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cific Treg cells are downregulated.

o Fetal antigen-specific regulatory T (Treg) cells are a minor population in the early pregnancy period.
o In miscarriage, the total numbers of Treg cells rather than the numbers of paternal/fetal antigen-spe-

o Decidual PD-1" clonal CD8" T cell numbers are upregulated in miscarriage.
o In preeclampsia, decidual effector and clonal Treg cell numbers are downregulated.
o Decidual PD-1" clonal CD8* T cell numbers are upregulated in preeclampsia.
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Abstract

Regulatory T (Treg) cells play an important role in implanta-
tion of the embryo and maintenance of pregnancy after al-
logeneic mating. Implantation failure, miscarriage, and pre-
eclampsia are associated with decreased numbers of Treg
cells or with dysfunctional Treg cells. Treg cells are classified
into naturally occurring Treg (nTreg) cells or thymus-derived
Treg (tTreg) cells that differentiate in the thymus and induce
tolerance to self-antigens, while induced Treg (iTreg) or pe-
ripheral Treg (pTreq) cells differentiate in the periphery and

induce transient tolerance to foreign antigens. Memory
nTreg or iTreg cells were recently reported to accumulate in
the uterus during early pregnancy and contribute to the es-
tablishment of pregnancy. Miscarriage is characterized by
the downregulation of the total numbers of Treg cells rather
than a downregulation of the numbers of paternal/fetal an-
tigen-specific Treg cells. In addition to the volume of pater-
nal/fetal antigen-specific CD8* T cells, the number of pater-
nal/fetal antigen-specific Treg cells, which protect the fetus/
placenta against maternal immune cell attack, increases af-
ter the second trimester of pregnancy. Clonal Treg cells
which are surrogate markers of paternal/fetal antigen-spe-
cific Treg cells in humans may be involved in the develop-
ment of preeclampsia during the mid- to late pregnancy
stage, as evidenced by their downregulation in the decidua
of preeclamptic cases. This review summarizes recent find-
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ings on Treg cells and discusses the roles, in the maintenance
of pregnancy, of different types of Treg cells such as pater-
nal/fetal antigen-specific Treg, pregnancy-associated mem-
ory Treg, nTreg (or tTreg), and iTreg (or pTreg cells).

© 2022 The Author(s).
Published by S. Karger AG, Basel

Introduction

As the fetus is a semi-allograft to the mother, decidual
CD4" and CD8" T cells recognize paternal antigens, ex-
press activated antigens such as CD69 and HLA-DR [1],
and produce various cytokines [2, 3]. Decidual CD4* and
CD8* T cells mainly comprise effector memory T cells
[3-5], suggesting that they recognize fetal/placental anti-
gens locally at the maternal-fetal interface and subse-
quently undergo activation. In contrast, most CD4" and
CD8" T cells in the peripheral blood are naive T cells al-
though maternal blood contains large amounts of syncy-
tiotrophoblast-derived extracellular vesicles. These find-
ings indicate that immune activation is limited to the ma-
ternal-fetal interface and is mediated by local regulatory
mechanisms without the activation of systemic immuni-
ty.

Several mechanisms have been proposed to be in-
volved in minimizing fetal rejection [6-14]. (1) Paternal/
fetal antigens have been shown to not be presented di-
rectly to maternal T cells by fetal antigen-presenting cells
(APCs), such as dendritic cells (DCs) but are instead pre-
sented indirectly to maternal T cells by maternal APCs,
which decreases the probability of acute transplant rejec-
tion. (2) Maternal DCs are proposed to be trapped in the
uterus, which minimizes fetal antigen presentation by
uterine DCs in the uterine draining lymph nodes. (3) It
has been hypothesized that maternal T cells recognize pa-
ternal/fetal antigens and undergo clonal depletion or ex-
haustion. (4) Paternal/fetal antigen-specific and paternal/
fetal antigen-nonspecific regulatory T (Treg) cells have
been demonstrated to suppress the activation of maternal
T cells and natural killer (NK) cells. (5) Chemokine-en-
coding genes in the decidua have been proposed to pre-
vent the migration of immune cells to the uterus. (6) The
trophoblast expresses indoleamine 2,3-dioxygenase 1
(which inhibits immune activation) and secretes IL-10
and TGF-f (which suppress immune activation). (7) Pro-
gesterone, whose levels are upregulated during pregnan-
cy, suppresses the production of Th1-type cytokines and
upregulated the production of Th2 cytokines, thus sup-
porting pregnancys; it also induces the production of pro-
gesterone-induced blocking factor which induces Th2-
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type cytokine production [15]. (8) HLA-G expressed on
extravillous trophoblast (EVT) reduces the cytotoxic ac-
tivity of CD8'T cells and NK cells.

These mechanisms protect the fetus and placenta from
maternal T and NK cell-mediated immune attacks. Treg
cells play a central role in inducing immunological toler-
ance to fetal/placental antigens [10-13, 16, 17]. Recent
studies have demonstrated that Treg cells regulate the cy-
totoxic activity of paternal/fetal antigen-specitfic effector
T cell and also prevent the activation of paternal/fetal an-
tigen-nonspecific T cells and NK cells. Treg cells are in-
volved in placentation, especially in remodeling uterine
spiral arteries [10, 18-20]. Thymus-derived naturally oc-
curring Treg cells (nTreg cells or tTreg cells) suppress im-
mune responses to self-antigens, and periphery-induced
Treg cells (pTreg cells or iTreg cells) suppress immune
responses to foreign antigens. This review focuses on the
role of paternal/fetal antigen-specific and nonspecific
Treg cells and the roles of nTreg (or tTreg) and pTreg (or
iTreg) cells in pregnancy maintenance. It also discusses
the downregulation of total numbers of Treg cell in mis-
carriage and numbers of paternal/fetal antigen-specific
Treg cell in preeclampsia (relative to those in healthy
pregnancies), which is suggested to contribute to the
breakdown of tolerance between the mother and fetus.

The expression, by CD8" cells, of programmed cell
death protein 1 (PD-1), an immune check point mole-
cule, induces immunosuppression. CD8* cytotoxic T
cells, which recognize the fetus and placenta, do not at-
tack the fetus and placenta when PD-1 is expressed. Con-
versely, CD8" cytotoxic T cells attack the fetus and pla-
centa in the absence of PD-1 expression. The balance be-
tween these Treg cells and PD-17 CD8* T cells in
miscarriage and preeclampsia will be discussed based on
recent studies.

Role of Paternal Antigen-Specific Treg Cells in the
Maintenance of Pregnancy

Paternal antigens in the semen are phagocytosed and
degraded into peptides by maternal APCs, and subse-
quently presented to maternal T cells in the uterine drain-
ing lymph nodes during implantation and the early preg-
nancy period. However, paternal antigens expressed on
trophoblast-derived extracellular vesicles are systemically
distributed upon spiral artery remodeling, which involves
the replacement of vascular endothelial cells with tropho-
blasts in the uterine spiral artery (at day 10.5 post-coitus
in mice and 16-18 weeks of gestation in humans). Subse-
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quently, the paternal antigens are present in lymph nodes
throughout the periphery (7, 10, 21] (Fig. 1).

The number of maternal ovalbumin (OVA)-specific
CD4" and CD8* T cells systemically increases during the
mid-pregnancy period in female mice that do not express
OVA and are mated with male mice expressing OVA [6,
7, 21, 22]. Meanwhile, the number of CD4* T cells that
respond to the male antigen H-Y increased during this
period when the fetus was male [23]. The proliferation of
T cells in response to paternal antigens is limited to the
uterine regional lymph nodes during implantation and
the early pregnancy period [22] (Fig. 1). However, mater-
nal T cells against paternal antigens are activated in the
lymph nodes throughout the body from the mid-preg-
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nancy period in mice [6, 7, 22] (Fig. 1). This indicates that
the response of maternal T cells to paternal antigens is
limited to the uterine draining lymph nodes during early
pregnancy, but systemic immune regulation is necessary
from the mid-pregnancy period because T cells through-
out the body can recognize paternal antigens. Remodel-
ing of the spiral arteries in humans begins at approxi-
mately week 10 of gestation and ends at approximately
weeks 16-18 of gestation [24]. Hence, systemic presenta-
tion of paternal/fetal antigens may occur after the mid-
pregnancy period. The activation of effector T cells that
recognize paternal/fetal antigens is prevented by Treg
cells in the uterus, which is the site of contact between the
mother and fetus. The administration of anti-CD25 anti-
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bodies that reduces CD4*CD25*Treg cells to mice before
implantation in allogeneic mating or the transient deple-
tion of Foxp3™ Treg cells using the Foxp3 diphtheria tox-
in receptor increases the number of activated CD4" and
CD8" T cells in the uterine draining lymph nodes, result-
ing in impaired implantation [25-28]. Additionally, the
number of Treg cells during the implantation period in
allogeneic pregnancies is higher than that in syngeneic
pregnancies [28]. This suggests that increased Treg cell
numbers in allogeneic pregnancies play an important role
in establishing implantation in mice [25-27].

In mice, it has been demonstrated that seminal plasma
plays an important role in inducing paternal antigen-spe-
cific Treg cells. Seminal plasma priming is reported to be
the mechanism underlying the accumulation of Treg cells
in the para-aortic lymph nodes, which are uterine drain-
ing lymph nodes [11, 22, 29-32]. The number of paternal
antigen-specific and proliferating Treg cells is upregulat-
ed in the uterine draining lymph nodes by day 3.5 post-
coitus and 1 day before implantation, peaking at day 11.5
post-coitus (mid-gestation period) but decreases to the
levels observed in nonpregnant animals at day 18.5 post-
coitus (late gestation) [29]. The number of paternal anti-
gen-specific Treg cells in the uterine draining lymph
nodes did not increase 1 day before implantation after
mating with seminal vesicle-resected male mice (thatlack
seminal plasma but not sperm) [29]. In contrast, when
female mice mated with males with ligated spermatic
ducts (that lack sperm but not seminal plasma), the num-
ber of proliferating paternal antigen-specific Treg cells in
the uterine draining lymph nodes 1 day before implanta-
tion was similar to that in females mated with nonsurgi-
cally modified males. This indicates that seminal plasma
priming increases the number of paternal antigen-specif-
ic Treg cells in the uterine regional lymph nodes before
implantation [29, 31]. In the uterus, the number of pro-
liferating paternal antigen-specific Treg cells does not in-
crease before implantation, but increases slightly on day
5.5 post-coitus and 1 day after implantation and mark-
edly increases during the mid- to late pregnancy periods
[29]. The number of proliferating paternal antigen-spe-
cific Treg cells in the uterine draining lymph nodes de-
creases during the late gestation period. This suggests that
paternal/fetal antigen-specific Treg cells migrate from the
uterine draining lymph nodes to the pregnant uterus dur-
ing the mid- to late pregnancy periods.

Chemokine-mediated mechanisms are important for
the accumulation of Treg in pregnant uteri. In mice, the
expression of CCR7 on Treg cells and CCL19 on uterine
tissue is critical for the semen-mediated accumulation of
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Treg cells [30]. However, one study reported that CCR7
expression was not upregulated in Treg cells from human
endometrial samples obtained from the peri-implanta-
tion stage of the menstrual cycle [33]. Another study on
mice showed that CCL4 was upregulated in the pregnant
uterus, resulting in increased numbers of CCR5" Treg
cells with strong immunosuppressive activity [34]. A pre-
vious study reported that CCR4 and CCRS5 are upregu-
lated on proliferating paternal antigen-specific Treg cells
and that the expression of CCR7 on proliferating paternal
antigen-specific Treg cells was almost absent in mice [29].
CCR5 is expressed in both Ki67* proliferative and Ki67~
(nonactivated) paternal antigen-specific Treg cells,
whereas CCR4 is highly expressed only in Ki67* paternal
antigen-specific Treg cells within the pregnant uterus.
CCR4 may be expressed on Treg cells after the recogni-
tion of paternal antigens in mice [29]. Additionally, CCR8
expression is upregulated on Treg cells in the endome-
trium during the peri-implantation period in humans.
The levels of expression of CCR1, CCR2, CCR5, CXCR3,
and CXCRG6 in Treg cells in the pregnant uterus are high-
er than those in Treg cells in the peripheral blood in hu-
man [33, 35]. These chemokine receptors may play an
important role in the uterine accumulation of Treg cells
from the periphery. As CCR5" and CXCR3* Treg cells are
critical for suppressing Thl immunity in mice and hu-
mans [36, 37], the accumulation of Treg cells in the preg-
nant uterus may prevent fetal rejection. Thus, despite
some differences in chemokine receptors expressed on
Treg cells in mice and humans, chemokines play an im-
portant role in accumulation of Treg cells in the gesta-
tional uterus in both species.

Treg cells in the placental bed share transcriptional
signals with tumor-infiltrating Treg cells, suggesting that
Treg cells may accumulate at the implantation site
through a mechanism common to both pregnancy and
tumors in mice and humans [13, 35, 38]. Tumor antigen-
nonspecific Treg cells reach the tumor microenviron-
ment before CD8" T cells; this prevents tumor cells from
being attacked by host immune cells. The paternal/fetal
antigen-specific Treg cells are hypothesized to be unim-
portant for the early stages of pregnancy maintenance,
whereas memory Treg cells that react with self-antigens
are important. This hypothesis explains the nature and
properties of Treg cells in the early pregnancy period;
however, further studies are needed to validate this hy-
pothesis.

Rowe et al. [21] demonstrated that the number of pa-
ternal/fetal antigen-specific Treg cells increases from the
mid-pregnancy period to approximately 100-fold by the
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end of gestation and decreases slightly after parturition
but is approximately 10-fold higher at day 100 postpar-
tum in mice (Fig. 1). Additionally, paternal/fetal antigen-
specific Treg cells express Ki67 during pregnancy and ex-
hibit a Ki67-negative phenotype after parturition in mice
[21]. Thus, these Treg cells recognize paternal/fetal anti-
gens, and their numbers increase during pregnancy, but
these Treg cells stop proliferating after parturition owing
to the lack of fetal antigens. During the second pregnancy,
fetal antigen-specific Treg cells that remain after delivery
rapidly increase in number after conception and promote
pregnancy maintenance in mice [21]. Granne et al. [33]
performed transcriptome analysis of Treg cells collected
from the peri-implantation endometrium of multiparous
and nulliparous women and reported a marked differ-
ence in gene expression in humans. Treg cells remember
past pregnancies and may remain in the uterus after de-
livery in mice and humans. During the next pregnancy
with the same partner, the number of Treg cells increases
rapidly, which contributes to the establishment of toler-
ance to paternal/fetal antigens (Fig. 1). NKG2C*
(CD159C*) and leukocyte immunoglobulin-like receptor
1* NK cells in the uterus also remember past pregnancies
and produce enhanced levels of vascular endothelial
growth factor a and interferon y during the subsequent
pregnancy, which is beneficial for placentation in hu-
mans [39]. The cooperation between Treg and uterine
NK cells may aid in establishing a second or subsequent
pregnancy.

We will proceed to review paternal/fetal antigen-spe-
cific Treg cells in humans. Decidual Treg cells exhibit the
capacity to mediate fetal antigen-specific suppression in
mixed lymphocyte reaction between mother lympho-
cytes and fetus-derived lymphocytes [40]. This indicates
that fetal antigen-specific Treg cells are present in utero
in humans. It is difficult to identify paternal-antigen-spe-
cific Treg cells in humans because models that express
specific antigens like transgenic mice cannot be applied
to humans. My research group hypothesized that human
maternal Treg cells with T cell receptors (TCRs) clonally
proliferate if they recognize fetal antigens. Therefore, ef-
fector Treg cells from the decidua and peripheral blood
were subjected to single-cell sorting. Subsequently, the
TCRs of each Treg cell were sequenced using reverse
transcription polymerase chain reaction. Treg cells with
the same TCR sequence were defined as clonal Treg cells.
The peripheral blood did not contain clonal Treg cells
during both early and late pregnancy periods, while clon-
al Treg cells were detected in the decidua. The average
proportion of clonal Treg cells in the early and late preg-
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nancy periods were 9.3% (4.4-14.5%) and 20.9% (15.4-
28.1%), respectively. The number of clonal Treg cells in-
creased with the progression of pregnancy [41]. The same
clonotype decidual Treg cells were detected in previous
and subsequent pregnancies, suggesting that these clono-
type decidual Treg cells recognize the same paternal/fetal
antigens [41]. Additionally, peripheral blood and decid-
ual Treg cells rarely shared a common sequence [41] in-
dicating that Treg cells that recognize paternal/fetal anti-
gens are localized and remain in the pregnant uterus.
Wienke et al. [35] demonstrated that Treg cells in the
placental bed exhibit a tissue-resident phenotype with
high expression of CD69, an important tissue-residency
molecule, and a gene expression pattern similar to that of
tissue-resident CD4" T cells in the lungs and skin in hu-
mans. Treg cells in the placental bed express higher levels
of Treg markers such as FOXP3, cytotoxic T-lymphocyte-
associated protein 4, and T cell immunoreceptor with Ig
and ITIM domains (TIGIT) compared to those in the
nonplacental bed area of the uterus. Additionally, Treg
cells in the placental bed exhibit upregulated levels of im-
mune checkpoint molecules, such as glucocorticoid-in-
duced tumor necrosis factor receptor family-related gene
(GITR), tumor necrosis factor (TNF) receptor superfam-
ily member 1B, TNF receptor superfamily member 4,
4-1BB (CD137), IL10, hepatitis A virus cellular receptor
2, Layilin, and programmed cell death 1, all of which are
associated with immunosuppression. This suggests that
the gene profile of Treg cells in the placental bed is similar
to that of tumor-infiltrating Treg cells [35]. Although
Weinke et al. [35] did not examine paternal/fetal antigen-
specific Treg cells, clonally proliferated Treg cells have
similar characteristics and may not be detectable in pe-
ripheral blood because they are localized to the uterus.

Roles of nTreg and iTreg Cells in Maintaining
Pregnancy

Treg cells can be classified into nTreg cells (or tTreg
cells) which differentiate in the thymus in response to
self-antigens and pTreg cells (or iTreg cells) which differ-
entiate in the periphery in response to antigens in periph-
eral tissues and cytokines such as TGF- [42]. nTreg cells
express FOXP3 for prolonged durations and inhibit T cell
activation through cell contact [42-46]. In contrast, pTreg
cells express FOXP3 only for a short duration and exert
transient immunosuppressive effects. Markers of nTreg
cells include Helios, neuropilin 1 (NRP1), and Ig super-
family protein glycoprotein A 33, while pTreg cells ex-
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hibit an Helios™, NRP17, and glycoprotein A 33~ pheno-
type although the specificity of these markers is contro-
versial [47-49].

The conserved CNS1, an enhancer of FOXP3, is essen-
tial for the differentiation of pTreg cells. Samstein et al.
[19] proposed that pTreg cells play a central role in the
immunological acceptance of the placenta of a semi-al-
lograft fetus in mammals. The abortion rate in allogenic
CNS1 knock-out mouse pregnancies is approximately
10%, which is slightly higher than that in wild-type mouse
pregnancies (approximately 5%) but not higher than that
in syngeneic pregnancies [19]. Rowe et al. [21] reported
that fetal antigen-specific Treg cells mainly comprise
nTreg cells with upregulated expression of Helios during
early pregnancy in mice, while the number of fetal anti-
gen-specific pTreg cells with a Helios-negative phenotype
increases in the late pregnancy period. The analysis of the
expression pattern of NRP1 (a marker of nTreg cells) and
the nTreg-specific demethylation pattern of the FOXP-
encoding gene region revealed that the number of nTreg
cells (tTreg cells) increases after immune stimulation by
semen in the uterine draining lymph nodes of mice [50].
These Treg cells are Ki67* dividing cells. The expression
levels of cytotoxic T-lymphocyte-associated protein 4
(CTLA-4) and GITR, which are involved in immunosup-
pression, are upregulated in NRP1* nTreg cells, which are
strongly immunosuppressive [50]. Treg cells are reported
to expand in the thymus during the early pregnancy pe-
riod in mice [51]. Thus, nTreg cells may have a critical
role during early pregnancy [21, 50-52].

Several fetal/placental antigens access the thymus via
the bloodstream and are presented by thymic medullary
epithelial cells and induced to differentiate [53]. Large
amounts of fetal antigens are transported via extracellular
vesicles in the post-mid-term stage of pregnancy. Auto-
immune regulator (Aire)-deficient mice lack nTreg cells
and exhibit implantation failure and embryonic loss [54].
This indicates that nTreg cells are essential for implanta-
tion and success of pregnancy during the early stages. The
miscarriage rate when all Treg cells are depleted is higher
(approximately 50%) than that when pTreg cells are ab-
sent (approximately 10%) [16, 21, 27]. In humans, He-
lios* nTreg cells account for more than 90% of the de-
cidual cells during early pregnancy [52]. Additionally, the
number of Helios™ iTreg cells increases toward the end of
gestation [55], which is consistent with findings in mice.
Furthermore, the efflux of Treg cells from the thymus de-
creases in the late gestation phase [56]. The activity of
progesterone during pregnancy results in thymic involu-
tion. Therefore, the pool of nTreg cells decreases during
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the late pregnancy period in mice [57]. In humans, the
number of PD-1" Helios* FOXP3* nTreg cells increases
via cell contact in co-cultures of EVTs and CD4" T cells
[58]. PD-1 regulates the immune system and promotes
self-tolerance by suppressing inflammatory T cell activi-
ty. The administration of anti-HLA-C antibodies de-
creases the induction of PD-1" Treg cells, suggesting that
the immunosuppressive function of nTreg cells is en-
hanced via HLA-C expressed on EVT [58]. These find-
ings indicate that the nTreg cells are abundant in the uter-
us during early pregnancy, the number of iTreg cells in-
creases in the late pregnancy period, and each type of Treg
cell plays a different role in the early and late pregnancy
periods to sustain pregnancy in mice and humans (Fig. 1).

Pathophysiological Aspects of Miscarriage and

Involvement of Treg Cells

The uterine abundance of Treg cells in allogeneic preg-
nancies is higher than that in syngeneic pregnancies [28].
Depletion of Treg cells results in an increased frequency
of abortions in allogeneic pregnancies in mice. Mean-
while, abortions of some male fetuses but not those of
female fetuses are frequent in syngeneic pregnancies in
mice [16, 21, 23, 27]. The decidua of women with miscar-
riages and normal physiological fetal chromosomal con-
tent exhibited decreased numbers of effector Treg cells
with strong immunosuppressive activity and increased
numbers of effector T cells that can attack the fetus [52,
59]. The expression of sphingosine-1 phosphate receptor
1 (s1prl), which is involved in lymphocyte activation and
migration, is upregulated in uterine Treg cells during the
peri-implantation period in cases of recurrent pregnancy
loss (RPL) in humans. However, the expression of TIGIT,
which isinvolved in immunosuppression of T cells via the
TIGIT-CD155 pathway, and the function of uterine Treg
cells are downregulated in RPL cases before conception
in humans [32, 52, 59]. Thus, the function of Treg cells in
the uterus is impaired in RPL even before conception.

These results demonstrate that Treg cells are necessary
for establishing pregnancy during the peri-implantation
period. However, the role of paternal/fetal antigen-spe-
cific Treg cells in establishing pregnancy during the peri-
implantation period is unclear. Currently, experimental
systems using mice have been used to eliminate Treg cells,
but the specific elimination of paternal/fetal antigen-spe-
cific Treg cells during gestation has not been achieved yet.

A previous study hypothesized that immunological
aberrations are the etiological factors for miscarriage in
human pregnancies with normal fetal chromosomal con-
tent [12]. Although the number of effector Treg cells in
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nonspecific Treg (PA-non-Treg) among Treg cells, and PD-1* cy-
totoxic T (PD-1"CTL) and PD-1"CTL among CTL are shown. The
total number of Treg cells in miscarriage is lower than that in
healthy early pregnancy, while the percentage of paternal antigen-
specific Treg cells remains unchanged. Compared with that in
healthy early pregnancies, the number of paternal antigen-specific
cytotoxic T cells is higher in miscarriage. In the early pregnancy
period, PD-1" paternal antigen-specific cytotoxic T cells are pre-
dominant, resulting in fetal rejection. In late normal pregnancy,
the total numbers of Treg cells and paternal antigen-specific Treg
cells are upregulated. In preeclampsia, there is not only a decrease
in Treg volume, but also a decrease in PA-Treg cell rate. As shown

the decidua was downregulated in cases of miscarriage
with normal fetal chromosomes, the proportion of clonal
Treg cellsamong Treg cells (a surrogate marker for pater-
nal/fetal antigens-specific Treg cells) was unchanged in
humans [41]. In contrast, in miscarriage with a normal
fetal chromosomal content, effector memory CD8" T cell
populations comprised increased proportions of immune
checkpoint molecule PD-1" clonal CD8* T cells in hu-
mans [5]. This suggests that increased maternal clonal
PD-17 CD8* T cells that recognize paternal/fetal antigens
and clonally expanded, a surrogate marker for paternal/
fetal antigens-specific CD8* T cells, may attack the fetus
leading to miscarriage (Fig. 2). In early pregnancy, mem-
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in the upper right of the figure, in cases of inadequate semen ex-
posure, such as condom use, short cohabitation, and sperm donor
pregnancies, mothers are at risk for preeclampsia due to insuffi-
cient induction of paternal antigen-specific Treg cells. In addition
to the decrease in Treg cell volume and ratio of paternal antigen-
specific Treg cells to nonpaternal antigen-specific Treg cells, in-
creased secretion of soluble endoglin (sEng) may suppress the au-
tophagy of endovascular trophoblasts (EVTs) in preeclampsia
(middle right panel). This results in impaired remodeling of spiral
arteries. In addition, sEng neutralizes TGF-p, thus inhibiting the
differentiation into Treg cells and promoting differentiation into
inflammatory Th17 cells (middle right panel). Additionally, PD-1
expression in paternal antigen-specific CTLs is downregulated,
and the fetus may be attacked by maternal cytotoxic T cells, con-
tributing to the development of preeclampsia (lower right).

ory effector Treg cells, which are paternal/fetal antigen-
nonspecific Treg cells, suppress the widespread activation
of T cells and NK cells (Fig. 2). Chen et al. demonstrated
that, in early murine pregnancy, pre-existing CD44hih
CD62°V activated/memory Treg cells accumulate at im-
plantation sites in allogeneic pregnancies and play a role
in the maintenance of pregnancy [38]. The number of
these activated/memory Treg cells increases from day 4
post-coitus, which corresponds to the implantation
phase, especially in the uterine regional lymph nodes of
allogeneic pregnancies, and plateaus at day 7 post-coitus.
These Treg cells are similar to those found in tumors [13,
38]. Recently, Wienke et al. [35] demonstrated similari-
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ties between Treg cells that accumulate in the placental
bed and those at tumor sites in humans. The duration for
the differentiation of progenitor CD4" T cells into pater-
nal/fetal antigen-specific iTreg cells is approximately 1
week in vitro [31]. Hence, activated/memory nTreg cells
are recruited to the uterus during the implantation period
and suppress the activation of antigen-nonspecific T cells
and NK cells, resulting in successful pregnancy. As the
number of paternal/fetal antigen-specific CD8" T cells
systemically increases after the mid-pregnancy period in
mice and humans [5, 6, 9, 22], the number of paternal/
fetal antigen-specific Treg cells may also increase after the
mid-pregnancy period and suppress rejection (Fig. 2). In
cases of HLA-C mismatch between mother and fetus, the
numbers of activated CD4" T cells and Treg cells are re-
ported to increase in the decidua in term pregnancy [60],
suggesting that paternal HLA-C antigen-specific Treg
cells are involved in maintaining pregnancy after the
mid-pregnancy period in humans. Future studies should
clarify the role of the downregulation of HLA-C-specific
Treg cells in miscarriage.

Involvement of Treg Cells in the Pathophysiology of

Preeclampsia

Epidemiological studies have revealed that preeclamp-
sia is more common in the first pregnancy than in subse-
quent pregnancies and also in the first pregnancy with a
new partner (even in multiparous women). Women are
at an increased risk for developing preeclampsia if more
than 10 years have elapsed after the last pregnancy (even
when the risk is corrected for age). This indicates that the
inadequate induction of maternal tolerance to the fetus is
involved in the pathogenesis of preeclampsia [61-63].
Other epidemiological findings, such as an increased risk
of developing preeclampsia in couples who use condoms
[64], couples with a short duration of cohabitation [64],
and sperm donation pregnancies [65], suggest that inad-
equate induction of paternal antigen-specific Treg cells
by seminal plasma is a pathological factor for the develop-
ment of preeclampsia. Seminal plasma induces paternal-
specific Treg cells. The epidemiological risk factors ob-
served in preeclampsia are absent in RPL, suggesting that
preeclampsia and RPL are both associated with decreased
numbers of Treg cells but differ in the type of Treg cells.

Reduced uterine arterial perfusion pressure (RUPP) is
an animal model for preeclampsia [66]. However, RUPP
does not cause hypertension in nude rats, which lack the
thymus and T cells [67]. This indicates that T cells are
important in the pathogenesis of preeclampsia. The infu-
sion of Th17 cells collected from rats subjected to RUPP
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into wild-type pregnant rats increased the blood pressure
and decreased the pup weight, indicating that Th17 cells
are involved in preeclampsia pathogenesis [68]. Mean-
while, the infusion of Treg cells from wild-type pregnant
rats into female rats subjected to RUPP resulted in de-
creased blood pressure and reduced serum levels of IL-17
and TNFa [69]. CD4* T cells differentiate into Treg cells
in an environment with high levels of TGF but differenti-
ate into Th17 cells upon downregulation of TGF-f and
upregulation of inflammatory cytokines [70]. Levels of
soluble endoglin (sEng) are elevated in patients with pre-
eclampsia even before the onset of the disease [71, 72].
This may explain the decrease in numbers of Treg cells
and the increase in numbers of Th17 cells [70] as sEng
binds to TGF-P and neutralizes its effects. The number of
decidual IL-17-producing Treg cells in preeclamptic
pregnancies is higher than that in healthy pregnancy [73].

Several clinical studies have demonstrated that in ad-
dition to the decreased number of Treg cells in the de-
cidua and peripheral blood, the immunosuppressive
function of Treg cells is downregulated in preeclamptic
women [74, 75]. In preeclampsia, Treg cells are prone to
apoptosis owing to the downregulation of the anti-apop-
totic B-cell CLL/lymphoma 2 (Bcl-2) and the upregula-
tion of the pro-apoptotic B-cell CLL/lymphoma 2-associ-
ated X (BAX) protein [76]. sEng inhibits autophagy and
neutralizes TGT, resulting in the suppression of Treg
differentiation [70]. Furthermore, autophagy is required
for Treg function. Impaired autophagy promotes Treg
cell dysfunction and apoptosis [77] (Fig. 2 middle right
panel). In patients with preeclampsia, Treg cell differen-
tiation is aberrant, and the life span of Treg cells is low
due to apoptotic cell death.

The mechanism through which decreased numbers of
Treg cells contribute to preeclampsia deserves attention.
Trophoblast invasion in women with preeclampsia, espe-
cially in the early-onset type, is shallower than that in
healthy pregnancies. Additionally, placentas of pre-
eclamptic patients exhibit impaired remodeling of the
spiral arteries, resulting in insufficient blood flow to the
placenta [78, 79] (stage 1). After 20 weeks of gestation,
maternal environmental factors, genetic factors, and sub-
stances produced by the hypoxic placenta (including sFlt-
1 and sEng) cause systemic vascular endothelial damage
(stage 2), leading to hypertension, proteinuria, and fetal
growth restriction.

Autophagy deficiency is involved in the mechanism of
insufficient spiral artery remodeling during stage 1 [80].
Increased levels of serum sEng in preeclampsia are attrib-
uted to placental hypoxic stress. Transient depletion of
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Treg cells in mice by administering anti-CD25 antibodies
in early pregnancy increases uterine artery vascular resis-
tance owing to impaired spiral artery remodeling in the
mid-pregnancy period [20]. Additionally, levels of the in-
flammatory cytokines/chemokines interferon y (IFN-y),
TNEFa, IL-1, IL-17, and Ccl2 are elevated in these mice.
These phenotypes are similar to those observed in pre-
eclampsia although the mice did not develop hyperten-
sion. However, the blood pressure in anti-CD25 anti-
body-treated (i.e., Treg-depleted) mice administered
with NG-nitro-L-arginine methyl ester hydrochloride (L-
NAME), an inhibitor of NO synthesis, was higher than
that in mice treated administered with L-NAME alone.
The depletion of Treg cells in the late pregnancy period
did not exacerbate hypertension or proteinuria [20].
Thus, the downregulation of Treg cell numbers is associ-
ated with the development of preeclampsia although this
is not the sole cause of preeclampsia. Redman et al. [81]
hypothesized that in addition to shallow placentation, ex-
cessive inflammation may cause preeclampsia. Shallow
placentation due to decreased numbers of Treg cells and
excessive inflammation due to increased numbers of
Th17 cells may contribute to the development of pre-
eclampsia. Future studies should focus on the involve-
ment of the immune system, metabolism, and genetic
predisposition in preeclampsia.

Early-onset preeclampsia, which occurs before 34
weeks of gestation, may be associated with an impairment
of the immune system and inadequate induction of toler-
ance, resulting in shallow placentation. In contrast, late-
onset preeclampsia, which occurs after 34 weeks of gesta-
tion, may be associated with metabolic syndromes such
as obesity, gestational diabetes, and hyperlipidemia as the
main pathogenic factors. The early-onset and late-onset
forms of preeclampsia are reported to exhibit distinct
pathophysiology [63]. This hypothesis is supported by
the fact that the number of Treg cells in early-onset pre-
eclampsia is markedly decreased when compared with
that in late-onset preeclampsia [82]. Additionally, late-
onset preeclampsia increases rapidly after 34 weeks of
gestation in obese patients [83, 84].

The number of Helios-positive nTreg cells is high in
the early pregnancy period, while the number of iTreg
cells is high in the late pregnancy period. However, the
number of iTreg cells does not increase in preeclampsia,
resulting in a decrease in total Treg volume (nTreg cells
and iTreg cells combined) [55] (Fig. 2). In healthy preg-
nancy, CD14* DC-SIGN (CD209)* APCs in the decidua
express high levels of HLA-G and ILT4 that induce pTreg
cells. However, in preeclampsia, CD14* CD209DC-
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SIGN* APCs in the decidua do not exhibit sufficient ex-
pression of HLA-G and ILT4. Hsu et al. [55] proposed
that the production of iTreg cells is inadequate in pre-
eclampsia. However, another study [74] reported that the
ratio of iTreg cells to nTreg cells did not change in pre-
eclampsia, suggesting that further studies are needed.

A previous study examined decidual Treg cells that
recognize paternal/fetal antigens and clonally proliferate
and reported that the number of clonal Treg cells in pre-
eclampsia decreases by 50% when compared with that in
healthy pregnancy [41] (Fig. 2). The number of clonal
Treg cells does not decrease in women with miscarriage.
Semen exposure induces paternal antigen-specific Treg
cells [22, 30-32]. The risk of developing preeclampsia is
high in couples who use condom contraception [64],
where exposure to semen is for short periods [85], and
when the recipient is not exposed to semen in sperm do-
nation pregnancies [65], which is consistent with the
above results. However, these epidemiologic risk factors
are not associated with miscarriage, suggesting that de-
creased paternal/fetal antigen-specific Treg cells are
closely related to the pathogenesis of preeclampsia. Pater-
nal antigen-specific Treg cells are present after the first
delivery [21, 33] and rapidly increase in number during
the second pregnancy, inducing paternal antigen-specific
tolerance [21]. Future studies should determine whether
the number of clonal Treg cells changes between first and
second pregnancies with the same partner.

The cytotoxic activity against paternal antigens is high
in preeclampsia [86]. CD8" T cells that recognize paternal
antigens are present during healthy pregnancy but pater-
nal antigen-specific CD8* T cells are in an exhausted state
[87, 88] and cannot attack EVT presenting paternal anti-
gens or cells presenting fetal antigens. Although paternal
antigen-specific CD8* T cells are present after delivery,
they exhibit an exhausted phenotype during the second
pregnancy and do not attack EVT presenting fetal/pater-
nal antigens [87]. Stimulation by PD-1 and lymphocyte-
activation gene 3 (LAG3) plays an important role in the
exhausted phenotype of CD8" T cells against paternal an-
tigens [87]. The level of expression of PD-1 on clonal
CD8* T cells in the decidua of preeclamptic pregnancies
isless than 40% when compared with that in healthy preg-
nancies, indicating that the fetus/placenta is vulnerable to
attack by maternal CD8" T cells [5]. Fetal rejection can
result from a decrease in the number of clonal Treg cells
in preeclampsia and an increase in the number of clonal
CD8* T cells that recognize the fetus (Fig. 2). This sug-
gests that the fetus/placenta is attacked by the maternal
immune system during preeclampsia in humans.
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Conclusion

According to recent studies, memory Treg cells, simi-
lar to those present at tumor sites, are present before con-
ception and play an important role in implantation and
the early pregnancy period. Memory Treg cells are poten-
tially fetal antigen-nonspecific Treg cells. Fetal antigen-
specific nTreg and iTreg cells constitute a minor popula-
tion of Treg cells during early pregnancy. iTreg cells play
an ancillary role in maintaining pregnancy during the
early pregnancy period. In human miscarriage, the num-
ber of effector Treg cells in the decidua decreases while
the number of clonal Treg cells does not. However, the
number of PD-1" clonal CD8* T cells increases in the de-
cidua of women with miscarriage, suggesting that the fe-
tus/placenta can be attacked. The number of Treg cells
that recognize paternal/fetal antigens increases from the
mid-pregnancy period. As the number of iTreg cells also
increases, paternal/fetal antigen-specific Treg cells after
the mid-pregnancy period comprise nTreg and iTreg
cells. In preeclampsia, the number of effector and clonal
Treg cells decreases in the decidua, which can be inter-
preted as a decrease in the number of paternal/fetal anti-
gen-specific Treg cells. The number of clonal PD-1~ CD8*
T cells increases in preeclampsia cases, suggesting the in-

duction of paternal/fetal antigen-specific cytotoxicity in
preeclampsia.

Therefore, strategies to increase memory nTreg cells
that react with self-antigens need to be developed to treat
implantation failure and miscarriages. Meanwhile, strate-
gies must be developed to increase the number of pater-
nal/fetal antigen-specific Treg cells to treat preeclampsia.
Further studies will aid in the development of Treg cell-
based therapies for implantation failure, unexplained
miscarriages, and preeclampsia.
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