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ABSTRACT Survival of the allogeneic embryo in the uterus depends on the maintenance ofimmune
tolerance at the maternal-fetal interface. The pregnant uterus is replete with activated maternal
immune cells. How this immune tolerance is acquired and maintained has been a topic of intense
investigation. The key immune cells that predominantly populate the pregnant uterus are natural
killer (NK) cells. In normal pregnancy, these cells are not killers, but rather provide a microenviron-
ment that is pregnancy compatible and supports healthy placentation. In placental mammals, an
array of highly orchestrated immune elements to support successful pregnancy outcome has been
incorporated.Thisincludes active cooperation between maternalimmune cells, particularly NK cells,
and trophoblast cells. This intricate process is required for placentation, immune regulation and to
remodel the blood supply to the fetus. During the past decade, various types of maternal immune
cells have been thought to be involved in cross-talk with trophoblasts and in programming immune
tolerance. RegulatoryT cells (Tregs) have attracted a great deal of attention in promoting implanta-
tion and immune tolerance beyond implantation. However, what has not been fully addressed is
how this immune-trophoblast axis breaks down during adverse pregnancy outcomes, particularly
early pregnancy loss, and in response to unscheduled inflammation. Intense research efforts have
begun to shed light on the roles of NK cells and Tregs in early pregnancy loss, although much re-
mains to be unraveled in order to fully characterize the mechanisms underlying their detrimental
activity. An increased understanding of host-environment interactions that lead to the cytotoxic
phenotype of these otherwise pregnancy compatible maternal immune cells is important for pre-
diction, prevention and treatment of pregnancy maladies, particularly recurrent pregnancy loss.
In this review, we discuss relevant information from experimental and human models that may
explain the pregnancy disrupting roles of these pivotal sentinel cells at the maternal-fetal interface.
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Introduction

Pregnancy is a unique and well-choreographed physiological
process that involves dynamic maternal and fetal dialogue. Local
immune tolerance, angiogenesis, cytokine and hormonal balance,
cellular and molecular mimicry, genetic and epigenetic as well as
environmental cues influence pregnancy outcomes (Dosiou and
Giudice 2005; Thaxton and Sharma 2010; Zhang et al., 2011;
Hemberger 2012; Van Dijk and Oudejans 2013; Hughes 2014;
Rai and Cross 2014). Moreover, starting from implantation through
gestation and parturition, the interplay of inflammatory and anti-
inflammatory signaling, hormonal changes, and cellular events are
centralto normal pregnancy outcomes (Murphy and Sharma 2004).

Keeping these events in mind, successful reproduction relies on
limited inflammation during implantation, immune tolerance (anti-
inflammation) during the mid-pregnancy, and inflammation again
during parturition. Adverse pregnancy outcomes are aconsequence
ofimpairment of more than one of these factors that resultin adapta-
tion failure. In this regard, we and others have previously proposed
that adverse pregnancy outcomes may be a consequence of at
least a two hit mechanism whereby a genetic predisposition may

Abbreviations used in this paper: ANK, decidual NK cell; hCG, human chorionic go-
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be complemented by an environmental insult to cause pregnancy
disruption (Murphy et al., 2005; Mor and Cardenas 2010).

Parents and obstetricians have become increasingly interested
in understanding pregnancy complications such as repeated im-
plantation failures, recurrent spontaneous miscarriage, preterm
birth, intrauterine growth restriction (IUGR), preeclampsia, and
gestational diabetes. These pregnancy complications have been
on a rise globally despite better clinical management. All of these
adverse pregnancy outcomes inure huge financial and emotional
burdens on the caregivers and parents. Several of these complica-
tions are the leading causes of maternal and neonatal mortality and
morbidity. Surprisingly, these devastating pregnancy maladies have
remained enigmatic. Recent efforts to understand the etiologies
underlying adverse pregnancy outcomes have focused onimmune
tolerance, angiogenesis, and hormonal regulation at the maternal-
fetalinterface (Le Bouteiller and Tabiasco 2006; Quenby et al., 2009;
Schumacher et al., 2013). The concept of immune tolerance in the
context of pregnancy relates to the fact that a healthy woman can
successfully carry a semi-allogeneic pregnancy to full term without
rejection by the mother’s fully functional immune system. Maternal
tolerance and anti-inflammatory microenvironment are essential to
prevent rejection of the semi-allogeneic fetus and are mediated,
in part, by tightly regulated cross-talk between uterine immune
cells and placental trophoblast cells (Croy et al., 2012; Erlebacher
2013a). In regards to angiogenesis during pregnancy, there are
striking similarities between placental invading trophoblast cells
and tumor cells. Similar to tumor formation, physiological mecha-
nisms mediated by uterine immune cells, particularly natural killer
(NK) cells and regulatory T cells (Tregs), promote angiogenesis by
producing angiogenic factors, cytokines and chemokines (Hanna
et al., 2006; Kalkunte et al., 2009; Lash et al., 2010; Saito et al.,
2013). These operate to allow invasion of fetal-derived trophoblast
cells and transformation of uterine spiral arteries that regulate
maternal blood flow to the fetus. Hormonal regulation is critical for
all phases of pregnancy, including implantation, maintenance of
pregnancy and parturition. Several recent reviews have focused
on aspects of maternal-fetal interactions in pregnancy (Quenby
et al., 2009; Lash et al., 2010; Mor and Cardenas 2010; Thaxton
and Sharma 2010; Erlebacher 2013a; Saito ef al., 2013). It is now
believed that unscheduled breakdown of this highly choreographed
process by infections, inflammation, (epi)genetic changes, stress
and dysregulated protein homeostasis can contribute to gestational
age-dependent pathologies (Burton et al., 2009; Jabbour et al.,
2009; Weiss et al., 2009; Robins et al., 2011). Moreover, the grow-
ing number and diversity of pregnancy complications with neonatal
maladies demand a broad-based research strategy to understand
and combat these devastating clinical issues.

Afundamental question in reproductive immunology, one thatalso
raises practical considerations thatimpact local immune tolerance
and successful pregnancy outcome, is whether uterine NK cells
and Tregs change their pregnancy-friendly and immune tolerant
phenotype to an adverse phenotype in the setting of excessive
inflammation, infection and stress. Mild, beneficial inflammation-
like responses are normally elicited during implantation, possibly
induced by semen (seminal fluid) (Robertson et al. 1996, 2009;
Troedsson et al., 2001). Pivotal roles of inflammatory cytokines
such as GM-CSF, LIF, IL-1, IL-6, and IL-11 have been implicated in
successful implantation and decidualization (Stewart et al., 1992;
Singh etal.,2011). Therole of inflammation ininitiating implantation

is further suggested by the effect of unexpected observations of
endometrial injury due to biopsy procedure in patients undergoing
invitrofertilization (IVF) treatment (Barash et al., 2003; Gnainsky et
al.,2010). These patients had a history of multiple failed implantation
butexperienced remarkable positive outcomes after biopsy-induced
injury. This observation implies that local injury induced an inflam-
matory microenvironment which supported uterine receptivity for
blastocyst attachment. A balancing anti-inflammatory immunity is
thenimposed despite an abundance of NK cells, macrophages and
T cells at the maternal-fetal interface. Fetal trophoblast cells are
equally important partners in exerting immune tolerance. Accumu-
lating evidence in humans now suggests that at least NK cells and
Tregs undergo proportional or functional changes in patients with
recurrent spontaneous abortion (La Chapelle et al., 1996; Sasaki
et al., 2004; Kwak-Kim et al., 2010; Quinn and Parast 2013). This
raises two important questions: 1. Do uterine NK (uNK) cells and
Tregs undergo similar changes and/or become inflammatory and
2. What mechanisms are elicited for their altered characteristics?
Below, we first discuss the unique properties of uterine NK cells
and Tregs and their non-destructive functionsin normal pregnancy.
We will further discuss experimental and clinical evidence for their
destructive functions contributing to early pregnancy fetal loss.

Uterine NK cells and Tregs in pregnancy: why are they
there in abundance?

Since the recognition of the immunological paradox associated
with survival of the allogeneic embryo over 60 years ago by Sir Peter
Medawar (Medawar 1953), the precise mechanisms whereby the
conceptus evades the maternalimmune system stillremain obscure.
Multiple maternal immune adaptations are potentially involved and
have recently been reviewed elsewhere (Moffett and Loke 2006;
Quenby et al., 2009; Thaxton and Sharma 2010; Munoz-Suano
etal., 2011; Chakraborty et al., 2012; Hofmann et al., 2014). Here
we focus on uterine NK (uNK) cells and Tregs because they are
the predominant cell types present at the maternal-fetal interface
which may pose as foes to pregnancy.

Human uterine NK cells

During the pre-ovulatory phase, only a few, small and agranular
NK cells are presentinthe endometrium (Peel 1989; Kalkunte etal.,
2008; Le Bouteiller and Piccinni 2008). There is dramatic increase
in the number of these cells during the secretory phase of the men-
strual cycle as progesterone levels increase. These numbers rise
further if the pregnancy ensues. Since progesterone levels drop at
the end of the menstrual cycle and NK cells also undergo death, it
has been proposed that their survival depends on progesterone.
NK cells become granulated and come in contact with vessels and
endometrial glands (Peel 1989; Croy and Kiso 1993; Moffett and
Loke 2006; Manaster and Mandelboim 2010). They constitute almost
70% of all mononuclear cells in the pregnant womb. Their number
decreases from mid gestation and these cells are almost absent
at term. Based on their name, NK cells are often considered to be
deleterious (or cytotoxic), killing virally-infected cells and cancer
cells (Biron 2010). However, this killing phenotype is lost in the
pregnant uterus, instead NK cells play a supportive role. As stated
above, NK cells are the dominant immune cell type in the uterine
mucosa during active phase of placentation despite being armed
with the complete killing machinery. They express the full reper-



toire of the NK activating receptors which include NKp46, NKp30
and NKG2D (Hanna et al., 2003; Kusumi et al., 2006; Tabiasco et
al., 2006; Kalkunte et al., 2009). Furthermore, all uNK cells have
been shown to express the NKp44 receptor (Hanna et al., 20083;
Kusumi et al., 2006; Kalkunte et al., 2009) whose expression can
be normally detected only after NK cell activation (Arnon et al.,
2006). Phenotypic characteristics confirm that uNK cells are indeed
non-T cells, but are not like NK cells found in blood. The majority
of uNK cells are CD569"CD16-, while most NK cells in blood are
CD569mCD16*. Although a small subset of CD56""" NK cells (10%)
is detected in peripheral blood, these cells tend to be different from
uNK cells (Nagler et al., 1989; King and Loke 1991). Since uterine
NK cells increase dramatically at the time of placentation, it has
been debated whether trophoblasts are needed to support their
proliferation. It is noteworthy to mention here that uNK cells are
present in decidualized pseudopregnant rats or mice. They are
probably phenotypically distinct from uNK cells accumulating in
a pregnant uterus (Peel et al., 1979; Stewart 1988; Zheng et al.,
1991). Two observations suggest that trophoblasts may not be a
prerequisite for uNK cell amplification. First, in ectopic pregnan-
cies, decidualized endometrium contains NK cells in the absence
of trophoblasts (Vassiliadou and Bulmer 1998). Second, IL-15
deficient female mice do exhibit implantation and placentation
but lack the presence of uNK cells (Croy et al., 2003). These data
also suggest that uNK cells may not influence implantation per se.

Mouse uNK cells

Similar to humans, the pregnant mouse also develops a he-
mochorial placenta to support embryo development and evades
a destructive immune response despite high accumulation of
pregnancy-specific uNK lymphocytes in the pregnant uterus
(Chakraborty et al., 2011; Croy et al., 2012). As a matter of fact,
because of hemochorial placentation, mouse models have been
the major source of mechanistic understanding of the uNK cell
biology (Paffaro et al., 2003; Yadi et al.,, 2008). In this regard,
the genetic manipulation approaches involving target genes with
silenced or up-regulated expression are the most helpful tools to
study the temporal and developmental role of uNK cells in preg-
nancy. The dynamic, rapid changes at the maternal-fetal interface
in a 3 week long mouse gestation compared to a 40 week human
pregnancy, as well as anatomical differences between human and
mouse reproductive organs, pose challenges for simple, direct
translation of mechanistic information from the mouse models to
humans. However, similarities in uNK cell immunobiology during
pregnancy largely surpass the anatomical and physiological dif-
ferences between mice and humans.

Phenotypic characterization of mouse uNK cells has been
distinguished by a unique staining pattern with Dolichos biflorus
(DBA) lectin. Mouse uNK cells can also be distinguished as cells
containing amylase-resistant periodic acid Schiff (PAS) positive
granules. Yamada and colleagues established the DBA staining
approach a decade ago to identify and localize mouse uNK cells in
the histological sections of the pregnant uterus from gestational day
(gd) 6 to term in the same apparent pattern for all wild type mouse
strains (Paffaro et al., 2003). Using DBA staining as an approach
in flow cytometric analysis, Yadi and colleagues (Yadi et al., 2008)
determined that DBA lectin identifies 95% of uNK cells. DBA lectin
recognizes a glycoconjugate containing N-acetyl D-galactosamine
terminal sugar moiety present in the plasma membrane and gran-
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ules of uNK cells. Therefore, both granule-rich and agranular uNK
cells can be successfully identified (Paffaro et al., 2003; Yadi et
al., 2008), whereas PAS or perforin stain scores only granule-rich
mature uNK cells. Indeed, only 45% of DBA*uNK cells are perforin
positive on gd 8 and 12 (Yadi et al., 2008). Importantly, peripheral
blood NK cells, non-pregnantendometrial NK (CD11¢c*NK1.1*DX5*
eNK) cells, and other leukocytes are not reactive to DBA (Paffaro et
al., 2003; Yadi et al., 2008). Recent observations suggest that DBA
staining can identify subtypes of uNK cells with varying proportion
of granulation which appear in the pregnant uterus in a gestational
age-dependent manner. Cytolytic perforin is a common marker of
both peripheral blood NK cells and uNK cells.

Mouse uNK cells can also be identified based on the CD3
CD122+* phenotype (Paffaro et al., 2003; Yadi et al., 2008) and
further distinguished into minor DBA'NKp46+NK1.1*DX5*NKG2D+*
and major DBA*NKp46+NK1.1-DX5 NKG2D+ subsets characterized
from uterine mononuclear cells harvested on gestational day (gd)
gd 10from C57BL/6 mice. The minor subpopulation resembles that
characterized as endometrial NK (eNK) cells as discussed above.
The major subpopulation is unique because it is DBA* but lacks
expression of NK1.1 and DX5, usual markers of mature peripheral
blood NK cells. Therefore, DBA lectin is the simplest method to
identify most mouse uNK cells found in the pregnant uterus.

Uterine regulatory T cells

In 1990s, a previously rejected immune concept reemerged that
revolutionized the research on immune tolerance. This research
dealt with the regulatory T cells (Tregs) rediscovered by Sakaguchi
and colleagues (Sakaguchi et al., 1995). These researchers re-
vived the old concept of suppressor cells, championed by Richard
Gershon 30 years ago (Gershon and Kondo, 1970). These cells
are now identified as CD4+*CD25* Tregs. Interestingly, Tregs are
thoughtto be essential in the generation of maternal-fetal tolerance
in mice and humans (Erlebacher 2013a; Robertson et al., 2013;
Schumacher and Zenclussen 2014). This is in agreement with
their well-known role in self-tolerance and in maintaining balanced
immune responses (Tilburgs et al., 2008; Erlebacher 2013b). Their
clinicalimportance lies inthe observations that reduced numbers and
function of Tregs is associated with the incidence of autoimmunity
(Sakaguchi et al., 2008). Their elevated numbers are detected in
cancer tissues (Zou, 2006). On the other hand, increasing their
number has had therapeutic implications in experimental models
of autoimmunity and graft-versus-host disease. Although the
CD4+CD25* phenotype may also be associated with activated CD4
T cells, Tregs express their signature transcription factor, forkhead
box protein 3 (FoxP3), which activates genes required for suppres-
sor functions and maintains the effector transcriptional program of
the Treg lineage cells (Schubert et al., 2001; Veiga-Parga et al.,
2013). These cells produce immunosuppressive cytokines IL-10
and TGF-B, an effector characteristic for exertingimmune tolerance
at the maternal-fetal interface (Hara et al., 2001; Friedline et al.,
2009; Rabinovich and Toscana, 2009).

Early pregnancy decidua contains an abundance of
CD4+CD259"FoxP3* T cells in both humans and mice (Tilburgs
et al., 2008; Xiong et al., 2010; Liu et al., 2013; Saito et al., 2013;
Schumacher and Zenclussen, 2014). The pioneering work by
Robertson and colleagues suggests that exposure of the uterus
to male seminal fluid which contains cytokines and chemokines
prepares the local microenvironment to expand and to attract
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Tregs thatreact with paternal alloantigens (Robertson et al., 2013).
Female dendritic cells recognize fetal antigens and cross-present
seminal fluid antigens which induce transformation of effector
CDA4 T cells into induced Tregs (Erlebacher 2013b). These newly
induced Treg cells are eventually recruited to the endometrium.
Several groups have demonstrated that Tregs are essential for
productive implantation as lack of these cells has been associated
with implantation failure (Sasaki et al., 2004; Quinn and Parast,
2013; Saito et al., 2013; Teles et al., 2013; Schumacher and Ze-
nclussen, 2014). In mice and humans, although these cells reach
their peak through mid gestation, it is not clear whether Tregs play
any role in maintaining pregnancy as their depletion after gd 6 of
mouse pregnancy does not appear to affect the maintenance of
pregnancy to term (Fig. 1). On the other hand, transfer of induced
Tregs to an abortion-prone mating combination or to mating com-
binations where pregnancy has been challenged by inflammation
or stress protects pregnancy to term, implying that they may play
role beyond implantation (Aluvihare et al., 2004; Wang et al.,
2014). It has been suggested that Tregs at the maternal-fetal in-
terface are mainly of extrathymic origin (induced peripheral blood
Tregs). However, recruitment of thymus-derived Tregs could not
be ruled out as there is only minimum effect of genetic depletion
of extrathymic Tregs on pregnancy outcome as characterized in
mice lacking the conserved non-coding sequence 1 (CNS1) en-
hancer element in the first intron of the FoxP3 gene (Samstein et
al., 2012). These mice lack propagation of extrathymic (induced)
Tregs. Furthermore, it has been proposed that thymus-derived
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Fig. 1. Generation of semen/seminal fluid and conceptus-specific uter-
ine regulatoryT cells (Tregs) in the mouse. During the pre-implantation
phase, Tregs can be generated in response to semen/seminal plasma
paternal antigens. These cells have been shown to play an important role
in implantation. However, Tregs reach their peak around gestational day
12 or 13. We propose that conceptus-specific Tregs contribute to influx
of CD4+*CD25*FoxP3* Tregs after implantation. These Tregs could be of
extrathymic origin and support maintenance of immune tolerance and
promote angiogenesis. These cells start tapering off after gestational day
13 and reach basal numbers at the end of pregnancy. It is possible that
Tregs could also be modified or poorly propagated in response to hormone
dyregulation and/or inflammatory environment.

Helios* Tregs accumulate in the lymph node draining the uterus
during early pregnancy. Induced Tregs could be expanded and
accumulated in the periphery during later stages of pregnancy
(Schumacher and Zenclussen, 2014). Nevertheless, a common
notion is that Tregs can protect against fetal loss in abortion-prone
mice or in response to inflammatory triggers in pregnant mice,
suggesting that induced Tregs can protect against systemic and
uterine inflammatory immune responses.

Uterine Tregs mediate potent inhibition of activated autologous
CD4+CD25 T cell proliferation. This suppressive function of decidual
Tregs requires cell-to-cell contact. Although there is a suggestion
that decidual Tregs contribute to the mechanism of immune toler-
ance to fetal antigens, the nature of such antigens is still poorly
understood (Erlebacher 2013b). The studies on decidual Tregs
raise several questions concerning the temporalimportance beyond
implantation and their response under destructive conditions. One
major unresolved issue is the exact role of Tregs in pregnancy,
particularly in the context of their stated role in suppression of
conceptus-specific conventional CD4* T cells that would otherwise
attack fetal tissue. This idea is based solely on the observations
that depletion of Tregs significantly contributes to fetal rejection
only in allogeneic mating combinations but not in syngeneic
mating combinations (Aluvihare et al, 2004). However, these
experiments do not address the issue of other pathways that may
derail immune tolerance in both allogeneic and syngeneic mating
combinations. It is assumed that similar pathways are operational
in both humans and mice as uterine Tregs follow a similar pattern
for their gestational age-dependent frequency, antigen specificity,
factors that influence their propagation, recruitment, and with their
dramatic reduction after mid-gestation. Surprisingly, circulating
Tregs also follow a similar pattern of pregnancy-dependent in-
crease and decrease. The proportional fluctuation in peripheral
blood Tregs during pregnancy parallels hormonal increase or
decrease, particularly that of human chorionic gonadotropin (hCG)
and progesterone (Norris et al., 2011; Schumacher et al., 2013).
Indeed, our recent observations and those of others suggest that
mouse uterine Tregs are responsive to hCG which may promote
their recruitment to the pregnant uterus (Norris et al., 2011). Tregs
significantly decline at term, probably in response to the onset of
labor. This agrees with the recent observations of changes in Treg
functions in preterm labor deliveries (Seol et al., 2008; Xiong et
al., 2010; Schober et al., 2012).

Why are uterine NK cells and Tregs present in abundance
during pregnancy?

Implantation

Is there any other role that abundant uNK cells or Tregs play in
addition to maintaining immune tolerance? Since these immune
cells are present at the time of implantation or appear immediately
afterthat, itis possible that they play a key role during the implanta-
tion window. As discussed above in the context of mouse models
of pregnancy, Tregs are recruited during the pre-implantation
period and their depletion prior to implantation (gd 5 in mouse)
leads to failed embryo implantation, suggesting that they are an
active regulator of implantation. However, uNK cells may not be
part of the implantation machinery for the following reasons: 1.
NK cell deficient mice show normal implantation and pregnancy
outcome (Croy et al., 2010); 2. Although non pregnant eNK cells



are differentiated into decidual NK cells and their numbers increase
dramatically in response to pregnancy, it is not clear yet whether
fetal tissue is responsible for their pregnancy-related differentia-
tion (Manaster and Mandelboim 2010); and 3. In humans, ectopic
pregnancies are associated with high numbers of NK cells in the
absence of embryo implantation and trophoblast invasion (Vas-
siliadou and Bulmer 1998). These observations suggest that uNK
cells are required for post-implantation functions. Since NK cells
expand in decidualized pseudopregnant uteriin the absence of any
trophoblasts (Peel et al., 1979; Stewart 1988; Zheng et al., 1991),
this also supports the concept that trophoblasts are not required
for their accumulation in the uterus.

Antigenic cross-talk between uterine immune cells and fetal tissue

The fetal tissue (placenta) is animmunologically dynamic organ
capable of presenting foreign antigens, capable of producing an
array ofimmune modulating factors, capable of expressing Toll-like
receptors (TLRs) that can recognize endogenous and exogenous
signals to activate the maternal immune system, and capable of
secreting a wide spectrum of proteases which maintain an active
protein degradation machinery (Riley and Yokoyama 2008). This
suggests that in most part, interactions between the maternal im-
mune cells and trophoblasts cells are not devoid of antigenic cross-
talk. In mice, recent experiments suggest that most trophoblasts
express the classical, polymorphic MHC class | molecule H2-K from
both the maternal and paternal alleles (Drake and Head 1989).
This may indicate arequirement for limited H2-K-mediatedimmune
responses that are necessary for reorganization of the placental
architecture, but not tissue destruction. This does not preclude the
possibility that trophoblast cells are resistant to immune attack in
all scenarios. The pathways that lead to ectopic pregnancy may
lead to trophoblast destruction irrespective of H2-K expression
(Drake and Head 1989; Erlebacher et al., 2002). This has been
demonstrated by the observations that allogeneic mouse trophoblast
stem cells placed at ectopic sites of host mice are rejected. It is
possible that NK cells and Tregs at ectopic sites are destructive
in nature. Both uNK cells and uterine Tregs have been shown to
be potent sources of anti-inflammatory molecules, including the
cytokine IL-10. These cells appear to be specialized compared to
their circulating counterparts. uNK cells that harbor full cytotoxic
machinery, however, fail to kill trophoblast cells. Rather, their non-
cytotoxic cross-talk with trophoblasts has been demonstrated in
both humans and mice (Kopcow et al., 2005). It has been sug-
gested that uNK cells fail to form an active immunological synapse
with target cells. However, if uNK cells are cultured in vitro with or
without stimuli such as IL-2, they are likely to revert back to their
killing phenotype (Co et al., 2013). This suggests that the decidual
microenvironment supports their immune tolerance (constructive)
phenotype. Thus, the dramatic presence of uNK cells is probably
required for both immune as well as non-immune functions as dis-
cussed below, and it is most probably accomplished by their ability
to produce regulatory cytokines, chemokines, and growth factors.

Itis well documented now that both peripheral blood and uterine
Tregs increase in response to productive implantation (Sasaki
et al., 2004; Schumacher and Zenclussen, 2014). Accumulating
evidence suggests that the recognition of foreign paternal/fetal
antigens by Tregs is critical for their development and functions
(Erlebacher 2013b). These results raise an important question
concerning the location, timing and mechanisms for alloantigen-
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specific Tregs during pregnancy. Several groups have now dem-
onstrated that both seminal fluid and sperm can foster induction
of the Treg phenotype in naive CD4* T cells, as originally shown
by Robertson and colleagues (Guerin et al., 2011; Balandya et
al., 2012; Liu et al., 2013). The first wave of increase in Tregs
may occur as a result of exposure of antigen presenting cells in
the vaginal lumen when they come in contact with paternal anti-
gens in seminal fluid. These antigens are presented to T cells in
the regional lymph nodes. This will then increase Tregs in these
lymph nodes in response to semen. Importantly, semen/seminal
fluid contain high levels of TGF-p which is likely to expand the
Treg population (Robertson et al., 2013). However, this still does
not explain the dichotomy of semen versus conceptus-specific
antigen induced Treg cell development (Erlebacher 2013b). We
propose that normal gestation may be associated with both semen
and conceptus-induced Tregs. Semen/seminal fluid-induced Tregs
develop early and may be present during the pre-implantation and
implantation window, whereas conceptus-specific Tregs may appear
later during pregnancy (Fig. 1). Interestingly, peripheral blood and
uterine Tregs reach their peak at mid gestation. It is thus possible
that they represent two populations and could be of the thymic
and extrathymic origins. These Tregs are clearly there to provide
immune tolerance against alloantigen-specific effector CD4* T
cells which are also generated in response to fetal antigens. They
may also be involved in enhancing the anti-inflammatory milieu by
producing IL-10 and TGF-f.

Spiral artery remodeling and angiogenesis

The most important contribution of uNK cells has been their
participation in transformation of endometrial vessels, coiled spi-
ral artery structures, into wide low-resistance canals that in turn
allow transfer of blood, nutrients, and oxygen from the mother to
the placenta and fetus. A critical adaptation in this process is the
extensive vascularremodeling at the maternal-fetal interface which
involves uNK cells and possibly Tregs and invasive or extravillous
trophoblast cells. The landmark studies by Croy and colleagues
first demonstrated the novel concept of tissue remodeling func-
tions of uNK cells (Croy et al., 2003). Their work suggested that
NK deficient pregnant mice displayed thickening of the walls of
spiral arteries. Restoration of uNK cells could correct this defect.
Administration of exogenous IFN-y to alymphoid pregnant mice
also supports productive spiral artery remodeling (Ashkar and Croy
1999), suggesting that uNK cells or any other endometrial cells
exert their tissue remodeling activity mainly through production of
this cytokine. However, the concept of IFN-y-mediated spiral artery
transformation is not yet confirmed in humans. Is trophoblast inva-
sion regulated by uNK cells or their product IFN-y? Importantly,
Soares and colleagues have demonstrated that NK cell depletion
in the ratleads to hypoxia and initial delays in spiral artery remodel-
ing; however, invasive trophoblast cells are activated and able to
successfully modify the uterine spiral arteries. The authors further
demonstrate that increased trophoblast invasion/uterine spiral
artery remodeling is an adaptive response regulated by NK cells,
and this process might be somewhat delayed in the absence of NK
cells but resumes in a delayed manner (Chakraborty et al., 2011,
2012). However, these results do not rule out an independent role
of cytokines such as IFN-y in spiral artery remodeling.

In humans, uNK cells have been assigned the novel function
of encouraging angiogenic activity involving invading trophoblasts
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and spiral artery endothelial cdlls. Human uNK cells are potent
secretors of a variety of angiogenic factors in early pregnancy,
including VEGF-C, IL-8, IP-10, placental growth factor (PLGF), and
angiopoietins (Hanna et al., 2006; Kalkunte et al., 2009; Vacca et
al., 2013). These characteristics differ from their peripheral blood
NK cells. Hanna et al., demonstrated that decidual NK cells differ
from peripheral blood and non-pregnant endometrial NK cells and
promote vascular growth which depends on uNK cell receptor-ligand
interactions (Hanna et al., 2006). Kalkunte et al., have demon-
strated that NK cell-derived angiogenic factors are responsible for
maintaining their non-cytotoxic phenotype (Kalkunte et al., 2009).
These observations raise an important question of the exact con-
ditions that transform peripheral blood and endometrial NK cells.
Recent observations by Cerdeira et al., provide important clues to
this important question (Cerdeira et al., 2013). They propose that
exposure of human peripheral blood NK cells to a combination of
hypoxia, TGF-p1, and a demethylating agent converts these cells
into decidual NK cell-like cells. This is associated with induction of
the expression of Ig-like receptors, CD9 and CD49a, chemokine
receptors, and production of vascular endothelial growth factor.
These approaches are likely to enhance our understanding of
specialized NK cells and their associated vascular activity. These
studies also place killer Ig-like receptors (KIR) in a central role.
In this process, the nature of cross-talk between uNK cells and
trophoblasts through certain killerimmunoglobulin receptors (KIR)
on maternal NK cells and HLA-C alleles on invading trophoblast
cells may influence the risk of preeclampsia, intrauterine growth
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Fig. 2. Can uterine NK (uNK) cells become detrimental to normal preg-
nancy? In humans, non-cytotoxic uNK cells are phenotypically characterized
as CD56"9"CD 16" and express full spectrum of natural cytotoxicity receptors
(NCRs) and cytotoxic machinery. Their mouse counterparts are typically
shownas DBA* and may lose expression of NK1.1and DX5 markers. Recent
observations suggest that in both cases, uNK cells are potent producers
of angiogenic factors and anti-inflammatory molecules. These properties
make them helpers, rather than killers, of pregnancy. This pregnancy
compatible role of uNK cells has been shown to be compromised in the
scenarios of NK cell deficiency and exposure to inflammatory triggers. NK
cell deficiency has been shown to encourage heavy recruitment of Th17
T cells which cause pathogenic inflammation. Exposure to inflammatory
triggers such as bacterial and viral mimics (LPS or poly I:C) may either
convert uNK cells into TNF-a-producing cells or encourage recruitment of
NK cells which become TNF-a producing and NKG2D"t uNK cells. In an
environment of poor immune tolerance and impaired angiogenesis, these
NK cells are likely to induce fetal loss.

restriction, and recurrent miscarriage (Hiby et al., 2004, 2010).

Emerging evidence from the studies on a link between angio-
genesis and immune tolerance in tumor growth clearly points to
potentand overlapping mechanisms. Hypoxia drives angiogenesis
in tumors and also results in the release of inflammatory triggers
that can lead to rejection of tumors. Thus, it has been suggested
that the counter-activation mechanisms are invoked at the hypoxia
site to maintain the immunological escape of tumors. It has been
shown that tumor hypoxia promotes recruitment of Tregs which
in turn promote immune tolerance and angiogenesis (Facciabene
et al., 2011; Deng et al., 2013). A corollary of this is seen at the
maternal-fetal interface. Uterine Tregs develop in response to fetal
antigens and cross-talk with invading trophoblast cells (Erlebacher
2013b). They produce immunosuppressive and angiogenic factors,
including IL-10 and TGF-p. This may be an important role for Tregs
following the blastocyst implantation.

Can uNK cells and Tregs become foes to pregnancy?

As discussed earlier, uNK cells and Tregs are abundant dur-
ing the early stages of pregnancy. The current evidence suggests
that the primary role of uNK cells and Tregs is to exert immune
tolerance and to promote the spiral arteriolar remodeling and tro-
phoblast invasion, two key steps in placental growth and normal
pregnancy (Pijnenborg et al., 1981; Blois et al., 2011; Chakraborty
et al., 2012; Saito et al., 2013). A key question that has escaped
necessary scrutiny is what happens to these cells when women
experience recurrent spontaneous abortion or multiple implantation
failures. Emerging evidence in humans, although controversial,
suggests that circulating NK cells and Tregs undergo numerical
or functional changes in patients with a history of spontaneous
abortion, implantation failure or other pregnancy complications
(Moffett etal., 2004). However, itis not clear whether these changes
are reflected at the maternal-fetal interface (Moffett et al., 2004).
Below, we review the experimental and clinical observations that
support our initial view that uNK cells and possibly uterine Tregs
turn into foes of pregnancy in response to inflammatory triggers.

Experimental evidence

Uterine NK cells

We showed that pregnant mice experienced fetal resorption
when administered the bacterial product lipopolysaccharide
(LPS) or a viral mimic poly IC (Murphy et al., 2005; Thaxton et al.,
2013). Characterization of uterine immune cells suggested that
uNK cells increased in response to LPS or poly IC but employed
different mechanisms to induce fetal loss. The LPS treatment-
mediated induction of uNK cells was associated with changes
in their phenotypic and functional characteristics (Murphy et al.,
2005). The LPS-induced increase in uNK cells was associated
with an increase in NK1.1+ cells which became the potent source
of excessive TNF-a at the maternal-fetal interface. These cells
infiltrated into the placental zone, a feature not associated with
normal pregnancy. Most uNK cells in mice on gd8-14 are NK1.1-
and DX5 but are DBA*. This suggests that LPS treatment changed
their phenotypic characteristics. Moreover, since depletion of NK
cells supported pregnancy to term even in the presence of LPS,
we conclude that uNK cells have the capability to turn into foes to
pregnancy. Similarly, poly I:C treatment on gd6 resulted in exces-



sive expression of NKG2D on uNK cells and the NKG2D ligand,
Rae 1, on uterine macrophages (Thaxton et al., 2013). This led
to excessive TNF-a production and fetal loss on gd 9 or 10. The
role of NKG2D* NK cells in fetal loss was confirmed by depletion
of NKG2D+* NK cells which resulted in protection of pregnancy to
term. Surprisingly, in both cases, no changes were observed in
the spleens of either treatment group.

Recently, it has been shown that uNK cells control Th17 T cells
and maintain tolerance during allogeneic pregnancy. Using CBA/J
x DBA/2 abortogenic mating, Fu et al., demonstrated that the per-
centage of Th17 T cells increased among the total decidual CD4+
T cell population when compared with syngeneic CBA/J mating or
wild type allogeneic mating (Fu et al., 2013). These observations
suggest that abortion-prone CBA/J x DBA/2 mating may be as-
sociated with detrimental presence of Th17 T cells. Importantly, it
was further demonstrated that the absence of uNK cells promoted
developmentof Th17 T cells at the maternal-fetal interface and that
uNK cells exert their immune tolerance effects through suppres-
sion of Th17 T cells. Taken together, we propose that uNK cells
have the ability to harm fetal survival directly or by encouraging
propagation of other inflammatory immune cells (Fig. 2).

Uterine Tregs

The kinetics of appearance of Tregs in the uterus suggests that
these cells may be critical for successful implantation and mainte-
nance of pregnancy. Using Treg depletion and transfer approaches
in pregnant mice, several reports have confirmed a critical role of
Tregs inimplantation and pregnancy success. It has been reported
that depletion of Tregs using different approaches prior to mating
drastically impaired implantation (Aluvihare et al., 2004; Wang et
al., 2014). Treg depletion before pairing led to massive effector T
cell infiltration and inflammation in the uterine microenvironment
in both allogeneic and syngeneic mating pairs, suggesting that the
presence of Tregs prior to implantation creates a pro-implantation
microenvironment (Wang et al., 2014). On the other hand, Shima
et al., have shown that post-implantation depletion of Tregs did not
affect pregnancy outcome, implying that Tregs may not be needed
for maintenance of pregnancy (Shima et al, 2010). However,
these studies do not answer whether Tregs will become foes to
pregnancy under adverse conditions, attack the fetus, and lead to
pregnancy loss. Our unpublished observations support the view
that uterine Tregs have the ability to become hostile to pregnancy
when challenged in a poly I:C-induced microenvironment. These
cells do not acquire Th17 phenotype yet induce fetal loss. This
altered phenotype of uterine Tregs may be regulated by induced
NF-kB transcriptional machinery.

Clinical evidence

Uterine NK cells

Recent literature is replete with emerging evidence for dysregu-
lated NK cells and Tregs in recurrent spontaneous abortion (RSA),
repeated implantation failure and other pregnancy complications
(Quenby et al., 1999, 2009; Ntrivalas et al., 2001; Kwak-Kim et al.,
2010). Three consecutive miscarriages define RSA and it affects
1-3 % of all pregnancies. It is thought that unexplained RSA may
involve the immune system. Although uNK cells are phenotypically
and functionally distinct from their peripheral blood counterparts,
controversial studies suggest that peripheral blood NK cells can
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be examined and used to discern uNK cell behavior in women with
infertility and RSA. Most studies have focused on an increase in
the content and cytotoxicity of peripheral blood NK cells. Since the
percentage of NK cells varies in peripheral blood samples of healthy
individuals, it is difficult to set a guideline percentage of these cells
in women with RSA or infertility (Moffett et al., 2004). Moreover,
since uNK cells are less cytotoxic compared to their circulating
counterparts, measuring the cytotoxicity of peripheral blood NK
cells may not provide relevant information on the characteristics
of uNK cells (Moffett et al., 2004). Nevertheless, several recent
studies have characterized uNK cells in RSA patients. It has been
reported that the decidua from women with a history of RSA con-
tains a very high number of granulysin-postive and CD56%9" NK
cells (Nakashima et al., 2008). Interestingly, uNK cells have been
shown to promote immune tolerance and successful pregnancy by
dampening Th17 cells via IFN-y produced by the CD569"CD27+*
subset (Fu et al, 2013). These observations suggest that this
NK cell-mediated immune regulation is lost in RSA patients and
is coupled with an elevated Th17 response and extensive local
inflammation. We have previously demonstrated thatdecidual IL-10
deficiency in RSA patients was also associated with inflammatory
responses (Plevyak et al., 2002). Since uNK cells and Tregs cells
are potent producers of IL-10 in normal pregnancy and since this
cytokine also dampens Th17 functions (Chaudhry et al., 2011;
Stewart et al., 2013), it is plausible that extensive local inflamma-
tion is programmed by dysregulated uNK cells (Fig. 2).

Uterine Tregs
Recently, Tregs have also been extensively studied for their
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Fig. 3. Acquisition of inflammatory phenotype by uterine regulatoryT
cells (Tregs). As proposed in Figure 1, two sets of uterine Tregs could be
generated during pregnancy. Semen/seminal fluid specific Tregs develop
early and populate the implantation site. Their depletion or their poor devel-
opment and recruitment may lead to implantation failure. Importantly, we
propose that uterine Tregs could also be converted into inflammatory Tregs
in response to bacterial and viral triggers. This could also lead to excessive
production of TNFa and presence of Th17 T cells. This pathway will be the
cause of break-down in immune tolerance and angiogenesis and eventually
lead to fetal loss. Tregs are identified as cells intrinsically expressing surface
T cell markers CD4 and CD25 and the nuclear transcription factor FoxP3.
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altered phenotypic and functional characteristics in adverse preg-
nancy outcomes, particularly RSA (Sasaki et al., 2004; Lin et al.,
2009; Nakashima et al., 2012; Othman et al., 2012; Inada et al.,
2013, Quinn and Parast 2013). Again, the focus has been placed
onthe diagnostic use of peripheral blood Tregs. The use of circulat-
ing Tregs may or may not reflect the events at the maternal-fetal
interface. Nevertheless, the question arises whether changes in
Tregs seenincirculation are also seen atthe maternal-fetal interface
and whether the adverse uterine microenvironment dysregulate
the local Treg population. There could be subtypes of Tregs in the
deciduabased on their phenotypic markers, butthe importantissue
is whether these cells become detrimental to fetal growth. Itis quite
clear now that Tregs accumulate in response to specific antigens in
different organs (Arpaia et al., 2013; Shafiai et al., 2013). For ex-
ample, during homeostatic environment, commensal biota-specific
Tregsaccumulateinthe gut-associated lymphoid system (Furusawa
et al., 2013). Likewise, Tregs increase in number in the pregnant
womb, possibly in response to fetal antigens (Rowe et al., 2012;
Erlebacher 2013b). If they are to be altered in either percentage
or function, the antigen cross-talk may be compromised. There
is now evidence that Tregs can expand in response to microbial
infections and can be deleted due to an adverse cytokine storm
(Shafiai et al., 2013). This scenario may also exist in the uterus
of RSA patients. Indeed, the Treg percentage has been shown to
be decreased in the decidua of RSA patients (Sasaki et al., 2004;
Liu et al., 2013; Quinn and Parast 2013). It has been shown that
decreased Tregs are present in the decidua of miscarriage cases
with normal fetal chromosome content. Decreased decidual Tregs
may promote Th17 functions. Indeed, diminished Treg numbers
in RSA patients have been shown to be accompanied with an
increase in Th17 cells in circulation and decidua (Sasaki et al.,
2004). Extrapolating from these studies, Winger and Reed have
proposed that peripheral blood Tregs could be used as a superior
marker for assessing miscarriage risk in newly pregnant women
(Winger and Reed 2011). The caveat with all these studies is the
substantial inter-individual variations and sample size of patients
studied. Nevertheless, these results suggest that Tregs undergo
changes in RSA or infertility which may be linked to hormonal
dysregulation, impaired antigen education, or microbial infection
and inflammation (Fig. 3). Experimental models can thus help in
deciphering the exact roles of decidual Tregs in early pregnancy
fetal loss.

Conclusions and perspectives

Currently, with the exception of anti-phospholipid antibody testing
among women with RSA (Erkan et al., 2014), no otherimmunologi-
cal test or immunomodulatory treatment exists that can be used
for reproductive failures. Based on the preponderance of NK cells
in the pregnant womb and experimental observations, it has been
proposedthat NK cells, including those from peripheral blood, could
be used as a special predictive marker of RSA. However, this has
been refuted because peripheral blood NK cells are distinct from
those from decidual NK cells. The latter category is non-cytotoxic
and provides angiogenic help by virtue of producing angiogenic
factors. These cells also interact with invading trophoblast cells and
direct them to transform spiral arteries in the uterus. We propose
that the angiogenic properties of uNK cells impart a non-cytotoxic
phenotype to these cells. Itis perhaps an unscheduled break down

of this phenotype that may be imprinted in the case of unexplained
RSA. It may be possible to take advantage of peripheral blood NK
cells to understand NK cell biology in RSA patients. Cerderia et
al., have recently demonstrated that peripheral blood NK cells can
be converted into a subpopulation which resembles decidual NK
cells. It is possible that NK cells from RSA patients have lost this
ability (Cerdeira et al., 2013). This difference can be exploited to
understand the molecular defects in NK cells from RSA patients.

Similarly, uterine Tregs and even their peripheral blood coun-
terparts may be superior markers in patients with RSA. One key
feature of Tregs in pregnancy is that they increase in a pregnancy-
dependent manner in both peripheral blood and uterine compart-
ments. It has been shown that the percentage of Tregs decreases
in RSA patients, suggesting that either Th17 cells take over or
that fetal antigen dependent development of Tregs is impaired
in response to inflammation, infection, or other environmental
factors. A better understanding of these issues will advance the
use of immunological marker in RSA patients. In this context, the
observation that patients with a history of unexplained RSA ex-
perience reduced rate of miscarriage when treated with filgrastim
(granulocyte colony stimulating factor) is noteworthy (Scarpellini
and Sbracia 2009). It is also possible that uterine Tregs acquire
an inflammatory phenotype and produce inflammatory cytokines
instead of immunosuppressive IL-10 and TGF-f. These concepts
should be pursuedto better understand the causative mechanisms
for early pregnancy loss. At least, this appears to be the case in
experimental settings.
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