ovariectomy causes an el-
evation in Treg cell numbers and Foxp3  mRNA expression, while 
in vitro estradiol converts CD4+CD25- T cells into Foxp3 expressing 
Treg cells (Polanczyk et al., 2004).

Elevated progesterone in the luteal phase has a different effect 
on Treg cells, acting to sustain Treg cell populations and increase 
their fitness for suppressive function in readiness for potential im-
plantation and pregnancy. In vitro, progesterone has been shown 
to convert naïve T cells into Treg cells, with the progesterone 
antagonist RU486 acting to prevent Treg cell generation. In vivo, 
progesterone-treated ovariectomized and pseudopregnant mice 
reveal that progesterone expands Treg populations via nuclear 
progesterone receptors (Mao et al., 2010).

Macrophages, dendritic cells and NK cells
Treg cells interact in bi-directional communication with other 

populations of leukocytes within the endometrium. They are cru-
cially dependent on macrophages and dendritic cells, which have 
key functions in antigen presentation and in governing the nature 
of the Treg cell response. These cells are distributed throughout 
the endometrial stroma and are numerous in the connective tis-
sue of the myometrium (Hunt and Pollard, 1992, Schulke et al., 
2008). An increase in estrogen at ovulation stimulates an influx 
of macrophages into the uterus (Hunt and Pollard, 1992). After 
implantation, they average 15% to 20% of decidual stromal cells 
in women (Bulmer et al., 1988, Hunt et al., 2000), where they are 
frequently located close to invading cytotrophoblast cells, adjacent 
to the uterine glandular epithelium and proximal to uterine blood 
vessels. Like other macrophages, uterine macrophages perform 
a variety of roles in host defense, uterine tissue remodelling, 
homeostasis and local immune modulation [reviewed in (Hunt, 
1994, Hunt and Robertson, 1996, Renaud and Graham, 2008)].

Decidual macrophages are activated, as evidenced by their 
expression of HLA class II, CD11C, and CD86 antigens [reviewed 
in (Hunt et al., 2005)], and therefore appear capable of presenting 
antigens to T lymphocytes. Yet decidual macrophage cytokine 
profiles indicate that the cells are programmed into an immune sup-
pressive, alternatively activated ‘M2’ state. They produce powerful 
immunoinhibitory cytokines such as TGFB and IL10 (Heikkinen et 
al., 2003, McIntire and Hunt, 2005). Uterine macrophages produce 
other pro-tolerance factors including PGE2 (Tawfik et al., 1986) 
and indoleamine dioxygenase (IDO) [reviewed in (Hunt et al., 
2005, Renaud and Graham, 2008). Decidual macrophages are 
also believed to contribute to trophoblast invasion and placental 
development through their secretion and regulation of a range of 
matrix metalloproteinases and other proteases, growth factors, 
chemotactic molecules, cytokines and a range of matrix compo-
nents (Renaud and Graham, 2008). 

The full suppressive function of inducible Treg cells in the 
uterus is dependent on a process of antigen-driven activation and 
proliferation. This requires T cell interaction with dendritic cells in 
the presence of specific ‘immune-deviating’ cytokine signals that 
ensure T cells express FOXP3 and attain a suppressive Treg cell 
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phenotype, as opposed to a Th1 or Th17 phenotype (Thornton 
and Shevach, 1998). Dendritic cells present antigen to stimulate 
Treg cell activation and proliferation, and they also provide addi-
tional costimulatory signals to reinforce the Treg cell phenotype. 
The antigenic-reactivity of inducible Treg cells generated in early 
pregnancy can be shown using MHC-peptide tetramers to identify 
their fetal-specific T cell receptors (Rowe et al., 2012). Moreover 
alloantigen expression leads to a greater increase in Treg cell 
numbers, and is associated with enhanced specific suppression of 
anti-paternal alloantigen reactivity (Kallikourdis et al., 2007, Zhao 
et al., 2007). The requirement for alloantigen-driven activation of 
inducible Treg cells is demonstrated in mice with a mutation in 
the intronic Foxp3 enhancer, conserved non-coding sequence-1 
(CNS1). CNS1 is required for enhanced Foxp3 expression in in-
ducible Treg cells; CNS1 deficient females have an increased rate 
of fetal loss when mated with allogeneic males, but not syngeneic 
males (Samstein et al., 2012). 

Dendritic cells are in the right place at the right time to promote 
Treg cell proliferation before implantation. In mice, they are abundant 
in the endometrial tissue at ovulation when the female is receptive 
to coitus (Blois et al., 2004, Blois et al., 2007, Robertson et al., 
1996a) and their numbers are further increased in response to the 
mating stimulus (Robertson et al., 1998, Robertson et al., 1996a). 

Special phenotypes of dendritic cells known as ‘tolerogenic 
dendritic cells’ control the activation and expansion of Treg cells 
(Steinman et al., 2003) (Fig. 4). Uterine dendritic cells express 
markers indicative of a tolerogenic phenotype (Blois et al., 2007) 
which would be maintained by the GM-CSF, IL10 and IL4 pro-
duced by uterine tissue (Robertson, 2000). Expression of IDO is 
a key feature of tolerogenic dendritic cells capable of activating 
Treg cells (Sharma et al., 2007). Within decidua there are unique 
DC-SIGN+CD14+CD83- dendritic cells that preferentially activate 
inducible Treg cells (Hsu et al., 2012). GM-CSF appears to be a 
particularly important regulator of uterine dendritic cell function, 
with depletion in this cytokine causing reduced expression of MHC 
class II, scavenger receptor (MSR1), CD80 and CD86, as well as 
diminished capacity to induce T cell responses (Moldenhauer et 
al., 2010b). 

In women, dendritic cells with an immature myeloid phenotype 
are abundant in the endometrium across the course of the menstrual 
cycle (Rieger et al., 2004) and in the decidua of early pregnancy 
(Gardner and Moffett, 2003). As in mice, human decidual dendritic 

cells express markers characteristic of tolerogenic dendritic cells, 
with high levels of IL10, HLA-G and LILRB2 (Amodio et al., 2013), 
and upregulate IDO production in response to the Treg cell signal 
CTLA4 (Miwa et al., 2005). 

Natural killer (NK) cells are also part of the regulatory network 
interacting with antigen presenting cells and Treg cells, to influence 
the events of implantation and early placental development. Uterine 
NK cells express a unique phenotype specific to the uterus (Croy 
et al., 2003), including markers which vary over the course of the 
cycle (Jones et al., 1998). The NK cell population is dependent 
on progesterone for maintenance and proliferation (Trundley and 
Moffett, 2004). As well as having a role in host defence, uterine 
NK cells are involved in endometrial remodelling associated with 
implantation receptivity and menstrual breakdown (Searle et al., 
1999).

Cytokine and leukocyte regulation by seminal fluid
Seminal fluid has a major influence on cytokine production and 

immune cell behavior in the female reproductive tract. The extent 
to which this influences the events of implantation is likely to vary 
between species and the extent to which different components of 
seminal fluid access different regions of the tract. In mice, seminal 
fluid introduction into the uterus after mating induces production 
of a range of cytokines including LIF, IL6 and GM-CSF (Jasper 
et al., 2005, Robertson et al., 1998, Tremellen et al., 1998) from 
estrogen-primed epithelial cells of the female reproductive tract. 
This results in the recruitment and activation of both innate and 
adaptive leukocytes, in an immune event that resembles a typical 
inflammatory cascade (Robertson, 2005, Robertson et al., 2009b). 
Within hours of mating, macrophages, dendritic cells, neutrophils, 
T cells and granulocytes are recruited into the uterine endometrial 
stroma and lumen (Kachkache et al., 1991, McMaster et al., 1992, 
Robertson et al., 1996a, Robertson et al., 1992b, Robertson et al., 
1996b, Tremellen et al., 1998). Similar responses have been docu-
mented in pig, rabbit and sheep (Lovell and Getty, 1968, O’Leary 
et al., 2004, Pandya and Cohen, 1985, Phillips and Mahler, 1977, 
Scott et al., 2006, Thompson et al., 1992).

In the human cervix seminal fluid deposition at coitus initiates 
an influx of CD45+ cells mainly comprising CD14+ macrophages, 
CD1A+ dendritic cells expressing CD11A and MHC class II, and T 
cells (Sharkey et al., 2012). These changes are driven by seminal 
fluid exposure, as condom-protected intercourse did not change 
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Fig. 4. Treg cells depend on tolerogenic den-
dritic cells, which together with regulatory cy-
tokines and other immune-deviating agents, 
control Treg cell activation and proliferation. 
Cytokines GCSF, GM-CSF, IL4 and IL10, with IDO 
and HLA-G, regulate dendritic cell differentiation 
into a tolerogenic phenotype. IL2 and/or IL15, 
acting at the site of antigen presentation by 
tolerogenic dendritic cells, are required for Treg 
cell activation and proliferation. TGFB and PGE2 
drive further rounds of proliferation of mature 
Treg cells. Treg cells release IDO, IL4 and IL10 
to amplify effects on dendritic cells and Treg cell 

generation. Ag, antigen; GCSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte-macrophage CSF; IDO, indoleamine 2,3-dioxygenase; IL, 
interleukin; TGFB, transforming growth factor-beta; PGE2 , prostaglandin E2; DC, dendritic cell; tDC, tolerogenic dendritic cell.
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leukocyte populations (Sharkey et al., 2012). This leukocyte infil-
tration is accompanied by elevated expression of CSF2, IL6, IL8 
and IL1A as well as a wide array of other chemokine and cytokine 
genes (Sharkey et al., 2012). In women the cervical response 
requires contact between seminal fluid and the female tissues 
since condom-protected intercourse does not elicit comparable 
changes in gene expression and leukocyte recruitment (Sharkey 
et al., 2012).

As well as sperm, seminal fluid contains a complex acellular, 
plasma fraction derived from the male accessory reproductive 
glands. The inflammatory response to seminal fluid depends largely 
on seminal plasma factors originating in the seminal vesicle gland 
(Robertson et al., 1996a), notably members of the TGFB cytokine 
family which are synthesized in the latent form and activated after 
ejaculation (Tremellen et al., 1998). The TGFB content of semen 
is extraordinarily high in all mammalian species studied so far, ap-
proximately five-fold that of serum, and comparable to colostrum, 
the most potent biological source of TGFB known (Robertson et 
al., 2002). Similar data from rodents and primates indicates the 
likely conservation of the seminal fluid TGFB signalling pathway 
across mammalian species.

Seminal fluid and induction of Treg cells
A crucial role for seminal fluid in preparation for embryo im-

plantation is through the provision of antigens and cytokines that 
stimulate expansion of the endometrial Treg cell population. In 
mice, the female T cell response to paternal MHC antigens is initi-
ated immediately after immune cells first contact those antigens 
transmitted within seminal fluid at coitus, such that the T cell pool 
generated during the pre-implantation period is expanded by the 
time of implantation. Soluble MHC is present in seminal plasma 
and cell-associated MHC is associated with sperm, seminal leuko-
cytes and/or desquamated genital tract epithelial cells. These and 
other minor histocompatibility antigens are the same as those later 
expressed by the conceptus and gestational tissues if pregnancy 
ensues. Seminal plasma also contains a substantial concentra-
tion of the immune-deviating cytokines and molecules required to 
induce Treg cell production from naïve T cells, including HLA-G5, 
TGFB and PGE2 (Hutter and Dohr, 1998, Kelly and Critchley, 1997, 
Robertson et al., 2002). 

The post-coital inflammatory response provides an environment 
well-suited to activation of the adaptive immune compartment and 
proliferation of the Treg cells required to establish active immune 
tolerance. Using transgenic T cell receptor (TCR)  models in mice, 
paternal antigens present in seminal fluid can be shown to stimu-
late maternal T cells, after presentation by uterine dendritic cells 
(Moldenhauer et al., 2009a, Moldenhauer et al., 2010a), providing 
a mechanism for why T cell awareness of pregnancy is detectable 
at the time of implantation (Tafuri et al., 1995). Evidence of seminal 
fluid activation of T cells is also present in women, where a memory 
T cell response is present with CD3+CD8+CD45RO+ memory T 
cells abundant in the cervix following coitus (Sharkey et al., 2012).

We hypothesized that delivery of paternal MHC antigens in the 
context of the high level of TGFB and related immune-deviating 
signals in seminal plasma ensures that T cells are appropriately 
activated to become Treg cells (Aluvihare et al., 2004). Our studies 
clearly demonstrated that activation and proliferation of Treg cells 
is a direct consequence of seminal fluid transmission at coitus. By 
day 3.5 post coitum, these Treg cells are increased almost 2-fold 

compared with the estrus-associated peak in cycling mice (Guerin 
et al., 2011, Robertson et al., 2009a). This increase was abrogated 
when seminal vesicles were excised from males before mating, 
showing the importance of seminal plasma factors (Guerin et al., 
2011, Robertson et al., 2009a). TGFB is the prime candidate for 
this seminal plasma factor, since TGFB is clearly implicated in Treg 
cell generation, and exogenous TGFB increased vaginal Treg cell 
numbers when delivered at coitus (Clark et al., 2008). 

Seminal fluid and recruitment of Treg cells into the uterus
In mice, the post-coital expansion of Treg cell populations in the 

uterus-draining lymph nodes is soon followed by an accumulation 
of Treg cells in the uterus (Guerin et al., 2011). As in the lymph 
nodes, the increase in uterine Treg cells depends on seminal 
fluid contact, and sperm may also be involved as maximal uterine 
Foxp3 expression required sperm as well as seminal plasma 
exposure. Treg cell recruitment in the uterus during the pre- and 
peri-implantation period is linked with glandular and luminal epi-
thelial cell production of the Treg cell chemokine CCL19 (MIP3b) 
which acts through the CCR7 receptor on Treg cells (Guerin et al., 
2011). Interestingly CCL19 expression is elevated by seminal fluid, 
and both sperm and seminal plasma may play a role in influencing 
this response (Guerin et al., 2011). CCL19 is also produced by 
luminal and glandular epithelial cells in the late secretory phase in 
the human uterus, suggesting a role in controlling Treg populations 
associated with implantation (Daikoku et al., 2004), but whether 
seminal fluid alters CCL19 expression in women is unknown.

Other chemokines are likely to be involved in attracting Treg 
cells into the implantation site. Several chemokines operate through 
ligating the chemokine receptor CCR5 on Treg cells, which is 
implicated in sequestering activated, antigen-specific Treg cells 
into the uterus (Kallikourdis et al., 2007). 

Treg cell generation for implantation success - an integrated 
perspective

The information summarized above can be integrated to syn-
thesize a working model for how the immune environment for 
implantation is generated. A healthy endometrium conducive to 
pregnancy induction should contain sufficient populations of mac-
rophages, dendritic cells, NK cells and Treg cells. The numbers of 
these cells and their phenotypes are controlled by local cytokine 
and chemokine production, which reflects the actions of ovarian 
steroid hormones and seminal fluid, but is opposed by infection as 
well as other stressors that induce inappropriate pro-inflammatory 
cytokines. 

Treg cells are particularly essential for implantation success. 
Their presence in the uterus begins to increase every reproduc-
tive cycle at ovulation, in response to elevated estrogen. Around 
the time of conception, dendtritic cells in the female reproductive 
tract present paternal histocompatibility antigens in seminal fluid to 
stimulate further antigen-driven expansion of the Treg cell pool in the 
lymph nodes and uterus. Treg cells generated in lymph nodes are 
released into the blood, and their recruitment into the endometrium 
from the blood is facilitated by local chemokines and cytokines, 
which may be also elevated in response to seminal fluid. In the 
luteal phase in women, or if conception occurs in mice, increased 
progesterone further consolidates the suppressive function of Treg 
cell populations (Arruvito et al., 2007, Guerin et al., 2009, Kallik-
ourdis and Betz, 2007, Polanczyk et al., 2004). Thus even prior to 
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embryo implantation, T cells reactive with paternal antigens become 
activated and respond in readiness for pregnancy (Kallikourdis et 
al., 2007, Moldenhauer et al., 2009b, Zhao et al., 2007). 

At the same time as immune adaptations occur in the endome-
trium, there are direct effects of cytokines on pre-implantation em-
bryo development. The balance of embryotrophic and embryotoxic 
cytokines influences the viability and development of the blastocyst, 
determining whether implantation competence is achieved, and 
setting the course of its developmental program after implantation.

Seminal fluid has specific effects on Treg cell populations in the 
uterus that are well described in mice and may have parallels in 
women. Deposition of seminal fluid at coitus acts to activate and 
expand a pool of antigen-specific Treg cells, which is likely to be 
reinforced when the same antigens are delivered at every coital 
event with the same partner (Robertson and Sharkey, 2001). 
Since paternal MHC antigens present in seminal fluid will later be 
expressed by a conceptus sired by the same male, this functions 
to induce a state of active immune tolerance that facilitates toler-
ance at embryo implantation. 

A further way that seminal fluid may impact uterine Treg cells 
is via the effect of seminal fluid signalling on corpus luteum func-
tion and progesterone output, since progesterone exerts direct 
effects on Treg cell differentiation and stability (Mao et al., 2010). 
In both mice and pigs, seminal plasma exposure is associated with 
increased numbers of macrophages in corpora lutea (Gangnuss 
et al., 2004) and these cells have essential roles in the remodel-
ling events required to sustain steroidogenic function (Care et al., 
2013, O’Leary et al., 2006).

When appropriate hormone and cytokine signals are present 
to generate sufficient Treg cells, these Treg cells mediate immune 
tolerance and interact with uterine NK cells, dendritic cells and 
macrophages to facilitate pregnancy progression by promoting 
placental development and fetal growth. In the absence of sufficient 
signals to drive Treg cells at this early time, the result is implantation 
failure or later rejection of the fetus in an alloantigen-dependent 
manner (Aluvihare et al., 2004). It seems likely that insufficient Treg 
cells at the outset of pregnancy contributes to later development 
of placental disorders such as preeclampsia, which are also linked 
with reduced Treg cells. 

Summary and conclusion

The immune system is intimately involved in all aspects of the 
reproductive process, particularly around the time of conception 
and in the peri-implantation period. Immune parameters at this 
early phase are pivotal for shaping the viability of a pregnancy, 
the growth of the fetus, and offspring health after birth. Contrary to 
hypotheses put forward by Medawar, which influenced reproduc-
tive immunology research for decades, it is now clear that immune 
cells are positioned and equipped to respond to detect antigens 
and other signals originating in seminal fluid, the embryo and pla-
cental trophoblast. The adaptive T cell immune response is able 
to discriminate the reproductive fitness and compatibility of the 
male partner and potentially also the integrity and developmental 
competence of the conceptus tissue. Since the immune response 
is modulated by infectious, inflammatory, nutritional and metabolic 
status, the influence of the immune response on progression or 
disruption of pregnancy can be also influenced by environmental 
stressors and resource availability.

Thus, the immune system operates in pregnancy to integrate 
a range of signals and to exert a form of executive quality control, 
to either accommodate or reject the conceptus. This ‘immune-
mediated quality control’ of reproductive investment explains the 
evolutionary advantage of this intimate engagement of the immune 
response at the outset of pregnancy. Future studies will address 
remaining research questions regarding the full breath of signals 
and molecular pathways through which hormones, seminal fluid, 
infection and other stressors all integrate to influence the female 
immune response at implantation, and the precise mechanisms 
through which effects on survival and development of the conceptus 
tissue are mediated.
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