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Immune modulation at the fetomaternal interface is crucial to ensure that the fetal allograft is not rejected. In the present review, the
focus is to describe basic functions of lymphocyte populations and how they may contribute to fetomaternal immune regulation, as
well as determining what proportions and eﬀector functions of these cells are reported to be present in placental tissues in humans.
Also explored is the possibility that unique cell populations at the fetomaternal interface may be targets for adoptive cell therapy.
Increasing the understanding of immune modulation during pregnancy can give valuable insight into other established ﬁelds such
as allogeneic hematopoietic stem cell transplantation and solid organ transplantation. In these settings, lymphocytes are key
components that contribute to inﬂammation and rejection of either patient or donor tissues following transplantation. In
contrast, an allogeneic fetus eludes rejection by the maternal immune system.

1. Introduction
Immunological tolerance and defensive mechanisms of
foreign tissue were ﬁrst discussed by Murphy [1] and Owen
[2]. However, the concept of acquired immune tolerance
was introduced deﬁnitively by Billingham and Medawar in
1953 [3].
The sites at which the fetal and maternal tissues are in
contact can be referred to as the fetomaternal interface and
can be divided into two compartments. The ﬁrst of which is
between the maternal decidua and the fetal chorionic plate
and chorionic membrane. Depending on whether the
decidua is in contact with the site of implantation or with
the fetal membranes is referred to as the decidua basalis or
decidua parietalis, respectively. The second interface is
where the maternal blood is in contact with the placental
body and interacts with fetal trophoblasts. Thus, fetal
and maternal tissues are not completely separated and
immune cells have access to fetal tissues, driving complex

tolerogenic immunological mechanisms to prevent
rejection of the fetal allograft. The objective of this review
is to discuss some of these mechanisms in the light of
the current literature, with particular emphasis on
lymphocyte function at the fetomaternal interface and
how these cells may contribute to immune modulation
during pregnancy.

2. T Cell Priming and Fetal
Antigen Presentation
The placenta can be regarded as a haploidentical transplant.
However, transplantation of a solid organ or hematopoietic
stem cells leads to rejection or graft-versus-host disease
(GVHD) without proper immunosuppressive interventions,
while pregnancy is tolerated. Thus, there must be fundamental diﬀerences in these two entities in the priming and eﬀector
responses of the immune system to nonself. Acute graft
rejection is driven by direct and indirect allorecognition [4].
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Donor or recipient tissue-resident antigen presenting cells
(APCs) collect graft antigens and migrates to adjacent
lymphoid organs. Presentation of a foreign peptide to a
T cell by a foreign APC elicits a stronger response in a
larger quantity of T cell clones than if a foreign peptide
is presented by self APCs [5]. Interestingly, studies have
indicated that indirect allorecognition―and not direct
allorecognition―is the major pathway for the maternal
immune system to recognize fetal antigens [6, 7]. Using an
Act-mOVA system [8], predominant maternal APC presentation of fetal antigens is suggested, as OVA-speciﬁc T cells
respond to Act-OVA transgenic fetuses but not to fetuses
deriving from control males [7, 9].
Moreover, trophoblasts have shown to have no expression of major histocompatibility complex (MHC) class II
molecules, which limits the priming of CD4+ T cells by fetal
cells in the placenta [10]. Trophoblasts also have expression
of human leukocyte antigen- (HLA-) C, HLA-G, and HLAE, while expression of the more polymorphic HLA-A and
HLA-B is limited, resulting in a reduced recognition of
alloantigens. HLA-C is the only classical HLA molecule
expressed by fetal trophoblasts. Interestingly, a study with
HLA-C mismatch between mother and father showed an
increase in frequencies of CD4+CD25dim T cells in decidual
tissue [11]. Additionally, the placental tissues also contained
CD4+CD25high cells, supposedly regulatory T cells (Tregs).
This was not seen in pregnant women when the mismatch
was for HLA-DR or HLA-DQ.
Besides the restriction of indirect allorecognition for
activation of T cells, studies have indicated that the dendritic
cells resident in the decidua are constrained in their ability to
leave the tissue and migrate to adjacent lymph nodes where
they can activate circulating T cells [12]. Collins et al. have
suggested that the dendritic cells (DCs) in the decidua are
immobile despite being responsive to the chemokine
CCL21, one of the ligands for CCR7 that enable homing to
lymphatics. The DCs stay immobile even after being activated through exposure to lipopolysaccharides.
Lymphangiogenic molecules are produced by the ﬁrst or
second trimester ex vivo cultured invasive cytotrophoblasts.
These cells have shown to stimulate lymphatic remodeling
and growth of lymphatics when transplanted into an in vivo
model [13]. Thus, the process by which cytotrophoblasts
enable lymphatic remodeling may be important in implantation and vascularization [14]. In contrast, a later study
showed that the lymphatics disappeared in human endometrium following decidualization [15], limiting the possibility
of primed DCs to migrate to lymphoid organs. Interestingly,
extravillous trophoblasts may enter decidual veins as early as
week 5 of gestation [16, 17]. The implication of this for fetomaternal tolerance is not known. This does not rule out the
possibility of fetal-derived peptides reaching the lymph
nodes and being taken up by APCs. Exosomes containing
fetal peptides are readily produced by placental tissues
throughout pregnancy and may contribute to modeling
immune responses and contribute to transport fetal peptides
for antigen presentation [18]. To our knowledge, there are no
studies investigating if these exosomes can contribute to
partial central tolerance towards the fetus during pregnancy.
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In addition to reduced DC migration for eﬃcient T cell
priming, reports are suggesting that gene silencing in the
decidua prevents migration of eﬀector T cells to the fetomaternal interface [19]. Speciﬁcally, upon activation by tumor
necrosis factor- (TNF-) α, the myometrium upregulates the
levels of transcription for RNAs encoding Ccl5, Cxcl9, and
Cxcl11 whereas stromal cells from the decidua do not. These
genes encode chemokines that are ligands for CXCR3, which
is present on Th1 cells and increase their homing towards
tissues expressing these chemokines. Altogether, the results
of these studies indicate that one way of maintaining fetomaternal tolerance is to limit allorecognition, inhibit APC
migration to lymph nodes, and reduce inﬁltration of eﬀector
T cells.

3. Lymphocyte Cell Composition at the
Fetomaternal Interface and Their
Role in Tolerance
3.1. NK Cells. A major diﬀerence between a transplanted allograft and the fetomaternal interface is their diﬀerent immune
cell composition. The majority of immune cells present in
these tissues are natural killer (NK) cells [20]. One of
the known roles of these cells is to increase and modulate
the vascularization between the placenta and the uterus to
enable suﬃcient blood ﬂow at the fetomaternal interface.
Deﬁciencies in this process inhibits the growth of the fetus
with adjacent tissues and may lead to preeclampsia [10, 21].
NK cell is also immunologically relevant in maintaining
tolerance during pregnancy.
The NK cells found in the decidua during pregnancy are
functionally and phenotypically diﬀerent from conventional
NK cells found in adults and children [20, 21] and are
referred to as decidual NK (dNK) cells. Phenotypically, these
cells have a very high expression of CD56. During the ﬁrst
trimester, dNK cells may comprise up to two thirds of the
total lymphocyte repertoire [22]. NK cells in peripheral blood
range between 5–30 percent and approximately 0–7 percent
of the NK cells are activated [23]. Compared to conventional
NK cells, dNK cells have an increased expression of natural
killer group 2 (NKG2) receptors [24–26]. These receptors
recognize antigens presented by HLA-C and HLA-E. Moreover, dNK cells have a high expression of killer cell lectinlike receptor subfamily D (KLRD1) [27], CD9 [28], and
CD49a [29] and an increased frequency of expression of
CD69 [22]. This shows that many dNK cells display a more
activated phenotype. Indeed, the cytokine production in
dNK cells is high [30] but despite having granules for
cytotoxic ability, these granules fail to work eﬃciently
and dNK cell cytotoxicity is therefore low [26]. There are a
couple of diﬀerent studies suggesting mechanisms for how
the cytotoxic ability of dNK cells is impaired. Decidual macrophages can inhibit dNK cells cytolytic ability in a transforming growth factor- (TGF-) β-dependent manner [31].
The known roles of decidual macrophages in fetomaternal
tolerance have been thoroughly covered in a review by
Svensson-Arvelund and Ernerudh [32]. Furthermore, the
cytotoxic ability of dNK cells is reduced by recognition of

Stem Cells International
HLA-E expressed on trophoblasts [26, 33]. Additionally,
dNK cells may interact with HLA-G+ extravillous trophoblasts (EVT). During the interaction of dNK cells and
EVT, HLA-G can be acquired by the dNK cells, while during internalization and degradation, possible signaling of
HLA-G leads to reduced cytotoxicity in dNK cells. However, dNK cell cytotoxicity can be increased in an inﬂammatory milieu [34, 35]. One study showed that those dNK
cells in contact with cytomegalovirus-infected cells became
cytotoxic following activation through NKG2C/D/E receptors [36]. Another study demonstrated dNK cells expressing
the killer cell Ig-like receptor 2DS1 had cytotoxic function
towards human cytomegalovirus presented by HLA-C2
on decidual stromal cells in vitro [37]. The secretory functions of dNK cells are distinctive from conventional NK
cells in vitro. When stimulated with interleukin- (IL-) 15,
dNK cells can produce interleukin- (IL-) 8, interferoninducible protein- (IP-) 10, vascular endothelial growth
factor (VEGF), placental growth factor [30], interferon(IFN-) γ, and TNF-α [38]. These cytokines and growth
factors are crucial for angiogenesis and arterial remodeling
in early pregnancy.
IFN-γ is associated with Th1-like responses, including
activation of macrophages, upregulation of MHC class I on
APCs and epithelia. dNK cells may also contribute to modulating Tregs. IFN-γ induces production of indoleamine-2,3dioxygenase (IDO) [39]. IFN-γ production by dNK cells
can induce IDO expression in CD14+ cells in the decidua.
When dNK cells were cocultured with CD14+ cells from the
decidua and T cells, the frequency of Tregs was increased
[40]. In the same setting, using conventional NK cells from
the peripheral blood or only decidual CD14+ cells did not
aﬀect Treg frequencies. The frequency of Tregs in this system
was also decreased when an anti-TGF-β antibody was added.
Furthermore, decreased expression of killer immunoglobulin
receptors (KIR) on NK cells in peripheral blood of women is
associated with recurrent spontaneous abortions or unsuccessful implantation [41]. However, it is diﬃcult to assess
whether the shift in expression has implications in the
implantation or in maintaining tolerance against paternal
antigens. NK cell receptor activation leads to IFN-γ secretion
through distinct pathways [42–44], and IFN-γ seems to be
important for both implantation and to maintain tolerance
during pregnancy. Investigating this axis would be interesting, especially with regard to expression of 2B4 and other
coreceptors in dNK cells. This may give additional insight
on the role of dNK cells in fetomaternal tolerance.
One study that used diﬀerent toll-like receptor (TLR)
stimulation on dNK could show diﬀerences in IFN-γ and
IL-6 and TNF-α concentrations in supernatants when cultured in vitro [45]. The highest amount of these cytokines
were produced when the cells were stimulated with TLR3
or TLR9. TNF-α production was favored when the cells were
stimulated with TLR2, TLR3, and TLR9. dNK cells also
showed to produce chemokines that may attract both granulocytes and T cells, including chemokine ligand (CCL) 5,
IL-8, CCL3, and CCL4. NK cells in peripheral blood can
produce trace amounts of IL-10 and TGF-β [46], but the
translation of this regulatory NK cell subset in dNK cells
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or the presence of IL-10 producing NK cells in placental
tissues has not been investigated to our knowledge.
A possible mechanism of immune regulation during
pregnancy is through the downregulation of NKG2 on
PBMCs [47]. This inhibits NKG2-dependent cytotoxic
responses at the fetomaternal interface and is caused by production of MHC class I chain-related proteins A and B by
syncytiotrophoblasts in the placenta.
3.2. B Cells. Certain maternal antibodies are known to be able
to cross the placental barrier to provide a passive defense to
the fetus [48, 49].
As early as the 1990s, a potential role for B cell frequencies in blood was identiﬁed. Maternal serum was shown to
stimulate B cells to reduce production of IgM and increase
production of IgA and IgE, while IgG production remained
stable [50].
B cell activating factor (BAFF) is important for maturation of B cells [51]. A study by Lundell and colleagues can
show that BAFF is produced by decidual stromal cells and
BAFF levels are high at birth [52]. BAFF is induced in DSCs
by interferon-γ/interferon-α, which can be produced by dNK
cells. Increased BAFF levels in children are associated with a
higher frequency of CD27+ memory B cells [53]. The same
study also showed that infants with allergies at 18 months
were associated with lower cord blood BAFF levels compared
to infants with no allergic symptoms.
Changes in B cell subsets during pregnancy have also
been linked to disease outcome in children postpartum. For
instance, atopic asthmatic mothers were shown to have
increased frequencies of transitional B cells (IgMhiCD38hi)
as opposed to healthy pregnant mothers. Moreover, the
atopic asthmatic mothers with the highest frequencies of
transitional B cells were shown to have an increased risk of
progeny with allergies [54]. Additionally, CD5+ B cells were
shown to be reduced during pregnancy in the blood of
healthy women, only to return to normal levels within
2 months’ postdelivery. No diﬀerence was seen for other
B cellular subsets [55].
B cells in the fetomaternal interface may protect
against fetal rejection by asymmetric IgG production. This
is thought to be inﬂuenced by Th2 cytokines produced
from switching from a Th1 to Th2 phenotype in blood
during pregnancy [56, 57].
Regulatory B (Bregs) cells are currently a focal point of
research in the fetomaternal interface. In a recent review by
Guzman-Genuino and Diener, the role of Bregs in transplantation, cancer, autoimmunity, and pregnancy are discussed
in detail. IL-10 producing Bregs are of special interest in the
pregnancy context, as IL-10 can be detected at heightened
levels in the fetomaternal interface and is thought to counterbalance the proinﬂammatory response associated to fetal
rejection [58]. The role for IL-10 in pregnancy can however
be debated, as in vivo models have shown that successful
pregnancy can be IL-10 independent [59].
3.3. γδ T Cells. Another cell population that has been inadequately discussed regarding a role during gestation and fetomaternal tolerance is γδ T cells. These cells constitute 5–10%
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of circulating T cells in adult peripheral blood and represent a
bridge between innate and adaptive immunity [60]. The frequency of these cells is similar in decidua [61]. In umbilical
cord blood, γδ T cells are less frequent than in peripheral
blood, representing less than 1% of the lymphocytes [62].
Additionally, γδ T cells in umbilical cord blood are more
naive and show a polyclonal repertoire with predominance
of the Vδ1 subtype in contrast to peripheral blood where
Vδ2 is in abundance [63]. γδ T cell function and their speciﬁc
phenotype in the human placenta and at the fetomaternal
interface have been described to some extent. Earlier studies
suggest that γδ T cells in the decidua are skewing the immune
response towards Th2 at the maternal-fetal interface [64, 65].
This is mediated by the production of IL-10 and TGF-beta
[65, 66]. The importance of decidual γδ T cells for Th2 skewing via cytokines was later conﬁrmed by Fan et al. [67] which
also showed that the cells enhance trophoblast growth and
invasion. This implies their dual role in both modulating
the immune response in favor of fetomaternal tolerance as
well as placental growth. What complicates the interpretation
of the role of γδ T cells is that their phenotype diﬀers greatly
between the parietalis and basalis. In the former, more
than 50% express Vδ1, while the latter more resembles
peripheral blood with more than 90% expressing Vδ2
[68]. Studies on peripheral blood comparing healthy pregnant women and women at risk of premature pregnancy
termination suggest that an increase in the Vδ2/Vδ1 ratio is
associated with an increased risk of termination via a shift
in Th1/Th2 balance [69].
3.4. Invariant Natural Killer (iNK) T Cells. iNKT cells
are identiﬁed by expression of the complementaritydetermining region 3 conserved invariant T cell receptor
chain Vα24-Jα18 and the more diverse Vβ11 [70, 71] receptor chain. They are activated through interaction with glycolipids presented by the nonclassical MHC complex CD1d
[72]. These cells are potent eﬀector cells and can produce
cytokines such as IFN-γ, IL-4, IL-13, TNF-α [73, 74], and
IL-10 [75]. They also have cytotoxic ability [72], primarily
through the Fas/FasL pathway [76].
The iNKT : T cell ratio is increased early following allogeneic hematopoietic stem cell transplantation in patients
receiving conditioning with total lymphoid irradiation
(TLI) combined with antithymocyte globulin (TLI) [77, 78].
These patients had a reduced incidence of GVHD. Moreover,
a high number of iNKT cells in donor grafts are associated
with of GVHD-free survival [79]. In a phase IIa trial,
one third of the patients that received an iNKT ligand
(RGI-2001) combined with sirolimus had increased frequencies of regulatory T cells [80]. However, it is diﬃcult to assess
the role of iNKT in this setting as SRL alone can promote
Tregs [81, 82]. Murine studies further demonstrate the
importance of iNKT cells for reduced incidence of GVHD
and expansion of Tregs [83]. Thus, high numbers of iNKT
cells in the allogeneic setting seem to be favorable for
maintaining tolerance.
Comparatively, iNKT cells are highly enriched in the
decidua compared to peripheral blood [84]. Upon stimulation with αGalCer or anti-CD3, decidual iNKT cells
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produced more IFN-γ and granulocyte macrophage-colony
stimulating factor than IL-4 compared to iNKT cells from
peripheral blood. Thus, it can be speculated that immunomodulation by iNKTs at the fetomaternal interface is directed
towards functions associated with IFN-γ.
There are several murine studies linking iNKT function
to pregnancy loss following administration of αGalCer
[85–89]. αGalCer-stimulated pregnancy loss was associated
with perforin when given early. In contrast, when given at
later stages of pregnancy, it was associated with IL-2 and
TNF-α [89]. This emphasizes the importance of diﬀerent
functions at diﬀerent time points during gestation. Li et al.
showed that administration of αGalCer reduces the number
of decidual Tregs, as well as their ability to produce IL-10
and TGF-β [88]. The same study also shows that administration of both αGalCer and an anti-IFN-γ antibody restored
Treg function in vitro. Although the majority of studies
regarding iNKT cells during pregnancy indicates that iNKT
cells may contribute to loss of tolerance and labor induction,
there is a need for more studies exploring mechanisms for
iNKT enrichment and function at the fetomaternal interface,
especially in the human setting.
3.5. Innate Lymphoid Cells. Innate lymphoid cells (ILCs) can
be divided into three groups: ILC1, ILC2, and ILC3. The ILC1
and ILC3 groups also have transcriptional, phenotypical, and
functional heterogeneity [90–92]. Vacca et al. described the
presence of ILCs in the decidua, showing that human ﬁrst trimester decidua is host to two types of ILC3s [93]. One type
was capable of producing IL-22 and IL-8, and the other one
could secrete TNF-α and IL-17A. ILC1 cells were also present
and produced IFN-γ. The same group also showed that
ILC3s were present in the decidua in the proximity of neutrophils, suggesting that ILC3s contribute to the recruitment of
neutrophils during the ﬁrst trimester [94]. Moreover, coculture of ILC3s and decidual neutrophils increased survival of
the neutrophils, whereas dNK cells could not. ILC3s were
able to produce GM-CSF and CXCL8, which promote
survival and migration in neutrophils. Thus, present data
suggests that ILCs at the fetomaternal interface may contribute to microbial defense. Their role in fetomaternal tolerance
is yet unexplored. A summary of ﬁndings in humans of
lymphocytes discussed so far is presented in Table 1.

4. CD8+ T Cells
Compared to the NK and macrophage compartment, the
number of T cells at the fetomaternal interface is low [95].
Compared to peripheral blood, where the T cell compartment contains more CD4+ cells than CD8+ cells, the fetomaternal interface contains more CD8+ T cells [61, 96, 97]. A
recent study has shown that there is an accumulation of
virus-speciﬁc eﬀector memory (TEM) CD8+ T cells in the
decidua during uncomplicated pregnancy, which may suggest that the skewing of the CD8+ T cell compartment may
be to manage infections rather than allogeneic responses
against fetal tissues [98]. CD8+ dT cells have been shown to
be less cytotoxic than their counterpart in peripheral blood
[99, 100]. These cells also appear to almost exclusively exert
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Table 1: Proportions of lymphocytes in human placental tissue and ﬁndings ex vivo relating to outcome or lymphocyte function.
Cell

Compartment

NK cells

T1 Dec
T1 Dec basalis
T1 Dec
T1 Dec basalis

B cells

Approximate abundance

Comment

Reference

50–70% of Dec cells

CD3-CD56+(+)
Low cytotoxic function
↑ Tregs by IFN-γ → IDO
TLR chemokine patterns

[22, 219, 220]
[26]
[40]
[45]

↓ BAFF → allergy and decreased B cell maturation

[53]

Naive. Vδ2 skewing

[61]
[62]

Th1 cytokine bias

[84]

IL-17A and IL-22 ICS

[93]

Term CB
+

γδ T cells

T1 Dec
Term UCB

5% of CD3
1% of lymph

iNKT cells

T1 Dec

0.5% of CD3+ versus 0.01% in PB

ILCs

T1 Dec

BAFF: B cell activating factor; CD: cluster of diﬀerentiation; Dec: decidua; CB: cord blood; ICS: intracellular staining; IDO: indoleamine-2,3-dieoxygenase;
ILC: innate lymphoid cells; lymph: lymphocytes; NK: natural killer; PB: peripheral blood; T1–3: trimester 1–3; UCB: umbilical cord blood.

an eﬀector memory phenotype [100]. Interestingly, despite
having a lower expression of perforin and granzyme (GZM)
B, the mRNA expression of these proteins are high [100].
Two studies from the Rao lab have presented data indicating
that persistent IL-2 receptor α (IL-2Rα) signaling can induce
endoribonuclease dicer to produce microRNA to control
perforin of CD8+ T cells during inﬂammation [101, 102].
The same studies also suggest that perforin transcription is
regulated by signal transducer and activator of transcription
5 (STAT5) and eomesodermin [102]. We performed a study
where we investigated how decidual stromal cells aﬀected IL2 production and IL-2R expression and signaling. We could
observe that DSCs increased IL-2 production in an allogeneic
setting in vitro [103]. This was followed by a high expression
of the IL-2Rα in CD8+ T cells. Furthermore, we showed that
even though IL-2Rα expression was high, the expression of
the high-aﬃnity IL-2Rαβγc complex was reduced. This was
associated with a signiﬁcantly reduced IL-2 internalization
and STAT5 signaling in CD8+ T cells. Thus, we suggest a
hypothesis where DSCs induce a persistent high IL-2 production that through several pathways limits the eﬀector function of CD8+ T cells. The increased production of IL-2 by
DSCs may also contribute to the abundance of CD8+ dT cells
with an eﬀector memory phenotype, although the role of
IL-2 in CD8+ T cell diﬀerentiation is diﬃcult to determine
[102, 104]. One recent study suggested that these cells have
an increased expression of programmed death-1 (PD-1),
indicating exhaustion as a possible mechanism with reduced
eﬀector function as a consequence [105]. We did not observe
this when allostimulated CD8+ T cells were cultured with
DSCs, but in the absence of DSCs and addition of equivalent
concentrations of IL-2 as provided through DSCs, the cells
expressed increased levels of PD-1 [103]. This indicates
that DSCs contribute to reduce exhaustion in T cells,
despite high concentrations of IL-2. How DSCs induces
IL-2 is not known. A recent report by Fragiadakis et al.
compared paired samples from maternal peripheral blood
and cord blood at term and compared the evoked immune
features upon stimulation with a cocktail of IL-2, IL-6,
IFN-α2A, and granulocyte macrophage-colony stimulating
factor (GM-CSF) [106]. Although the aim of the study is
more directed towards peripheral immunity, they were

able to show that T cells in maternal peripheral blood
were hyporesponsive compared to T cells from cord blood.
The study did not include immune cells isolated from the
fetomaternal interface.

5. CD4+ T Cells
5.1. Th1 T Cells. A relatively high frequency of the T helper
cell subset Th1 (identiﬁed by the transcription factor Tbet+
[107]) is present in maternal blood compared to umbilical
cord blood at term [106]. These cells are characterized by
their ability to produce IL-2, IFN-γ, and TNF-β, and can be
diﬀerentiated following exposure of IL-12 [108]. Th1 cells
(identiﬁed as CXCR3+CCR4−CCR6− [109]) have been shown
to be more abundant in the ﬁrst trimester decidua compared
to peripheral blood, while Th2 and Th17 ratios are lower
compared to peripheral blood [110]. The study does not
specify if the decidual lymphocyte cells were isolated from
decidua basalis or decidua parietalis. This is in line with the
high number of CD8+ T cells, where Th1 cells may be important for enhancement of the probability of activation of CD8+
cells [111], while Tregs support tolerance of the fetus. There
has also shown to be a correlation between NK cells and
Th1 priming [112]. The ability of dNK cells to prime Th1
cells at the fetomaternal interface is not known. Interestingly,
this observation is in contrast to the study by Karjalainen
et al., which showed in mice that decidual stromal cells
(DSCs) may be able to use chemokine gene silencing to prevent CXCR3+ Th1 cells from reaching the placenta. There is
also additional work in murine models suggesting that
CXCR3 is involved in spontaneous preterm birth [113]. A
study by Saito et al. showed that there was no signiﬁcant
increase of IFN-γ secreting cells in human peripheral
blood during any trimester in pregnancy [114], whereas
Matthiesen et al. showed increased numbers of IFN-γ+
and IL-4+ cells in all trimesters [115]. The disparity in results
is probably due to diﬀerences in methods to detect these cells
and that many cells can produce IFN-γ. However, the high
ratio of Th1 cells in decidua is interesting as they secrete
IFN-γ, although dNK is likely the largest producer of IFN-γ
in this setting. IFN-γ activation leads to a broad transcription
proﬁle and diverse immunological functions [116, 117],
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including priming adaptive immune responses, inhibiting
cell proliferation and inducing apoptosis [118]. IFN-γ is also
important for production of IDO [119], which can be
important for tolerance and induction of Tregs [120–123].
During uncomplicated pregnancy, concentrations of IFN-γ
are low in the periphery and are signiﬁcantly lower in
the third trimester compared to healthy controls [124],
but the concentration is nonsigniﬁcantly increased in
patients with preeclampsia. The frequency of Th1 cells has
shown to be increased in preeclampsia [114]. In women with
multiple sclerosis (MS), symptoms are reduced during
pregnancy and are associated with a decrease of Th1 cells
[125, 126]. Interestingly, relapse of MS postpartum is associated with a continued decline of Th1 cells, while patients that
remain in remission have restored Th1 values. Murine studies have shown that Th1 cells inhibit Treg induction during
pregnancy and induce fetal loss [127]. The broad spectrum
of function initiated by IFN-γ points towards an understanding that the regulation of IFN-γ is important during
pregnancy and that the balance of IFN-γ may be important
for maintaining fetomaternal tolerance. Inhibiting IFN-γ
increases proliferation of allostimulated PBMCs that were
otherwise suppressed by DSCs [120]. In contrast, DSCs suppress the secretion of IFN-γ in the same system [128]. Furthermore, pretreatment of DSCs with IFN-γ reduced their
ability to inhibit alloantigen-induced proliferation [120].
5.2. Th2 T Cells. In contrast to Th1 cells, a Th2 phenotype
is somewhat increased in peripheral blood during pregnancy and a Th2 predominant immunity has been thought
to be associated with uncomplicated pregnancy [129].
Indeed, early studies have indicated that the cytokine proﬁle
at the fetomaternal interface was skewed towards Th2 [130].
However, as also stated by Saito et al. [129], the importance
of Th2 cells in maintaining fetomaternal tolerance should
probably be revised. There are several studies questioning
the importance of Th2 cells for the maintenance of fetomaternal tolerance during pregnancy, and their role appears to
be of less importance compared to other T helper eﬀector
cells. It is, however, important to also note that the proportions of these T cells can vary over time during pregnancy,
and many studies focus in a set time point, mostly early pregnancy. Th2 cells are characterized by expression of the transcription factor GATA3 [131, 132] and are induced by IL-4
[133, 134]. The frequencies of Th2 (CCR4+CXCR3−CCR6−)
cells have in one study been shown not to diﬀer signiﬁcantly
in blood compared to the ﬁrst trimester decidua [110]. Additionally, another murine study demonstrated that knockout
of the Th2 eﬀector cytokines IL-4, IL-5, IL-9, and IL-13
did not necessarily lead to fetal loss [135]. In a recent study
investigating the transcriptional proﬁle of human decidual
lymphocytes, it was shown that the T cells in the decidua
had a predominant Th1, Th17, and Treg proﬁle [136]. In
contrast, Kostlin et al. isolated granulocytic myeloid-derived
suppressor cells (MDSCs) from human placenta. Where
placenta-derived MDSCs were cocultured with PBMCs, they
saw a shift towards a Th2 phenotype in an in vitro system
[137]. Thus, the Th1/Th2 paradigm and its importance in
fetomaternal tolerance still require exploration.
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5.3. Th17 T Cells. Although a proportion of cells in the
decidua have been shown to be associated with secretion of
IL-17 [136], the frequency of Th17 cells is lower in the
decidua compared to peripheral blood in the ﬁrst trimester
[110]. A similar study suggested that there is an increased frequency of IL-17 producing cells among lymphocytes in the
decidua compared to peripheral blood [138]. The master regulator of Th17 cells is RORC [139], and the cells can be
induced by IL-6, IL-1β [140], IL-21, and TGF-β [141–143].
Th17 cells have been associated with a wide range of inﬂammatory complications where mechanisms of central/peripheral tolerance are insuﬃcient, including autoimmunity
[144–146] and graft-versus-host disease [147, 148]. Elevated
levels of IL-6 could be detected at the onset of spontaneous
abortions [149]. Indeed, patients with recurrent miscarriage
also had increased frequencies of CD4+ T cells expressing
CCR6 and IL-17 [150]. A similar result was shown by
Santner-Nanan et al., where the ratio of Tregs/Th17 was
increased in healthy pregnancies compared to pregnancies
ending in preeclampsia [151]. IL-17 produced by T cells
has also been linked to contribute to inﬂammation in human
amniotic mesenchymal cells by enhancing the production of
IL-8 synergistically with TNF-α [152].
It is diﬃcult to assess whether it is the Th17 cells that
promotes inﬂammation in these settings, or if the results
are a consequence of a reduction in Tregs. Tregs, or more
speciﬁcally the transcription factor forkhead box P3
(FOXP3), suppress diﬀerentiation of Th17 cells [153] which
in part can result in a Treg-dependent balance between Tregs
and Th17 cells. Interestingly, IFN-γ has also been shown to
suppress diﬀerentiation of Th17 cells from naive T cells
[154], adding more complexity to the regulation of Th17
cells. In contrast to Th1 and Tregs, the mechanisms of
Th17 function and immunity at the fetomaternal interface
are yet relatively unexplored, including the role of Th17
cells for production of antimicrobial peptides [155] and
recruitment of neutrophils [156].
5.4. Regulatory T Cells. The concept of cellular immunity was
formed in the seventies and eighties when patients that
received blood transfusions showed weaker responses to
mitogenic stimuli in vitro [157, 158]. However, it would be
more than a decade before Tregs were identiﬁed [159–162].
Treg function is dependent on expression of FOXP3
[160, 162]. Tregs have a high expression of CD25, cytotoxic
T lymphocyte antigen- (CTLA-) 4 [163], and a low expression of IL7-Rα [164–166]. Tregs can be divided based on
origin and eﬀector function [167]. They can either be generated in the thymus or be induced in the periphery. Tregs
can be divided into central Tregs and eﬀector Tregs. Eﬀector Tregs have low expression CCR7 and CD62L, while nonactivated Tregs have higher expression of CCR7 and CD62L
[167, 168]. Upon TCR, CD28, and IL-2 stimulation, central
Tregs will develop an eﬀector phenotype and can have
suppressive functions. Tregs are critical for maintaining
peripheral tolerance and reduced levels are associated with
poor outcomes in pregnancy [169, 170]. Tregs have a central
role for fetomaternal tolerance and are detected in increased
frequencies at the fetomaternal interface. In comparison, the
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frequencies of Tregs in peripheral blood between pregnant
and nonpregnant women are similar [110, 123, 171, 172].
Eﬀector CD45RA− Tregs from term decidua parietalis are
increased compared to peripheral blood and the endometrium [173, 174]. This is not seen in the peripheral blood of
second trimester women [175, 176].
Increased levels of Tregs have been shown in patients
with miscarriages [177], and Mjosberg et al. observed that
Treg frequencies were reduced in the second trimester as a
possible result of hormonal changes [178]. Peripheral Tregs
in the second trimester of women with preeclampsia had an
increased expression of CTLA-4 and CCR4 [175].
Continuous TCR, CD28, and IL-2 stimulation is important for Treg expansion and survival [179–181]. FOXP3
represses production of IL-2 by Tregs themselves [182] and
thus Tregs are dependent on other cells to provide IL-2. In
contrast to conventional T cells, which seem to accumulate
a reduced sensitivity to IL-2 signaling following alloactivation, Tregs maintain a high expression of pSTAT5 following
exposure to IL-2 [103]. A recent study by Chinen and colleagues showed that IL-2 induced STAT5 signaling facilitated
suppressive Treg function independently of TCR activation
[183]. An earlier observation by Szymczak-Workman et al.
also showed that TCR signaling is not necessary for suppressive Treg function [184]. Interestingly, we demonstrated that
DSCs altered T cell responsiveness by inducing a high production of IL-2. One may speculate that this mechanism
may favor Tregs at the fetomaternal interface, as they are less
sensitive to IL-2R depletion and can have suppressive function in presence of IL-2.
Tregs can produce IL-10 to suppress immune responses
[185, 186] and are important in maintaining tolerance
[187]. CTLA-4 is crucial for Treg function [188–190].
CTLA-4 binds to CD80/CD86 on APCs and through this,
interaction induces indoleamine-2,3-dioxygenase (IDO) in
the APCs [191, 192]. CTLA-4 has been shown to reduce the
expression of costimulatory molecules on APCs [188, 193]
by transendocytosis [194, 195]. The intrinsic eﬀects of
CTLA-4 on Tregs are not known and under investigation
[196, 197]. Tregs may also use lymphocyte activation protein- (LAG-) 3 [198], CD39/CD73 [199, 200], inducing IL10 and TGF-β production in APCs [201] and production of
TGF-β [202] or IL-35 [203] by the Tregs for suppression.
While conventional T cells that respond to self-antigens
are terminated during thymic selection, part of the naturally
occurring Treg repertoire responds to self-antigens [204].
These Tregs are dependent on continuous TCR activation
to maintain functionality [205]. Mapping the TCR repertoire
at the fetomaternal interface and linking its reactivity to
maternal and/or paternal antigens using similar assays
[206, 207] could elucidate Treg and conventional/invariant
T cell evolution and speciﬁcity at the fetomaternal interface.
Kahn et al. showed in murine models that Tregs recognize
paternal antigens and that the suppressive function of these
Tregs is antigen speciﬁc [208]. In the same study, ablation
of Tregs in pregnant mice using a fusion protein of IL-2
and diphtheria toxin [209] led to signiﬁcantly reduced number of births and reduced fetal birth weight. Moreover, adoptive transfer of Tregs to a T cell-depleted murine model may
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reverse an otherwise high rate of fetal loss [210]. In a review
by Erlebacher, the data regarding the antigen speciﬁcity of
the Tregs at the fetomaternal interface is debated, as so far
they only are able to show that fetal absorption rates increase
in T cell-/Treg-depleted allogeneic in vivo models, whereas
this is not the case in syngeneic models [6]. Thus, identifying
patterns of repertoire and antigen disparity in successful and
complicated pregnancies could lead to further progress in the
understanding of maintaining a tolerogenic environment
during pregnancy.
Induction of Tregs at the fetomaternal interface has also
been associated to activity through the IDO and PD-L1 pathways [6, 211]. In vitro, inhibition of IDO activity reduces the
frequency of Tregs in cultures with DSCs. This could not be
seen when PD-L1 was neutralized [120]. One experimental
study has shown that IL-10 is not necessarily needed for successful pregnancy [59] and neutralization of IL-10 does not
inﬂuence stromal-induced inhibition in vitro [120], despite
stromal cells from the decidua and umbilical cord are able
to promote production of IL-10 [128]. In the same setting,
neutralizing PD-L1, but not PD-L2, inhibits alloinduced
proliferation [120]. These experiments suggest that many
immunosuppressive functions overlap in order to maintain
fetomaternal tolerance. The role of IL-10 in this setting
seems to be of lesser importance if ablated alone. The immunomodulatory properties of cells originating from placental
tissues still need further investigation. This is also discussed
by PrabhuDas and colleagues [212]. Direct eﬀector functions
of Tregs in pregnancy and their importance for tolerance
require further investigation. A summary of ﬁndings in
humans regarding conventional T cells in pregnancy is
shown in Table 2.

6. Lymphocytes from Placental Tissues for
Adoptive Cell Therapy
The present review has discussed the heterogeneity of
lymphocytes in placental tissues and their potential role
in maintaining homeostasis during pregnancy. The main role
of these cells in this context is summarized in Figure 1. As
there has to be a completely diﬀerent immune paradigm during pregnancy to maintain a low alloreactivity towards the
fetus while ensuring suﬃcient protection towards infections,
mechanisms for fetomaternal tolerance could be investigated
for translational purposes in several areas. This includes
improving tolerance and reducing inﬂammation following
transplantation, prolonging remission or prevention of autoimmunity, or enhancing immunological responses towards
infections. In all of these areas, lymphocytes are key components for determining outcome in patients. As the placenta is
normally discarded following delivery, these tissues may
provide a source for large amounts of primary eﬀector cells
that may be investigated in ex vivo studies.
The complexity of the to date identiﬁed mechanisms
for fetomaternal tolerance highlights the diﬃculties of
identifying eﬀective diagnostic and treatment protocols to
promote successful uncomplicated pregnancies. As we
have discussed how lymphocytes exert eﬀector functions
at the fetomaternal interface, we can also identify unique
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Table 2: Proportions of T cells in human placental tissues or peripheral blood and ﬁndings ex vivo relating to T cell function or outcome
during pregnancy.
Cell

CD8+

CD4+

Th1

Th2

Th17

Treg

Compartment

Approximate abundance

Comment

Reference

T1 Dec
Term Dec basalis/parietalis
Term Dec basalis/parietalis
Term PB
Term DSC

70% of CD3+

Reversed CD4/8 versus PB
Virus-speciﬁc viral control
↓ perforin versus PB
Hyporesponsiveness
Hyporesponsiveness

[61, 96]
[98]
[100]
[106]
[103]

T1 Dec
T1 Dec
T1, T2, T3, PP PB
T1 → T3 PB
T1 → T3 PB
T1 Dec
T1, T2, T3, PP PB
T1→ T3 PB
T3 PB

20% of CD3+
15% of CD4+
112, 110, 156, 53/100000 lymph
20 → 17% of CD4+
1% lower CD4+CD45RA+
5% of CD4+
84, 87, 119, 54/100000 lymph
2.3 → 3% of CD4+
3% versus 1.5% of CD4+

CCR4−CXCR3+CCR6−
IFN-γ secreting cells
IFN-γ+ ICS
+
IFN-γ ICS, Rel free versus Rel MS PP
CCR4+CXCR3−CCR6−
IL-4 secreting cells
IL-4 ICS
No PE versus PE

T1 Dec

1-2% of CD4+

CCR4+CXCR3+CCR6+, IL17+ ICS

T1 → T3 PB
Preterm amniotic ﬂuid, decidua
T1 PB
T1 Dec
Term Dec, PB
T1, T2, T3 PB

1-2% of CD4+

6.7, 10.9, 8.9% of CD4+

T2 PB

6 versus 7.5% of CD4+

IL-17+ ICS
Il-17+ ICS Th17 Inﬂammation in hAMSC
↑ IL-17/CCR6+ in spontaneous abortion
CD25highFOXP3high
Dec ↑ CTLA-4+, HLA-DR+, CD69+ versus PB
CD4+CD25+
+
FOXP3 pregnant versus nonpregnant.
Reduced by hormones
↑ Tregs, partly by IDO

2% of CD4+

Term DSC

[61]
[110]
[115]
[114]
[125]
[110]
[115]
[114]
[114]
[110]
[138]
[138]
[152]
[150]
[110]
[123]
[171]
[178]
[120]

CD: cluster of diﬀerentiation; Dec: decidua; DSC: decidual stromal cells; hAMSC: human amniotic mesenchymal stromal cells; ICS: intracellular staining;
IDO: indoleamine-2,3-dieoxygenase; lymph: lymphocytes; PB: peripheral blood; PE: preeclampsia; PP: postpartum; MS: multiple sclerosis; Rel: relapse;
Treg: regulatory T cells; T1–3: trimester 1–3; TLR: toll-like receptor; UC: umbilical cord.

cell populations that may be of particular interest for
immunotherapy applications.
The extent of placental lymphocytes for cell therapy is
limited to possible autologous applications. The reduction
of MS symptoms during the third trimester identiﬁes a
potential patient group that may beneﬁt by further investigations with the approach to decrease inﬂammationinduced neurodegeneration using cell therapy. One cell type
that critically contributes to peripheral tolerance during
pregnancy is Tregs. Tregs at the fetomaternal interface have
shown in murine models to have response speciﬁcally
towards paternal antigens [208]. An intriguing future study
would be to investigate the extent of exosome-derived
peripheral fetal antigen presentation during pregnancy
[213]. This can later be used to determine if the reduction
of MS symptoms in the third trimester is due to altered
immune homeostasis in general or perhaps a local antigenspeciﬁc response by Tregs.
Moreover, the lymphocyte population in placental tissue
that diﬀers compared to their peripheral counterpart are
mainly dNK cells. However, unpredictable plasticity of
placental tissue-resident lymphocytes outside the unique

placental compartment is not thoroughly explored and NK
cell has a high plasticity [214]. NK cells expressing a single
type of killer cell immunoglobulin-like receptor are under
investigation as cell therapy towards cancer.
iNKT cells are also enriched in placental tissues. Just like
NK cells, iNKT cells can be activated by diﬀerent receptors
present on the cells. Thus, speciﬁcity of these cells can be difﬁcult to control. iNKT cells in humans also have diverse
eﬀector functions within subpopulations, indicating a high
plasticity or a higher heterogeneity than presently described
[73]. Nevertheless, iNKT cells are potent cytokine-secreting
eﬀector cells and the literature is associating small quantities
of these cells with large biological impact [79].
Allogeneic donor T cell therapy is utilized in transplantation to prevent leukemic relapse. Okas et al. show that T cells
from umbilical cord grafts can be expanded and used as
donor lymphocyte infusions (DLI) [215]. A clinical study
by the same group also showed the results of treatment with
these cells. The small patient material limits evaluation of
clinical beneﬁt and safety. One of the patients developed
GVHD, but it is diﬃcult to assess if this was a direct consequence of the DLI [216]. The highly immunosuppressive
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Virus-specific CTLs
+ Boosts very specific part of immune response
+ Low chance of autoimmunity
+ Increases immune response to infections
− Increases inflammation
− May reduce tolerance

CD8+ T cells
+ Boosts response to infections
+ Less cytotoxic than blood counter parts
± Exhausted phenotype

dNK cells
+ Increases vascularisation
+ Increases Treg frequency
+ Increases tolerance
± Low cytotoxicity
− Extensive cytokine production, may have unclear
effects on other cell types
(a)

훾훿 T cells
+ Forms a bridge between innate and adaptive system
+ Enhances trophoblast formation and invasion
± Skews towards Th2 response

iNKT cells
+ Increases Treg frequency
± Depending on situation may increase and decrease
tolerance
− Extensive cytokine production, may have unclear
effects on other cell types

CD4+ T cells
+ Specific Th1, Th2, or Th17 responses may vary in time
+ Th1 may increase tolerance via IFN훾 production
− Th1 linked to preeclampsia
− Th17 promotes inflammation and autoimmunity

(b)

Tregs
+ Suppresses immune response
+ Improves tolerance
+ Reduces inflammation
+ Prevents autoimmunity
+ Supresses differentiation into Th17
− May decrease immune response to infections

(c)

ILCs
+ Promotes neutrophil survival and migration
+ Aids microbial defense
− Large phenotypical and functional heterogeneity

B cells/Bregs
+ Suppress immune response
+ Passive defense
− Increases chance of autoimmunity via autoantibodies
(d)

Figure 1: Summary of placental lymphocyte populations and features that may be of interest in the context of adoptive cell therapy.
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state in transplantation patients is a prerequisite for the use of
allogeneic T cell therapy. There are clinical trials showing
that third party Epstein-Barr virus-speciﬁc T cells can be
used as adoptive cell therapy [217]. T cells can be expanded
a thousandfold and still maintain eﬀector functions in vitro
[218]. However, the beneﬁt of isolating placental T cells compared from peripheral blood can be discussed, as autologous
T cells of a high clonal diversity are present in peripheral
blood and speciﬁc clones can be expanded in vitro.

7. Conclusion
The placenta is an interesting site of immune modulation
which ensures survival of the fetus. We have discussed some
of the mechanisms which may be of importance for immune
tolerance during pregnancy.
As the placenta is normally discarded following delivery,
it can provide an accessible source of large numbers of
unique tissue-resident eﬀector cells that can be investigated
for cellular therapies; both for immune modulation and
improving microbial defenses. Lymphocytes from cord blood
are established for several cell therapy applications, primarily
within HSCT. Although lymphocyte therapies are utilized
successfully, future applications of placenta-derived lymphocytes other than from cord blood appear to be restricted to
small patient groups and conditions. Cells with unique functions at the fetomaternal interface need more investigation
for these purposes and possible applications still remain to
be identiﬁed.

Conflicts of Interest
The authors declare that they have no conﬂicts of interest.

Acknowledgments
Tom Erkers is supported by grants from the Swedish Society
of Medicine and a Stanford Medicine Translational Research
and Applied Medicine (TRAM) award. The authors thank
Omid Shah for reviewing and editing the manuscript.

References
[1] J. B. Murphy, “Factors of resistance to heteroplastic tissuegrafting: studies in tissue speciﬁcity,” Journal of Experimental
Medicine, vol. 19, no. 5, pp. 513–522, 1914.
[2] R. D. Owen, “Immunogenetic consequences of vascular anastomoses between bovine twins,” Science, vol. 102, no. 2651,
pp. 400-401, 1945.
[3] R. E. Billingham, L. Brent, and P. B. Medawar, “Actively
acquired tolerance of foreign cells,” Nature, vol. 172,
no. 4379, pp. 603–606, 1953.
[4] D. S. Game and R. I. Lechler, “Pathways of allorecognition:
implications for transplantation tolerance,” Transplant
Immunology, vol. 10, no. 2-3, pp. 101–108, 2002.
[5] G. Benichou, A. Valujskikh, and P. S. Heeger, “Contributions
of direct and indirect T cell alloreactivity during allograft
rejection in mice,” The Journal of Immunology, vol. 162,
no. 1, pp. 352–358, 1999.

Stem Cells International
[6] A. Erlebacher, “Mechanisms of T cell tolerance towards
the allogeneic fetus,” Nature Reviews Immunology, vol. 13,
no. 1, pp. 23–33, 2013.
[7] A. Erlebacher, D. Vencato, K. A. Price, D. Zhang, and L. H.
Glimcher, “Constraints in antigen presentation severely
restrict T cell recognition of the allogeneic fetus,” The Journal
of Clinical Investigation, vol. 117, no. 5, pp. 1399–1411, 2007.
[8] B. D. Ehst, E. Ingulli, and M. K. Jenkins, “Development of a
novel transgenic mouse for the study of interactions between
CD4 and CD8 T cells during graft rejection,” American Journal of Transplantation, vol. 3, no. 11, pp. 1355–1362, 2003.
[9] L. M. Moldenhauer, K. R. Diener, D. M. Thring, M. P. Brown,
J. D. Hayball, and S. A. Robertson, “Cross-presentation of
male seminal ﬂuid antigens elicits T cell activation to initiate
the female immune response to pregnancy,” The Journal of
Immunology, vol. 182, no. 12, pp. 8080–8093, 2009.
[10] A. Moﬀett and C. Loke, “Immunology of placentation in
eutherian mammals,” Nature Reviews Immunology, vol. 6,
no. 8, pp. 584–594, 2006.
[11] T. Tilburgs, S. A. Scherjon, B. J. van der Mast et al., “Fetalmaternal HLA-C mismatch is associated with decidual T cell
activation and induction of functional T regulatory cells,”
Journal of Reproductive Immunology, vol. 82, no. 2,
pp. 148–157, 2009.
[12] M. K. Collins, C. S. Tay, and A. Erlebacher, “Dendritic cell
entrapment within the pregnant uterus inhibits immune
surveillance of the maternal/fetal interface in mice,” Journal
of Clinical Investigation, vol. 119, pp. 2062–2073, 2009.
[13] K. Red-Horse, J. Rivera, A. Schanz et al., “Cytotrophoblast
induction of arterial apoptosis and lymphangiogenesis in an
in vivo model of human placentation,” The Journal of Clinical
Investigation, vol. 116, no. 10, pp. 2643–2652, 2006.
[14] K. Red-Horse, “Lymphatic vessel dynamics in the uterine
wall,” Placenta, vol. 29, Supplement A, pp. S55–S59, 2008.
[15] M. Volchek, J. E. Girling, G. E. Lash et al., “Lymphatics in the
human endometrium disappear during decidualization,”
Human Reproduction, vol. 25, no. 10, pp. 2455–2464, 2010.
[16] G. Moser, G. Weiss, M. Sundl et al., “Extravillous trophoblasts invade more than uterine arteries: evidence for the
invasion of uterine veins,” Histochemistry and Cell Biology,
vol. 147, no. 3, pp. 353–366, 2017.
[17] P. He, G. Chen, Z. Wang, C. Guo, and X. Zheng, “Human
extravillous trophoblasts penetrate decidual veins and lymphatics before remodeling spiral arteries during early pregnancy,” PLoS One, vol. 12, no. 10, article e0169849, 2017.
[18] L. Mincheva-Nilsson and V. Baranov, “Placenta-derived exosomes and syncytiotrophoblast microparticles and their role
in human reproduction: immune modulation for pregnancy
success,” American Journal of Reproductive Immunology,
vol. 72, no. 5, pp. 440–457, 2014.
[19] P. Nancy, E. Tagliani, C. S. Tay, P. Asp, D. E. Levy, and
A. Erlebacher, “Chemokine gene silencing in decidual stromal cells limits T cell access to the maternal-fetal interface,”
Science, vol. 336, no. 6086, pp. 1317–1321, 2012.
[20] L. M. Gaynor and F. Colucci, “Uterine natural killer cells:
functional distinctions and inﬂuence on pregnancy in
humans and mice,” Frontiers in Immunology, vol. 8, p. 467,
2017.
[21] A. Moﬀett and F. Colucci, “Uterine NK cells: active regulators
at the maternal-fetal interface,” Journal of Clinical Investigation, vol. 124, no. 5, pp. 1872–1879, 2014.

Stem Cells International
[22] A. King, N. Balendran, P. Wooding, N. P. Carter, and Y. W.
Loke, “CD3− leukocytes present in the human uterus during
early placentation: phenotypic and morphologic characterization of the CD56++ population,” Developmental Immunology, vol. 1, no. 3, pp. 169–190, 1991.
[23] L. R. Bisset, T. L. Lung, M. Kaelin, E. Ludwig, and R. W. Dubs,
“Reference values for peripheral blood lymphocyte phenotypes applicable to the healthy adult population in
Switzerland,” European Journal of Haematology, vol. 72,
no. 3, pp. 203–212, 2004.
[24] R. Apps, L. Gardner, J. Traherne, V. Male, and A. Moﬀett,
“Natural-killer cell ligands at the maternal-fetal interface:
UL-16 binding proteins, MHC class-I chain related molecules, HLA-F and CD48,” Human Reproduction, vol. 23,
no. 11, pp. 2535–2548, 2008.
[25] S. Bauer, V. Groh, J. Wu et al., “Activation of NK cells and
T cells by NKG2D, a receptor for stress-inducible MICA,”
Science, vol. 285, no. 5428, pp. 727–729, 1999.
[26] H. D. Kopcow, D. S. J. Allan, X. Chen et al., “Human decidual
NK cells form immature activating synapses and are not cytotoxic,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 102, no. 43, pp. 15563–15568,
2005.
[27] A. King, S. E. Hiby, S. Verma, T. Burrows, L. Gardner, and
Y. W. Loke, “Uterine NK cells and trophoblast HLA class I
molecules,” American Journal of Reproductive Immunology,
vol. 37, no. 6, pp. 459–462, 1997.
[28] L. A. Koopman, H. D. Kopcow, B. Rybalov et al., “Human
decidual natural killer cells are a unique NK cell subset with
immunomodulatory potential,” The Journal of Experimental
Medicine, vol. 198, no. 8, pp. 1201–1212, 2003.
[29] J. Dietl, P. Ruck, K. Marzusch, H. P. Horny, E. Kaiserling, and
R. Handgretinger, “Uterine granular lymphocytes are activated natural killer cells expressing VLA-1,” Immunology
Today, vol. 13, no. 6, p. 236, 1992.
[30] J. Hanna, D. Goldman-Wohl, Y. Hamani et al., “Decidual NK
cells regulate key developmental processes at the human
fetal-maternal interface,” Nature Medicine, vol. 12, no. 9,
pp. 1065–1074, 2006.
[31] E. C. Co, M. Gormley, M. Kapidzic et al., “Maternal decidual
macrophages inhibit NK cell killing of invasive cytotrophoblasts during human pregnancy,” Biology of Reproduction,
vol. 88, no. 6, p. 155, 2013.
[32] J. Svensson-Arvelund and J. Ernerudh, “The role of macrophages in promoting and maintaining homeostasis at the
fetal-maternal interface,” American Journal of Reproductive
Immunology, vol. 74, no. 2, pp. 100–109, 2015.
[33] A. King, D. S. J. Allan, M. Bowen et al., “HLA-E is expressed
on trophoblast and interacts with CD94/NKG2 receptors on
decidual NK cells,” European Journal of Immunology,
vol. 30, no. 6, pp. 1623–1631, 2000.
[34] A. Nakashima, A. Shiozaki, S. Myojo et al., “Granulysin
produced by uterine natural killer cells induces apoptosis
of extravillous trophoblasts in spontaneous abortion,” The
American Journal of Pathology, vol. 173, no. 3, pp. 653–664,
2008.
[35] T. Tilburgs, J. H. Evans, A. C. Crespo, and J. L. Strominger,
“The HLA-G cycle provides for both NK tolerance and
immunity at the maternal-fetal interface,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 112, no. 43, pp. 13312–13317, 2015.

11
[36] J. Siewiera, H. el Costa, J. Tabiasco et al., “Human cytomegalovirus infection elicits new decidual natural killer cell
eﬀector functions,” PLoS Pathogens, vol. 9, no. 5, article
e1003257, 2013.
[37] A. C. Crespo, J. L. Strominger, and T. Tilburgs, “Expression of
KIR2DS1 by decidual natural killer cells increases their ability
to control placental HCMV infection,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 113, no. 52, pp. 15072–15077, 2016.
[38] A. E. Wallace, R. Fraser, and J. E. Cartwright, “Extravillous
trophoblast and decidual natural killer cells: a remodelling
partnership,” Human Reproduction Update, vol. 18, no. 4,
pp. 458–471, 2012.
[39] H. Yasui, K. Takai, R. Yoshida, and O. Hayaishi, “Interferon
enhances tryptophan metabolism by inducing pulmonary
indoleamine 2,3-dioxygenase: its possible occurrence in cancer patients,” Proceedings of the National Academy of Sciences
of the United States of America, vol. 83, no. 17, pp. 6622–6626,
1986.
[40] P. Vacca, C. Cantoni, M. Vitale et al., “Crosstalk between
decidual NK and CD14+ myelomonocytic cells results in
induction of Tregs and immunosuppression,” Proceedings of
the National Academy of Sciences of the United States of
America, vol. 107, no. 26, pp. 11918–11923, 2010.
[41] E. I. Ntrivalas, C. R. Bowser, J. Kwak-Kim, K. D. Beaman, and
A. Gilman-Sachs, “Expression of killer immunoglobulin-like
receptors on peripheral blood NK cell subsets of women with
recurrent spontaneous abortions or implantation failures,”
American Journal of Reproductive Immunology, vol. 53,
no. 5, pp. 215–221, 2005.
[42] I. Tassi, M. Cella, R. Presti et al., “NK cell-activating receptors
require PKC-θ for sustained signaling, transcriptional activation, and IFN-γ secretion,” Blood, vol. 112, no. 10, pp. 4109–
4116, 2008.
[43] C. Fauriat, E. O. Long, H. G. Ljunggren, and Y. T. Bryceson,
“Regulation of human NK-cell cytokine and chemokine
production by target cell recognition,” Blood, vol. 115,
no. 11, pp. 2167–2176, 2010.
[44] E. O. Long, H. S. Kim, D. Liu, M. E. Peterson, and
S. Rajagopalan, “Controlling natural killer cell responses:
integration of signals for activation and inhibition,” Annual
Review of Immunology, vol. 31, no. 1, pp. 227–258, 2013.
[45] M. Duriez, H. Ã. Ã. Quillay, Y. Madec et al., “Human decidual macrophages and NK cells diﬀerentially express toll-like
receptors and display distinct cytokine proﬁles upon TLR
stimulation,” Frontiers in Microbiology, vol. 5, p. 316, 2014.
[46] G. Deniz, G. Erten, U. C. Kucuksezer et al., “Regulatory NK
cells suppress antigen-speciﬁc T cell responses,” The Journal
of Immunology, vol. 180, no. 2, pp. 850–857, 2008.
[47] L. Mincheva-Nilsson, O. Nagaeva, T. Chen et al., “Placentaderived soluble MHC class I chain-related molecules downregulate NKG2D receptor on peripheral blood mononuclear
cells during human pregnancy: a possible novel immune
escape mechanism for fetal survival,” The Journal of Immunology, vol. 176, no. 6, pp. 3585–3592, 2006.
[48] C. Fu, L. Lu, H. Wu et al., “Placental antibody transfer
eﬃciency and maternal levels: speciﬁc for measles, coxsackievirus A16, enterovirus 71, poliomyelitis I-III and
HIV-1 antibodies,” Scientiﬁc Reports, vol. 6, no. 1, article
38874, 2016.
[49] M. A. Avanzini, P. Pignatti, G. Chirico, A. Gasparoni,
F. Jalil, and L. Å. Hanson, “Placental transfer favours high

12

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

Stem Cells International
avidity IgG antibodies,” Acta Paediatrica, vol. 87, no. 2,
pp. 180–185, 1998.
Y. E. Vanderbeeken, J. Duchateau, M. Gregoire,
B. Vandermeersch, H. Collet, and A. Lucas, “Modulation
of B cell stimulation by maternal serum,” Immunological
Investigations, vol. 20, no. 3, pp. 287–304, 1991.
B. Schiemann, J. L. Gommerman, K. Vora et al., “An essential
role for BAFF in the normal development of B cells through a
BCMA-independent pathway,” Science, vol. 293, no. 5537,
pp. 2111–2114, 2001.
A. C. Lundell, I. Nordström, K. Andersson et al., “IFN type I
and II induce BAFF secretion from human decidual stromal
cells,” Scientiﬁc Reports, vol. 7, article 39904, 2017.
A. C. Lundell, B. Hesselmar, I. Nordström, I. Adlerberth,
A. E. Wold, and A. Rudin, “Higher B-cell activating factor
levels at birth are positively associated with maternal dairy
farm exposure and negatively related to allergy development,” The Journal of Allergy and Clinical Immunology,
vol. 136, no. 4, pp. 1074–1082.e3, 2015.
C. Martins, J. Lima, G. Nunes, and L. M. Borrego, “Pregnancy
alters the circulating B cell compartment in atopic asthmatic
women, and transitional B cells are positively associated with
the development of allergy manifestations in their progeny,”
American Journal of Reproductive Immunology, vol. 76,
no. 6, pp. 465–474, 2016.
N. M. Bhat, A. Mithal, M. M. Bieber, L. A. Herzenberg, and
N. N. Teng, “Human CD5+ B lymphocytes (B-1 cells)
decrease in peripheral blood during pregnancy,” Journal of
Reproductive Immunology, vol. 28, no. 1, pp. 53–60, 1995.
A. Canellada, A. Färber, A. C. Zenclussen et al., “Interleukin
regulation of asymmetric antibody synthesized by isolated
placental B cells,” American Journal of Reproductive Immunology, vol. 48, no. 4, pp. 275–282, 2002.
T. G. Wegmann, H. Lin, L. Guilbert, and T. R. Mosmann,
“Bidirectional cytokine interactions in the maternal-fetal
relationship: is successful pregnancy a TH2 phenomenon?,”
Immunology Today, vol. 14, no. 7, pp. 353–356, 1993.
R. M. Guzman-Genuino and K. R. Diener, “Regulatory B cells
in pregnancy: lessons from autoimmunity, graft tolerance,
and cancer,” Frontiers in Immunology, vol. 8, p. 172, 2017.
L. Svensson, M. Arvola, M. A. Sallstrom, R. Holmdahl,
and R. Mattsson, “The Th2 cytokines IL-4 and IL-10
are not crucial for the completion of allogeneic pregnancy
in mice,” Journal of Reproductive Immunology, vol. 51, no. 1,
pp. 3–7, 2001.
L. S. Lamb Jr. and R. D. Lopez, “γδ T cells: a new frontier for
immunotherapy?,” Biology of Blood and Marrow Transplantation, vol. 11, pp. 161–168, 2005.
N. Vassiliadou and J. N. Bulmer, “Quantitative analysis of T
lymphocyte subsets in pregnant and nonpregnant human
endometrium,” Biology of Reproduction, vol. 55, no. 5,
pp. 1017–1022, 1996.
R. Placido, G. Auricchio, I. Gabriele et al., “Characterization
of the immune response of human cord-blood derived γδ T
cells to stimulation with aminobisphosphonate compounds,”
International Journal of Immunopathology and Pharmacology, vol. 24, no. 1, pp. 101–110, 2011.
T. Dimova, M. Brouwer, F. Gosselin et al., “Eﬀector Vγ9Vδ2
T cells dominate the human fetal γδ T-cell repertoire,” Proceedings of the National Academy of Sciences of the United
States of America, vol. 112, no. 6, pp. E556–E565, 2015.

[64] P. C. Arck, D. A. Ferrick, D. Steele-Norwood, K. Croitoru,
and D. A. Clark, “Regulation of abortion by γλ T cells,”
American Journal of Reproductive Immunology, vol. 37,
no. 1, pp. 87–93, 1997.
[65] P. C. Arck, D. A. Ferrick, D. Steele-Norwood, K. Croitoru,
and D. A. Clark, “Murine T cell determination of pregnancy
outcome: I. Eﬀects of strain, αβ T cell receptor, γδ T cell
receptor, and γδ T cell subsets,” American Journal of Reproductive Immunology, vol. 37, no. 6, pp. 492–502, 1997.
[66] T. Suzuki, K. Hiromatsu, Y. Ando, T. Okamoto, Y. Tomoda,
and Y. Yoshikai, “Regulatory role of gamma delta T cells in
uterine intraepithelial lymphocytes in maternal antifetal
immune response,” The Journal of Immunology, vol. 154,
no. 9, pp. 4476–4484, 1995.
[67] D. X. Fan, J. Duan, M. Q. Li, B. Xu, D. J. Li, and L. P. Jin,
“The decidual gamma-delta T cells up-regulate the biological
functions of trophoblasts via IL-10 secretion in early human
pregnancy,” Clinical Immunology, vol. 141, no. 3, pp. 284–
292, 2011.
[68] S. E. Christmas, R. Brew, G. Deniz, and J. J. Taylor, “T-cell
receptor heterogeneity of gamma delta T-cell clones from
human female reproductive tissues,” Immunology, vol. 78,
no. 3, pp. 436–443, 1993.
[69] L. Szereday, A. Barakonyi, E. Miko, P. Varga, and J. SzekeresBartho, “γ/δT-cell subsets, NKG2A expression and apoptosis
of Vδ2+ T cells in pregnant women with or without risk of
premature pregnancy termination,” American Journal of
Reproductive Immunology, vol. 50, no. 6, pp. 490–496, 2003.
[70] S. Porcelli, C. E. Yockey, M. B. Brenner, and S. P. Balk,
“Analysis of T cell antigen receptor (TCR) expression by
human peripheral blood CD4-8- alpha/beta T cells demonstrates preferential use of several V beta genes and an invariant TCR alpha chain,” Journal of Experimental Medicine,
vol. 178, no. 1, pp. 1–16, 1993.
[71] P. Dellabona, E. Padovan, G. Casorati, M. Brockhaus, and
A. Lanzavecchia, “An invariant V alpha 24-J alpha Q/V beta
11 T cell receptor is expressed in all individuals by clonally
expanded CD4-8- T cells,” Journal of Experimental Medicine,
vol. 180, no. 3, pp. 1171–1176, 1994.
[72] T. Kawano, J. Cui, Y. Koezuka et al., “CD1d-restricted and
TCR-mediated activation of Vα14 NKT cells by glycosylceramides,” Science, vol. 278, no. 5343, pp. 1626–1629,
1997.
[73] J. E. Gumperz, S. Miyake, T. Yamamura, and M. B. Brenner,
“Functionally distinct subsets of CD1d-restricted natural
killer T cells revealed by CD1d tetramer staining,” The Journal of Experimental Medicine, vol. 195, no. 5, pp. 625–636,
2002.
[74] C. J. Montoya, D. Pollard, J. Martinson et al., “Characterization of human invariant natural killer T subsets in health
and disease using a novel invariant natural killer T cellclonotypic monoclonal antibody, 6B11,” Immunology,
vol. 122, no. 1, pp. 1–14, 2007.
[75] D. Sag, P. Krause, C. C. Hedrick, M. Kronenberg, and
G. Wingender, “IL-10-producing NKT10 cells are a distinct
regulatory invariant NKT cell subset,” Journal of Clinical
Investigation, vol. 124, no. 9, pp. 3725–3740, 2014.
[76] G. Wingender, P. Krebs, B. Beutler, and M. Kronenberg,
“Antigen-speciﬁc cytotoxicity by invariant NKT cells
in vivo is CD95/CD178-dependent and is correlated with
antigenic potency,” The Journal of Immunology, vol. 185,
no. 5, pp. 2721–2729, 2010.

Stem Cells International
[77] R. Lowsky, T. Takahashi, Y. P. Liu et al., “Protective conditioning for acute graft-versus-host disease,” The New England
Journal of Medicine, vol. 353, no. 13, pp. 1321–1331, 2005.
[78] H. E. Kohrt, B. B. Turnbull, K. Heydari et al., “TLI and ATG
conditioning with low risk of graft-versus-host disease retains
antitumor reactions after allogeneic hematopoietic cell transplantation from related and unrelated donors,” Blood,
vol. 114, no. 5, pp. 1099–1109, 2009.
[79] F. Malard, M. Labopin, P. Chevallier et al., “Larger number of
invariant natural killer T cells in PBSC allografts correlates
with improved GVHD-free and progression-free survival,”
Blood, vol. 127, no. 14, pp. 1828–1835, 2016.
[80] Y. B. Chen, Y. A. Efebera, L. Johnston et al., “Increased
Foxp3+Helios+ regulatory T cells and decreased acute
graft-versus-host disease after allogeneic bone marrow
transplantation in patients receiving sirolimus and RGI2001, an activator of invariant natural killer T cells,” Biology
of Blood and Marrow Transplantation, vol. 23, no. 4,
pp. 625–634, 2017.
[81] M. Battaglia, A. Stabilini, B. Migliavacca, J. Horejs-Hoeck,
T. Kaupper, and M. G. Roncarolo, “Rapamycin promotes
expansion of functional CD4+CD25+FOXP3+ regulatory
T cells of both healthy subjects and type 1 diabetic patients,”
The Journal of Immunology, vol. 177, no. 12, pp. 8338–8347,
2006.
[82] L. Strauss, T. L. Whiteside, A. Knights, C. Bergmann,
A. Knuth, and A. Zippelius, “Selective survival of naturally
occurring human CD4+CD25+Foxp3+ regulatory T cells cultured with rapamycin,” The Journal of Immunology, vol. 178,
no. 1, pp. 320–329, 2007.
[83] D. Schneidawind, J. Baker, A. Pierini et al., “Third-party
CD4+ invariant natural killer T cells protect from murine
GVHD lethality,” Blood, vol. 125, no. 22, pp. 3491–3500,
2015.
[84] J. E. Boyson, B. Rybalov, L. A. Koopman et al., “CD1d and
invariant NKT cells at the human maternal-fetal interface,”
Proceedings of the National Academy of Sciences of the
United States of America, vol. 99, no. 21, pp. 13741–
13746, 2002.
[85] D. St. Louis, R. Romero, O. Plazyo et al., “Invariant NKT cell
activation induces late preterm birth that is attenuated by
rosiglitazone,” The Journal of Immunology, vol. 196, no. 3,
pp. 1044–1059, 2016.
[86] T. Ichikawa, Y. Negishi, M. Shimizu, T. Takeshita, and
H. Takahashi, “α-Galactosylceramide-activated murine
NK1.1+ invariant-NKT cells in the myometrium induce miscarriages in mice,” European Journal of Immunology, vol. 46,
no. 8, pp. 1867–1877, 2016.
[87] N. Gomez-Lopez, R. Romero, M. Arenas-Hernandez et al.,
“In vivo activation of invariant natural killer T cells induces
systemic and local alterations in T-cell subsets prior to preterm birth,” Clinical & Experimental Immunology, vol. 189,
no. 2, pp. 211–225, 2017.
[88] L. Li, J. Tu, Y. Jiang, J. Zhou, and D. J. Schust, “Regulatory
T cells decrease invariant natural killer T cell-mediated pregnancy loss in mice,” Mucosal Immunology, vol. 10, no. 3,
pp. 613–623, 2017.
[89] J. E. Boyson, N. Nagarkatti, L. Nizam, M. A. Exley, and
J. L. Strominger, “Gestation stage-dependent mechanisms of
invariant natural killer T cell-mediated pregnancy loss,” Proceedings of the National Academy of Sciences of the United
States of America, vol. 103, no. 12, pp. 4580–4585, 2006.

13
[90] A. K. Bjorklund, M. Forkel, S. Picelli et al., “The heterogeneity
of human CD127+ innate lymphoid cells revealed by singlecell RNA sequencing,” Nature Immunology, vol. 17, no. 4,
pp. 451–460, 2016.
[91] H. Spits, J. H. Bernink, and L. Lanier, “NK cells and type 1
innate lymphoid cells: partners in host defense,” Nature
Immunology, vol. 17, no. 7, pp. 758–764, 2016.
[92] M. M. Shikhagaie, Å. K. Björklund, J. Mjösberg et al., “Neuropilin-1 is expressed on lymphoid tissue residing LTi-like
group 3 innate lymphoid cells and associated with ectopic
lymphoid aggregates,” Cell Reports, vol. 18, no. 7, pp. 1761–
1773, 2017.
[93] P. Vacca, E. Montaldo, D. Croxatto et al., “Identiﬁcation of
diverse innate lymphoid cells in human decidua,” Mucosal
Immunology, vol. 8, no. 2, pp. 254–264, 2015.
[94] D. Croxatto, A. Micheletti, E. Montaldo et al., “Group 3
innate lymphoid cells regulate neutrophil migration and
function in human decidua,” Mucosal Immunology, vol. 9,
no. 6, pp. 1372–1383, 2016.
[95] J. N. Bulmer, P. J. Williams, and G. E. Lash, “Immune cells in
the placental bed,” The International Journal of Developmental Biology, vol. 54, pp. 281–294, 2010.
[96] J. N. Bulmer, L. Morrison, M. Longfellow, A. Ritson, and
D. Pace, “Granulated lymphocytes in human endometrium:
histochemical and immunohistochemical studies,” Human
Reproduction, vol. 6, no. 6, pp. 791–798, 1991.
[97] T. Tilburgs, B. J. van der Mast, N. M. A. Nagtzaam, D. L.
Roelen, S. A. Scherjon, and F. H. J. Claas, “Expression of
NK cell receptors on decidual T cells in human pregnancy,”
Journal of Reproductive Immunology, vol. 80, no. 1-2,
pp. 22–32, 2009.
[98] A. van Egmond, C. van der Keur, G. M. Swings, S. A.
Scherjon, and F. H. Claas, “The possible role of virusspeciﬁc CD8+ memory T cells in decidual tissue,” Journal of
Reproductive Immunology, vol. 113, pp. 1–8, 2016.
[99] T. Tilburgs, S. A. Scherjon, D. L. Roelen, and F. H. Claas,
“Decidual CD8+CD28- T cells express CD103 but not perforin,” Human Immunology, vol. 70, no. 2, pp. 96–100,
2009.
[100] T. Tilburgs, D. Schonkeren, M. Eikmans et al., “Human
decidual tissue contains diﬀerentiated CD8+ eﬀectormemory T cells with unique properties,” The Journal of
Immunology, vol. 185, no. 7, pp. 4470–4477, 2010.
[101] S. Trifari, M. E. Pipkin, H. S. Bandukwala et al., “MicroRNAdirected program of cytotoxic CD8+ T-cell diﬀerentiation,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 110, no. 46, pp. 18608–18613, 2013.
[102] M. E. Pipkin, J. A. Sacks, F. Cruz-Guilloty, M. G. Lichtenheld,
M. J. Bevan, and A. Rao, “Interleukin-2 and inﬂammation
induce distinct transcriptional programs that promote
the diﬀerentiation of eﬀector cytolytic T cells,” Immunity,
vol. 32, no. 1, pp. 79–90, 2010.
[103] T. Erkers, M. Solders, L. Verleng et al., “Frontline science:
placenta-derived decidual stromal cells alter IL-2R expression
and signaling in alloantigen-activated T cells,” Journal of
Leukocyte Biology, vol. 101, no. 3, pp. 623–632, 2017.
[104] V. Kalia, S. Sarkar, S. Subramaniam, W. N. Haining, K. A.
Smith, and R. Ahmed, “Prolonged interleukin-2Rα expression on virus-speciﬁc CD8+ T cells favors terminal-eﬀector
diﬀerentiation in vivo,” Immunity, vol. 32, no. 1, pp. 91–
103, 2010.

14
[105] B. M. Barton, R. Xu, E. J. Wherry, and P. M. Porrett,
“Pregnancy promotes tolerance to future oﬀspring by programming selective dysfunction in long-lived maternal T
cells,” Journal of Leukocyte Biology, vol. 101, no. 4, pp. 975–
987, 2017.
[106] G. K. Fragiadakis, Q. J. Baca, P. F. Gherardini et al., “Mapping
the fetomaternal peripheral immune system at term
pregnancy,” The Journal of Immunology, vol. 197, no. 11,
pp. 4482–4492, 2016.
[107] S. J. Szabo, S. T. Kim, G. L. Costa, X. Zhang, C. G. Fathman,
and L. H. Glimcher, “Pillars article: a novel transcription
factor, T-bet, directs Th1 lineage commitment. Cell. 2000.
100: 655-669,” The Journal of Immunology, vol. 194, no. 7,
pp. 2961–2975, 2015.
[108] C. Hsieh, S. Macatonia, C. Tripp, S. Wolf, A. O'Garra, and
K. Murphy, “Development of TH1 CD4+ T cells through
IL-12 produced by listeria-induced macrophages,” Science,
vol. 260, no. 5107, pp. 547–549, 1993.
[109] E. V. Acosta-Rodriguez, L. Rivino, J. Geginat et al., “Surface
phenotype and antigenic speciﬁcity of human interleukin
17-producing T helper memory cells,” Nature Immunology,
vol. 8, no. 6, pp. 639–646, 2007.
[110] J. Mjosberg, G. Berg, M. C. Jenmalm, and J. Ernerudh,
“FOXP3+ regulatory T cells and T helper 1, T helper 2, and
T helper 17 cells in human early pregnancy decidua,” Biology
of Reproduction, vol. 82, no. 4, pp. 698–705, 2010.
[111] Y. Nakanishi, B. Lu, C. Gerard, and A. Iwasaki, “CD8+ T
lymphocyte mobilization to virus-infected tissue requires
CD4+ T-cell help,” Nature, vol. 462, no. 7272, pp. 510–
513, 2009.
[112] A. Martin-Fontecha, L. L. Thomsen, S. Brett et al., “Induced
recruitment of NK cells to lymph nodes provides IFN-γ for
TH1 priming,” Nature Immunology, vol. 5, no. 12, pp. 1260–
1265, 2004.
[113] M. K. Karjalainen, M. Ojaniemi, A. M. Haapalainen et al.,
“CXCR3 polymorphism and expression associate with spontaneous preterm birth,” The Journal of Immunology, vol. 195,
no. 5, pp. 2187–2198, 2015.
[114] S. Saito, M. Sakai, Y. Sasaki, K. Tanebe, H. Tsuda, and
T. Michimata, “Quantitative analysis of peripheral blood
Th0, Th1, Th2 and the Th1:Th2 cell ratio during normal
human pregnancy and preeclampsia,” Clinical & Experimental Immunology, vol. 117, no. 3, pp. 550–555, 1999.
[115] L. Matthiesen, C. Ekerfelt, G. Berg, and J. Ernerudh, “Increased
numbers of circulating interferon-γ-and interleukin-4secreting cells during normal pregnancy,” American Journal
of Reproductive Immunology, vol. 39, no. 6, pp. 362–367, 1998.
[116] S. D. Der, A. Zhou, B. R. Williams, and R. H. Silverman,
“Identiﬁcation of genes diﬀerentially regulated by interferon
α, β, or γ using oligonucleotide arrays,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 95, no. 26, pp. 15623–15628, 1998.
[117] L. C. Platanias, “Mechanisms of type-I- and type-II-interferon-mediated signalling,” Nature Reviews Immunology,
vol. 5, no. 5, pp. 375–386, 2005.
[118] U. Boehm, T. Klamp, M. Groot, and J. C. Howard, “Cellular
responses to interferon-γ,” Annual Review of Immunology,
vol. 15, no. 1, pp. 749–795, 1997.
[119] R. Meisel, A. Zibert, M. Laryea, U. Göbel, W. Däubener, and
D. Dilloo, “Human bone marrow stromal cells inhibit
allogeneic T-cell responses by indoleamine 2,3-dioxygenase-

Stem Cells International

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

mediated tryptophan degradation,” Blood, vol. 103, no. 12,
pp. 4619–4621, 2004.
T. Erkers, S. Nava, J. Yosef, O. Ringden, and H. Kaipe, “Decidual stromal cells promote regulatory T cells and suppress
alloreactivity in a cell contact-dependent manner,” Stem Cells
and Development, vol. 22, no. 19, pp. 2596–2605, 2013.
A. L. Mellor, J. Sivakumar, P. Chandler et al., “Prevention of T
cell-driven complement activation and inﬂammation by
tryptophan catabolism during pregnancy,” Nature Immunology, vol. 2, no. 1, pp. 64–68, 2001.
D. H. Munn, M. Zhou, J. T. Attwood et al., “Prevention of
allogeneic fetal rejection by tryptophan catabolism,” Science,
vol. 281, no. 5380, pp. 1191–1193, 1998.
T. Tilburgs, D. L. Roelen, B. J. van der Mast et al., “Evidence
for a selective migration of fetus-speciﬁc CD4+CD25bright
regulatory T cells from the peripheral blood to the decidua
in human pregnancy,” The Journal of Immunology, vol. 180,
no. 8, pp. 5737–5745, 2008.
S. J. Germain, G. P. Sacks, S. R. Soorana, I. L. Sargent, and
C. W. Redman, “Systemic inﬂammatory priming in normal
pregnancy and preeclampsia: the role of circulating syncytiotrophoblast microparticles,” The Journal of Immunology,
vol. 178, no. 9, pp. 5949–5956, 2007.
A. Langer-Gould, R. Gupta, S. Huang et al., “Interferon-γproducing T cells, pregnancy, and postpartum relapses of
multiple sclerosis,” Archives of Neurology, vol. 67, no. 1,
pp. 51–57, 2010.
S. Vukusic and R. Marignier, “Multiple sclerosis and pregnancy in the ‘treatment era’,” Nature Reviews Neurology,
vol. 11, no. 5, pp. 280–289, 2015.
L. Xin, J. M. Ertelt, J. H. Rowe et al., “Cutting edge: committed
Th1 CD4+ T cell diﬀerentiation blocks pregnancy-induced
Foxp3 expression with antigen-speciﬁc fetal loss,” The Journal of Immunology, vol. 192, no. 7, pp. 2970–2974, 2014.
H. Karlsson, T. Erkers, S. Nava, S. Ruhm, M. Westgren, and
O. Ringdén, “Stromal cells from term fetal membrane are
highly suppressive in allogeneic settings in vitro,” Clinical &
Experimental Immunology, vol. 167, no. 3, pp. 543–555, 2012.
S. Saito, A. Nakashima, T. Shima, and M. Ito, “Th1/Th2/Th17
and regulatory T-cell paradigm in pregnancy,” American
Journal of Reproductive Immunology, vol. 63, no. 6,
pp. 601–610, 2010.
H. Lin, T. R. Mosmann, L. Guilbert, S. Tuntipopipat, and
T. G. Wegmann, “Synthesis of T helper 2-type cytokines at
the maternal-fetal interface,” The Journal of Immunology,
vol. 151, no. 9, pp. 4562–4573, 1993.
D. H. Zhang, L. Cohn, P. Ray, K. Bottomly, and A. Ray,
“Transcription factor GATA-3 is diﬀerentially expressed in
murine Th1 and Th2 cells and controls Th2-speciﬁc expression of the interleukin-5 gene,” Journal of Biological Chemistry, vol. 272, no. 34, pp. 21597–21603, 1997.
W. Zheng and R. A. Flavell, “The transcription factor GATA3 is necessary and suﬃcient for Th2 cytokine gene expression
in CD4 T cells,” Cell, vol. 89, no. 4, pp. 587–596, 1997.
W. Ouyang, M. Löhning, Z. Gao et al., “Stat6-independent
GATA-3 autoactivation directs IL-4-independent Th2 development and commitment,” Immunity, vol. 12, no. 1, pp. 27–
37, 2000.
S. L. Swain, A. D. Weinberg, M. English, and G. Huston, “IL-4
directs the development of Th2-like helper eﬀectors,” The
Journal of Immunology, vol. 145, no. 11, pp. 3796–3806, 1990.

Stem Cells International
[135] P. G. Fallon, H. E. Jolin, P. Smith et al., “IL-4 induces characteristic Th2 responses even in the combined absence of IL-5,
IL-9, and IL-13,” Immunity, vol. 17, no. 1, pp. 7–17, 2002.
[136] W. Zeng, Z. Liu, X. Liu et al., “Distinct transcriptional
and alternative splicing signatures of decidual CD4+ T cells
in early human pregnancy,” Frontiers in Immunology,
vol. 8, 2017.
[137] N. Kostlin, K. Hofstädter, A. L. Ostermeir et al., “Granulocytic myeloid-derived suppressor cells accumulate in human
placenta and polarize toward a Th2 phenotype,” The Journal
of Immunology, vol. 196, no. 3, pp. 1132–1145, 2016.
[138] A. Nakashima, M. Ito, S. Yoneda, A. Shiozaki, T. Hidaka, and
S. Saito, “Circulating and decidual Th17 cell levels in healthy
pregnancy,” American Journal of Reproductive Immunology,
vol. 63, no. 2, pp. 104–109, 2010.
[139] I. I. Ivanov, B. S. McKenzie, L. Zhou et al., “The orphan
nuclear receptor RORgammat directs the diﬀerentiation
program of proinﬂammatory IL-17+ T helper cells,” Cell,
vol. 126, no. 6, pp. 1121–1133, 2006.
[140] E. V. Acosta-Rodriguez, G. Napolitani, A. Lanzavecchia, and
F. Sallusto, “Interleukins 1β and 6 but not transforming
growth factor-β are essential for the diﬀerentiation of interleukin 17-producing human T helper cells,” Nature Immunology, vol. 8, no. 9, pp. 942–949, 2007.
[141] T. Korn, E. Bettelli, W. Gao et al., “IL-21 initiates an alternative pathway to induce proinﬂammatory TH17 cells,” Nature,
vol. 448, no. 7152, pp. 484–487, 2007.
[142] P. R. Mangan, L. E. Harrington, D. B. O'Quinn et al., “Transforming growth factor-β induces development of the TH17
lineage,” Nature, vol. 441, no. 7090, pp. 231–234, 2006.
[143] N. Manel, D. Unutmaz, and D. R. Littman, “The diﬀerentiation of human TH-17 cells requires transforming growth
factor-β and induction of the nuclear receptor RORγt,”
Nature Immunology, vol. 9, no. 6, pp. 641–649, 2008.
[144] D. D. Patel and V. K. Kuchroo, “Th17 cell pathway in human
immunity: lessons from genetics and therapeutic interventions,” Immunity, vol. 43, no. 6, pp. 1040–1051, 2015.
[145] M. Kleinewietfeld and D. A. Haﬂer, “The plasticity of human
Treg and Th17 cells and its role in autoimmunity,” Seminars
in Immunology, vol. 25, no. 4, pp. 305–312, 2013.
[146] A. S. Figueiredo and A. Schumacher, “The T helper type
17/regulatory T cell paradigm in pregnancy,” Immunology,
vol. 148, no. 1, pp. 13–21, 2016.
[147] B. C. Betts, A. Veerapathran, J. Pidala et al., “Targeting aurora
kinase a and JAK2 prevents GVHD while maintaining Treg
and antitumor CTL function,” Science Translational Medicine, vol. 9, no. 372, article eaai8269, 2017.
[148] W. Li, L. Liu, A. Gomez et al., “Proteomics analysis reveals a
Th17-prone cell population in presymptomatic graft-versushost disease,” JCI Insight, vol. 1, no. 6, 2016.
[149] A. C. Zenclussen, S. Blois, R. Stumpo et al., “Murine abortion
is associated with enhanced interleukin-6 levels at the fetomaternal interface,” Cytokine, vol. 24, no. 4, pp. 150–160,
2003.
[150] W. J. Wang, C. F. Hao, Q. L. Qu, X. Wang, L. H. Qiu, and
Q. D. Lin, “The deregulation of regulatory T cells on
interleukin-17-producing T helper cells in patients with
unexplained early recurrent miscarriage,” Human Reproduction, vol. 25, no. 10, pp. 2591–2596, 2010.
[151] B. Santner-Nanan, M. J. Peek, R. Khanam et al., “Systemic
increase in the ratio between Foxp3+ and IL-17-producing

15

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

CD4+ T cells in healthy pregnancy but not in preeclampsia,”
The Journal of Immunology, vol. 183, no. 11, pp. 7023–7030,
2009.
M. Ito, A. Nakashima, T. Hidaka et al., “A role for IL-17 in
induction of an inﬂammation at the fetomaternal interface
in preterm labour,” Journal of Reproductive Immunology,
vol. 84, no. 1, pp. 75–85, 2010.
K. Ichiyama, H. Yoshida, Y. Wakabayashi et al., “Foxp3
inhibits RORγt-mediated IL-17A mRNA transcription
through direct interaction with RORγt,” The Journal of
Biological Chemistry, vol. 283, no. 25, pp. 17003–17008,
2008.
L. E. Harrington, R. D. Hatton, P. R. Mangan et al., “Interleukin 17-producing CD4+ eﬀector T cells develop via a lineage
distinct from the T helper type 1 and 2 lineages,” Nature
Immunology, vol. 6, no. 11, pp. 1123–1132, 2005.
S. C. Liang, X. Y. Tan, D. P. Luxenberg et al., “Interleukin
(IL)-22 and IL-17 are coexpressed by Th17 cells and cooperatively enhance expression of antimicrobial peptides,” The
Journal of Experimental Medicine, vol. 203, no. 10,
pp. 2271–2279, 2006.
P. Ye, F. H. Rodriguez, S. Kanaly et al., “Requirement of interleukin 17 receptor signaling for lung CXC chemokine and
granulocyte colony-stimulating factor expression, neutrophil
recruitment, and host defense,” The Journal of Experimental
Medicine, vol. 194, no. 4, pp. 519–528, 2001.
E. Fischer, V. Lenhard, P. Seifert, A. Kluge, and R. Johannsen,
“Blood transfusion-induced suppression of cellular immunity
in man,” Human Immunology, vol. 1, no. 3, pp. 187–194,
1980.
G. Opelz, D. P. Sengar, M. R. Mickey, and P. I. Terasaki,
“Eﬀect of blood transfusions on subsequent kidney transplants,” Transplantation Proceedings, vol. 5, no. 1, pp. 253–
259, 1973.
C. Baecher-Allan, J. A. Brown, G. J. Freeman, and D. A.
Haﬂer, “CD4+CD25high regulatory cells in human peripheral
blood,” The Journal of Immunology, vol. 167, no. 3, pp. 1245–
1253, 2001.
J. D. Fontenot, M. A. Gavin, and A. Y. Rudensky, “Foxp3
programs the development and function of CD4+CD25+
regulatory T cells,” Nature Immunology, vol. 4, no. 4,
pp. 330–336, 2003.
H. Groux, A. O'Garra, M. Bigler et al., “A CD4+T-cell subset
inhibits antigen-speciﬁc T-cell responses and prevents colitis,” Nature, vol. 389, no. 6652, pp. 737–742, 1997.
S. Hori, T. Nomura, and S. Sakaguchi, “Control of regulatory
T cell development by the transcription factor Foxp3,” Science, vol. 299, no. 5609, pp. 1057–1061, 2003.
S. Sakaguchi, T. Yamaguchi, T. Nomura, and M. Ono, “Regulatory T cells and immune tolerance,” Cell, vol. 133, no. 5,
pp. 775–787, 2008.
W. Liu, A. L. Putnam, Z. Xu-yu et al., “CD127 expression
inversely correlates with FoxP3 and suppressive function
of human CD4+ T reg cells,” The Journal of Experimental
Medicine, vol. 203, no. 7, pp. 1701–1711, 2006.
D. J. Hartigan-O'Connor, C. Poon, E. Sinclair, and J. M.
McCune, “Human CD4+ regulatory T cells express lower
levels of the IL-7 receptor alpha chain (CD127), allowing
consistent identiﬁcation and sorting of live cells,” Journal
of Immunological Methods, vol. 319, no. 1-2, pp. 41–52,
2007.

16
[166] N. Seddiki, B. Santner-Nanan, J. Martinson et al., “Expression
of interleukin (IL)-2 and IL-7 receptors discriminates
between human regulatory and activated T cells,” The Journal
of Experimental Medicine, vol. 203, no. 7, pp. 1693–1700,
2006.
[167] A. Liston and D. H. Gray, “Homeostatic control of regulatory
T cell diversity,” Nature Reviews Immunology, vol. 14, no. 3,
pp. 154–165, 2014.
[168] D. J. Campbell and M. A. Koch, “Phenotypical and functional
specialization of FOXP3+ regulatory T cells,” Nature Reviews
Immunology, vol. 11, no. 2, pp. 119–130, 2011.
[169] J. Ernerudh, G. Berg, and J. Mjosberg, “Regulatory T helper
cells in pregnancy and their roles in systemic versus local
immune tolerance,” American Journal of Reproductive
Immunology, vol. 66, Supplement 1, pp. 31–43, 2011.
[170] V. R. Aluvihare, M. Kallikourdis, and A. G. Betz, “Regulatory
T cells mediate maternal tolerance to the fetus,” Nature
Immunology, vol. 5, no. 3, pp. 266–271, 2004.
[171] D. A. Somerset, Y. Zheng, M. D. Kilby, D. M. Sansom, and
M. T. Drayson, “Normal human pregnancy is associated
with an elevation in the immune suppressive CD25+
CD4+ regulatory T-cell subset,” Immunology, vol. 112,
no. 1, pp. 38–43, 2004.
[172] R. M. Samstein, S. Z. Josefowicz, A. Arvey, P. M. Treuting,
and A. Y. Rudensky, “Extrathymic generation of regulatory
T cells in placental mammals mitigates maternal-fetal conﬂict,” Cell, vol. 150, no. 1, pp. 29–38, 2012.
[173] M. Miyara, Y. Yoshioka, A. Kitoh et al., “Functional delineation and diﬀerentiation dynamics of human CD4+ T cells
expressing the FoxP3 transcription factor,” Immunity,
vol. 30, no. 6, pp. 899–911, 2009.
[174] D. Feyaerts, M. Benner, B. van Cranenbroek, O. W. H. van
der Heijden, I. Joosten, and R. G. van der Molen, “Human
uterine lymphocytes acquire a more experienced and tolerogenic phenotype during pregnancy,” Scientiﬁc Reports,
vol. 7, no. 1, p. 2884, 2017.
[175] R. Boij, J. Mjösberg, J. Svensson-Arvelund et al., “Regulatory
T-cell subpopulations in severe or early-onset preeclampsia,”
American Journal of Reproductive Immunology, vol. 74, no. 4,
pp. 368–378, 2015.
[176] A. Steinborn, E. Schmitt, A. Kisielewicz et al., “Pregnancyassociated diseases are characterized by the composition of
the systemic regulatory T cell (Treg) pool with distinct subsets
of Tregs,” Clinical & Experimental Immunology, vol. 167,
no. 1, pp. 84–98, 2012.
[177] C. P. Freier, C. Kuhn, M. Rapp et al., “Expression of CCL22
and inﬁltration by regulatory T cells are increased in the
decidua of human miscarriage placentas,” American Journal
of Reproductive Immunology, vol. 74, no. 3, pp. 216–227, 2015.
[178] J. Mjosberg, J. Svensson, E. Johansson et al., “Systemic reduction of functionally suppressive CD4dimCD25highFoxp3+
Tregs in human second trimester pregnancy is induced by
progesterone and 17β-estradiol,” The Journal of Immunology,
vol. 183, no. 1, pp. 759–769, 2009.
[179] K. E. Webster, S. Walters, R. E. Kohler et al., “In vivo expansion of T reg cells with IL-2-mAb complexes: induction of
resistance to EAE and long-term acceptance of islet allografts
without immunosuppression,” The Journal of Experimental
Medicine, vol. 206, no. 4, pp. 751–760, 2009.
[180] A. Yu, L. Zhu, N. H. Altman, and T. R. Malek, “A low
interleukin-2 receptor signaling threshold supports the

Stem Cells International

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]

development and homeostasis of T regulatory cells,” Immunity, vol. 30, no. 2, pp. 204–217, 2009.
W. Pierson, B. Cauwe, A. Policheni et al., “Antiapoptotic
Mcl-1 is critical for the survival and niche-ﬁlling capacity of
Foxp3+ regulatory T cells,” Nature Immunology, vol. 14,
no. 9, pp. 959–965, 2013.
E. Bettelli, M. Dastrange, and M. Oukka, “Foxp3 interacts
with nuclear factor of activated T cells and NF-κB to repress
cytokine gene expression and eﬀector functions of T helper
cells,” Proceedings of the National Academy of Sciences of
the United States of America, vol. 102, no. 14, pp. 5138–
5143, 2005.
T. Chinen, A. K. Kannan, A. G. Levine et al., “An essential
role for the IL-2 receptor in Treg cell function,” Nature Immunology, vol. 17, no. 11, pp. 1322–1333, 2016.
A. L. Szymczak-Workman, C. J. Workman, and D. A. A.
Vignali, “Cutting edge: regulatory T cells do not require
stimulation through their TCR to suppress,” The Journal of
Immunology, vol. 182, no. 9, pp. 5188–5192, 2009.
C. Asseman, S. Mauze, M. W. Leach, R. L. Coﬀman, and
F. Powrie, “An essential role for interleukin 10 in the function
of regulatory T cells that inhibit intestinal inﬂammation,”
The Journal of Experimental Medicine, vol. 190, no. 7,
pp. 995–1004, 1999.
Y. Belkaid, C. A. Piccirillo, S. Mendez, E. M. Shevach, and
D. L. Sacks, “CD4+CD25+ regulatory T cells control Leishmania major persistence and immunity,” Nature, vol. 420,
no. 6915, pp. 502–507, 2002.
Y. P. Rubtsov, J. P. Rasmussen, E. Y. Chi et al., “Regulatory
T cell-derived interleukin-10 limits inﬂammation at environmental interfaces,” Immunity, vol. 28, no. 4, pp. 546–
558, 2008.
K. Wing, Y. Onishi, P. Prieto-Martin et al., “CTLA-4 control
over Foxp3+ regulatory T cell function,” Science, vol. 322,
no. 5899, pp. 271–275, 2008.
L. M. Williams and A. Y. Rudensky, “Maintenance of the
Foxp3-dependent developmental program in mature regulatory T cells requires continued expression of Foxp3,” Nature
Immunology, vol. 8, no. 3, pp. 277–284, 2007.
N. Verma, S. O. Burns, L. S. K. Walker, and D. M. Sansom,
“Immune deﬁciency and autoimmunity in patients with
CTLA-4 mutations,” Clinical & Experimental Immunology,
vol. 190, no. 1, pp. 1–7, 2017.
T. Onodera, M. H. Jang, Z. Guo et al., “Constitutive expression of IDO by dendritic cells of mesenteric lymph nodes:
functional involvement of the CTLA-4/B7 and CCL22/
CCR4 interactions,” The Journal of Immunology, vol. 183,
no. 9, pp. 5608–5614, 2009.
F. Fallarino, U. Grohmann, K. W. Hwang et al., “Modulation
of tryptophan catabolism by regulatory T cells,” Nature
Immunology, vol. 4, no. 12, pp. 1206–1212, 2003.
Y. Onishi, Z. Fehervari, T. Yamaguchi, and S. Sakaguchi,
“Foxp3+ natural regulatory T cells preferentially form aggregates on dendritic cells in vitro and actively inhibit their maturation,” Proceedings of the National Academy of Sciences of
the United States of America, vol. 105, no. 29, pp. 10113–
10118, 2008.
O. S. Qureshi, Y. Zheng, K. Nakamura et al., “Transendocytosis of CD80 and CD86: a molecular basis for
the cell-extrinsic function of CTLA-4,” Science, vol. 332,
no. 6029, pp. 600–603, 2011.

Stem Cells International
[195] T. Z. Hou, O. S. Qureshi, C. J. Wang et al., “A transendocytosis model of CTLA-4 function predicts its suppressive behavior on regulatory T cells,” The Journal of Immunology,
vol. 194, no. 5, pp. 2148–2159, 2015.
[196] L. S. K. Walker and D. M. Sansom, “Confusing signals: recent
progress in CTLA-4 biology,” Trends in Immunology, vol. 36,
no. 2, pp. 63–70, 2015.
[197] L. S. K. Walker, “EFIS lecture: understanding the CTLA-4
checkpoint in the maintenance of immune homeostasis,”
Immunology Letters, vol. 184, pp. 43–50, 2017.
[198] C. T. Huang, C. J. Workman, D. Flies et al., “Role of LAG-3 in
regulatory T cells,” Immunity, vol. 21, no. 4, pp. 503–513,
2004.
[199] G. Borsellino, M. Kleinewietfeld, D. di Mitri et al., “Expression of ectonucleotidase CD39 by Foxp3+ Treg cells: hydrolysis of extracellular ATP and immune suppression,” Blood,
vol. 110, no. 4, pp. 1225–1232, 2007.
[200] S. Deaglio, K. M. Dwyer, W. Gao et al., “Adenosine generation catalyzed by CD39 and CD73 expressed on regulatory
T cells mediates immune suppression,” The Journal of Experimental Medicine, vol. 204, no. 6, pp. 1257–1265, 2007.
[201] X. Yu, K. Harden, L. C Gonzalez et al., “The surface protein
TIGIT suppresses T cell activation by promoting the generation of mature immunoregulatory dendritic cells,” Nature
Immunology, vol. 10, no. 1, pp. 48–57, 2009.
[202] M. O. Li, Y. Y. Wan, and R. A. Flavell, “T cell-produced transforming growth factor-β1 controls T cell tolerance and regulates Th1- and Th17-cell diﬀerentiation,” Immunity, vol. 26,
no. 5, pp. 579–591, 2007.
[203] L. W. Collison, C. J. Workman, T. T. Kuo et al., “The inhibitory cytokine IL-35 contributes to regulatory T-cell function,”
Nature, vol. 450, no. 7169, pp. 566–569, 2007.
[204] S. Z. Josefowicz, L. F. Lu, and A. Y. Rudensky, “Regulatory
T cells: mechanisms of diﬀerentiation and function,” Annual
Review of Immunology, vol. 30, no. 1, pp. 531–564, 2012.
[205] J. C. Vahl, C. Drees, K. Heger et al., “Continuous T cell receptor signals maintain a functional regulatory T cell pool,”
Immunity, vol. 41, no. 5, pp. 722–736, 2014.
[206] J. Glanville, H. Huang, A. Nau et al., “Identifying speciﬁcity
groups in the T cell receptor repertoire,” Nature, vol. 547,
no. 7661, pp. 94–98, 2017.
[207] P. Dash, A. J. Fiore-Gartland, T. Hertz et al., “Quantiﬁable
predictive features deﬁne epitope-speciﬁc T cell receptor repertoires,” Nature, vol. 547, no. 7661, pp. 89–93, 2017.
[208] D. A. Kahn and D. Baltimore, “Pregnancy induces a fetal
antigen-speciﬁc maternal T regulatory cell response that contributes to tolerance,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 107, no. 20,
pp. 9299–9304, 2010.
[209] M. T. Litzinger, R. Fernando, T. J. Curiel, D. W. Grosenbach,
J. Schlom, and C. Palena, “IL-2 immunotoxin denileukin
diftitox reduces regulatory T cells and enhances vaccinemediated T-cell immunity,” Blood, vol. 110, no. 9,
pp. 3192–3201, 2007.
[210] A. C. Zenclussen, K. Gerlof, M. L. Zenclussen et al., “Regulatory T cells induce a privileged tolerant microenvironment at
the fetal-maternal interface,” European Journal of Immunology, vol. 36, no. 1, pp. 82–94, 2006.

17
[211] I. Guleria, A. Khosroshahi, M. J. Ansari et al., “A critical
role for the programmed death ligand 1 in fetomaternal
tolerance,” The Journal of Experimental Medicine, vol. 202,
no. 2, pp. 231–237, 2005.
[212] M. PrabhuDas, E. Bonney, K. Caron et al., “Immune mechanisms at the maternal-fetal interface: perspectives and challenges,” Nature Immunology, vol. 16, no. 4, pp. 328–334,
2015.
[213] M. S. Khodadoust, N. Olsson, L. E. Wagar et al., “Antigen
presentation proﬁling reveals recognition of lymphoma
immunoglobulin neoantigens,” Nature, vol. 543, no. 7647,
pp. 723–727, 2017.
[214] L. L. Liu, A. Pfeﬀerle, V. O. Yi Sheng et al., “Harnessing adaptive natural killer cells in cancer immunotherapy,” Molecular
Oncology, vol. 9, no. 10, pp. 1904–1917, 2015.
[215] M. Okas, J. Gertow, M. Uzunel et al., “Clinical expansion of
cord blood-derived T cells for use as donor lymphocyte infusion after cord blood transplantation,” Journal of Immunotherapy, vol. 33, no. 1, pp. 96–105, 2010.
[216] S. Berglund, J. Gertow, M. Uhlin, and J. Mattsson, “Expanded
umbilical cord blood T cells used as donor lymphocyte infusions after umbilical cord blood transplantation,” Cytotherapy, vol. 16, no. 11, pp. 1528–1536, 2014.
[217] J. N. Barker, E. Doubrovina, C. Sauter et al., “Successful
treatment of EBV-associated posttransplantation lymphoma
after cord blood transplantation using third-party EBVspeciﬁc cytotoxic T lymphocytes,” Blood, vol. 116, no. 23,
pp. 5045–5049, 2010.
[218] J. G. Crompton, M. Sukumar, and N. P. Restifo, “Uncoupling
T-cell expansion from eﬀector diﬀerentiation in cell-based
immunotherapy,” Immunological Reviews, vol. 257, no. 1,
pp. 264–276, 2014.
[219] B. L. Ferry, P. M. Starkey, I. L. Sargent, G. M. Watt,
M. Jackson, and C. W. Redman, “Cell populations in the
human early pregnancy decidua: natural killer activity and
response to interleukin-2 of CD56-positive large granular
lymphocytes,” Immunology, vol. 70, no. 4, pp. 446–452, 1990.
[220] P. M. Starkey, I. L. Sargent, and C. W. Redman, “Cell populations in human early pregnancy decidua: characterization
and isolation of large granular lymphocytes by ﬂow cytometry,” Immunology, vol. 65, no. 1, pp. 129–134, 1988.

International Journal of

Peptides

BioMed
Research International
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Advances in

Stem Cells
International
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Virolog y
Hindawi Publishing Corporation
http://www.hindawi.com

International Journal of

Genomics

Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Journal of

Nucleic Acids

=RRORJ\

International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 201

Volume 2014

Submit your manuscripts at
https://www.hindawi.com
The Scientific
World Journal

Journal of

Signal Transduction
Hindawi Publishing Corporation
http://www.hindawi.com

Genetics
Research International
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Anatomy
Research International
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Enzyme
Research

Archaea
Hindawi Publishing Corporation
http://www.hindawi.com

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Biochemistry
Research International

International Journal of

Microbiology
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

International Journal of

Evolutionary Biology
Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Molecular Biology
International
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Advances in

Bioinformatics
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Journal of

Marine Biology
Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

