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Abstract
Background: Immune cells play an important role in the establishment of preg-
nancy, and abnormalities in the immune system can cause implantation failure and 
miscarriage.
Methods: Previous papers have been summarized and the role of immune cells in 
reproduction is reviewed.
Results: The immune environment in the uterus changes drastically from before im-
plantation to after pregnancy to maintain pregnancy. In allogeneic pregnancies, im-
mature dendritic cells (DCs) that induce immune tolerance from outside the uterus 
flow into the uterus, and mature DCs that remain in the uterus express programmed 
cell death ligand 2, which suppresses the immune response. Macrophages are clas-
sified into M1-macrophages, which induce inflammation, and M2-macrophages, 
which suppress inflammation; M1-macrophages are required for luteinization, and 
M2-macrophages induce the differentiation of endometrial epithelial cells to enable 
implantation. Regulatory T cells, which suppress rejection, are essential for the im-
plantation and maintenance of allogeneic pregnancies. Implantation failure and fetal 
loss are associated with decreased numbers or qualitative abnormalities of DCs, mac-
rophages, and regulatory T cells. The clinical usefulness of immunomodulatory thera-
pies in patients with repeated implantation failure and recurrent pregnancy loss has 
been reported.
Conclusion: The provision of individualized medical care in cases of implantation fail-
ure or miscarriage may improve clinical outcomes.
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1  |  INTRODUC TION

Mammals are fertilized inside the female body, the fetus develops in 
the uterus, and finally, the mother delivers the baby. This mode of 
reproduction is more effective than that of fish, amphibians, reptiles, 
and birds in protecting fetuses from predation. However, it was nec-
essary to develop a new system in which the mother's immune cells 
do not reject the fetus, which is a semi-allograft, but tolerate it.1–5 
The mother's immune system is greatly altered in the uterus where 
pregnancy is established, especially at the site of implantation. By 
inducing immune tolerance to fetal antigens, the fetus is not rejected 
by maternal immune cells, and pregnancy continues.1–4 Maternal 
macrophages (Mφ) involved in luteinization6,7 and Mφ and dendritic 
cells (DCs) play important roles in the differentiation of endometrial 
epithelium and stroma and in angiogenesis in the decidua.8,9 Thus, 
abnormalities in the maternal immune cells can lead to implantation 
failure and miscarriage.10–15 Understanding changes in the mater-
nal immune system associated with pregnancy is important from 
the standpoint of reproductive medicine and can help in the devel-
opment of new treatments for implantation failure and pregnancy 
loss. In addition to endocrine system, which is conventionally known 
to play an important role in reproduction, it is now known that im-
mune system and endocrine systems complement each other and 
work in concert to establish pregnancy.16–18 In this review, the role 
of immune cells in mammalian implantation and the establishment 
of pregnancy is explained, followed by a discussion of treatments 
for repeated implantation failure (RIF) and recurrent pregnancy loss 
(RPL) from an immunological perspective.

2  |  UTERINE LYMPHOCY TES ARE 
AC TIVATED BY RECOGNITION OF THE 
FETAL ANTIGENS

When a blastocyst is attached to the endometrial epithelium, no ag-
gregation of maternal lymphocytes is observed in the endometrial 
stromal tissue; however, when the embryo breaks through the endo-
metrial epithelial basement membrane and invades the endometrial 
stroma, many lymphocytes gather around the embryo.19 This is very 
similar to the phenomenon that occurs when cancer cells penetrate 
the epithelial basement membrane and invade the stroma, where 
many lymphocytes infiltrate around the cancer cells.20

Conventionally, lymphocytes in the uterus were believed to be in-
active because they can tolerate the fetus. Importantly, lymphocytes 
in the decidua increased in size, similar to activated lymphocytes.4 
Therefore, we examined whether the lymphocytes in the decidua 
were truly activated using flow cytometry.21,22 The results showed 
that the activated markers such as CD69 and human leukocyte an-
tigen (HLA)-DR antigens were detected in approximately 60% and 
70% of the CD4+ T cells in the decidua (approximately 1% and 10% 
in the peripheral blood), approximately 70% and 80% of the CD8+ 
T cells in the decidua (approximately 3% and 20% in the peripheral 

blood), and approximately 70% and 80% of the CD16−CD56bright nat-
ural killer (NK) cells in the decidua (approximately 10% and 20% in 
the peripheral blood), respectively, indicating that the lymphocytes 
in the decidua are in an activated state. These activating lympho-
cytes produce vascular endothelial growth factor (VEGFα), angio-
poietin, and interleukin (IL)-8, which are involved in angiogenesis; 
interferon-γ (IFN-γ), which acts in the remodeling of the spiral ar-
tery; and macrophage-colony stimulating factor (M-CSF), granulo-
cyte macrophage-CSF (GM-CSF), and granulocyte-CSF (G-CSF), 
which are involved in trophoblast growth and differentiation and are 
actively involved in the establishment of pregnancy.23–28

The fetal and maternal immune cells are not in direct contact 
with each other. Maternal immune cells are in direct contact with 
placental epithelial cells (syncytiotrophoblasts) of fetal origin.

T-cell receptors recognize antigens bound to the major histo-
compatibility complex (MHC). Therefore, neither maternal CD4+ nor 
CD8+ T cells can recognize the antigens expressed on villous tropho-
blasts because neither MHC class I nor II molecules are expressed on 
syncytiotrophoblasts. In contrast, extravillous trophoblasts (EVT), 
which invade decidual stromal cells, express only HLA-C, an MHC 
class I molecule. Therefore, maternal CD8+ T cells can react with 
HLA-C antigens of paternal origin expressed on EVT.29–31

Whether lymphocytes in the decidua are activated as a result 
of recognizing fetal antigens or paternally derived HLA-C antigens 
has not yet been fully proven. However, some data suggest that ma-
ternal T cells recognize fetal or paternal antigens. When maternal 
lymphocytes recognize fetal antigens, they are activated and pro-
liferate at the feto-maternal interface, which should result in an in-
crease in clonally proliferated T cells with the same T-cell receptor: 
(1) in peripheral blood, clonally proliferated CD4+ T cells and CD8+ T 
cells are rarely observed, (2) the decidua contains clonally expanded 
CD4+ T cells and CD8+ T cells, and (3) T cells with the same T-cell 
receptor sequence were observed in the decidua in the first and sec-
ond pregnancies,32–34 suggesting that clonally proliferating T cells 
recognize the same paternal HLA-C or fetal antigens expressed on 
EVT in the first and second pregnancies.

In summary, lymphocytes likely recognize and activate fetal/pa-
ternal antigens in utero. These lymphocytes secrete many cytokines 
that are involved in the establishment of pregnancy; however, the 
question has been raised as to why the fetus is not rejected.

3  |  WHY IS THE FETUS NOT REJEC TED 
DESPITE THE AC TIVATION OF 
INTR AUTERINE LYMPHOCY TES?

3.1  |  Increased regulatory T (Treg) cells contribute 
to the maintenance of pregnancy

During pregnancy, Treg cells, which suppress immune activation and 
rejection, increase in the decidua2,12–15,35 (Figure 1). Blood estrogen 
and progesterone levels increase during pregnancy and induce an 
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increase in Treg cells.36,37 Additionally, human chorionic gonadotro-
pin (hCG) secreted from chorionic villi accumulates in Treg cells at 
the site of implantation by inducing chemokine (C-C motif) ligand 
2.38,39 Progesterone produced by the corpus luteum not only in-
creases the number of Treg cells and their function at implantation 
to prevent fetal rejection but also contributes to fetal development 
by promoting remodeling of the uterine spiral artery.40

In mouse experiments, depletion of Treg cells at the time of im-
plantation causes implantation failure in allogeneic pregnancies, but 
implantation is successful in syngeneic pregnancies.10,11,13 In addition, 
depletion of Treg cells in early pregnancy causes fetal loss in allogeneic 
pregnancies but not in syngeneic pregnancies.11,13,41,42 Therefore, Treg 
cells at the site of implantation prevent rejection of the fetus, which is 
a semi-allograft, and contribute to establishing implantation and con-
tinuing the pregnancy after implantation. Treg cells also contribute to 
fetal development by increasing maternal blood flow to the intervillous 
space by promoting the remodeling of the uterine spiral artery.43 In 
other words, Treg cells protect the fetus and placenta from attacks by 
maternal immune cells. Once pregnancy is established, Treg cells are 
also involved in placentation. Treg cells are broadly classified into fetal/
paternal antigen-specific Treg cells and memory Treg cells for self-
antigens.5,30,31,44,45 Treg cells are also classified as natural Treg cells, 
which develop in the thymus, and induced Treg cells, which develop 
in the periphery.46 At the time of implantation and early pregnancy, 
natural and memory Treg cells increase in the decidua,47–49 whereas 

induced Treg cells and fetal/paternal antigen-specific Treg cells in-
crease in the third trimester of pregnancy.47–49 In early pregnancy, as 
in cancer, antigen-nonspecific immunosuppressive memory Treg cells 
protect the fetus from rejection,50,51 while in late pregnancy, fetal 
antigen-specific Treg cells are thought to protect the fetus from rejec-
tion30,31,45,47 (Figure 1). Fetal/paternal antigen-specific Treg cells are 
present even after parturition and promptly increase in the next preg-
nancy to contribute to placentation and pregnancy maintenance.45 In 
summary, antigen-nonspecific memory Treg cells and fetal antigen-
specific Treg cells cooperate to maintain pregnancy.

4  |  IMMUNE CELL S OTHER THAN TREG 
CELL S THAT CONTRIBUTE TO ALLOGENEIC 
PREGNANCY MAINTENANCE

In peripheral blood, 70%–75% of lymphocytes are T cells, 5%–20% 
are NK cells, and 10% are B cells. In the decidua, CD16−CD56bright 
NK cells (uterine NK: uNK cells), which are present in only 0.5% of 
peripheral blood, comprise 80%, CD16+ NK cells, which are predom-
inantly peripheral blood NK cells, are present only in 2%–3%.20,21,27 
In the decidua, T cells are present in only 10%–15% of the popula-
tion, and the B cell population is only 1%. The cytotoxic activity of 
uNK cells is low compared with that of CD16+ NK cells, and they 
do not directly attack trophoblasts. However, when stimulated by 

F I G U R E  1 Changes in the intrauterine immune environment from sexual intercourse to the establishment of pregnancy. We show the 
changes in the immune environment in the uterus from sexual intercourse to pregnancy, focusing on DCs, Mφ, and Treg cells. These cells 
coordinate hormonal changes to help establish pregnancy. PA-Treg, Paternal antigen specific Treg.
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IL-2 or IFN-γ, their cytotoxic activity increases, leading to miscar-
riage.28,52–54 uNK cells produce VEGF, G-CSF, M-CSF, IL-8, IFN-γ, 
etc., and are involved in angiogenesis.23–28,55 These cytokines are 
useful for angiogenesis and trophoblast proliferation and differenti-
ation. In addition, uNK cells in the endometrium of women who have 
given birth highly express NKG2C and LILRB1, recognize HLA-E and 
HLA-G expressed on EVT, produce VEGFα for angiogenesis and 
IFN-γ for spiral artery remodeling, and play a role in placenta forma-
tion.56 Thus, uNK cells, such as Treg cells, have a memory function 
to remember previous pregnancies. This explains the increased risk 
of preeclampsia in the first pregnancy and the lower incidence of 
preeclampsia in parous women.57

T-cell activation requires the recognition of antigen peptides 
by T-cell receptors and co-stimulatory signals via the binding of 
CD80/86 complexes or B7 molecules on antigen-presenting cells, 
DCs, and CD28 on T cells. CD80/86 complexes on DCs in the 
uterus are downregulated.8,58–60 Activation of T cells without co-
stimulation leads to the unresponsiveness of T cells, resulting in 
immune tolerance of the fetus, suggesting that downregulation of 
CD80/86 complexes on DCs prevents fetal rejection. Additionally, 
indolamine 2,3-dioxygenase (IDO), an enzyme that degrades tryp-
tophan, reduces the cytotoxic activity of CD8+ T cells by decreasing 
tryptophan levels. IDO is expressed in trophoblast cells and in DCs 
and Mφ in the decidua, preventing maternal CD8+ T cells from at-
tacking fetal and placental cells.61–63 IDO expression is downregu-
lated in miscarriages, suggesting that IDO plays an important role in 
pregnancy maintenance.61,63,64

Programmed cell death protein 1 (PD-1) is a receptor expressed 
on the surface of activated T cells. Programmed cell death ligand 
1 (PD-L1) and programmed cell death ligand 2 (PD-L2) are ligands 
that bind to PD-1 and are expressed in cancer cells.65,66 When PD-1 
expressed on activating T cells binds to PD-L1 or PD-L2 expressed 
on cancer cells, these activated T cells cannot attack the cancer 
cells. Trophoblasts express PD-1; therefore, PD-1 expressing -CD8+ 
T cells and -CD4+ T cells are unable to attack the placenta, and the 
fetus is protected from maternal T-cell attack.67 Recently, immune 
checkpoint inhibitors such as anti-PD-1 and anti-PD-L1 antibodies 
have been used for cancer therapy. Complications such as preterm 
delivery, HELLP syndrome, low birth weight, and placental insuf-
ficiency have been reported in a few cases due to the use of im-
mune checkpoint inhibitors as cancer therapy during pregnancy.68 
In human recurrent miscarriage cases, decidual macrophage-derived 
nitric oxide downregulates PD-L1 expression in trophoblasts, lead-
ing to a decrease in Treg cells.69 These clinical events suggest that 
PD-L1 expression in trophoblasts is involved in the induction of 
mother-to-child tolerance.

Trophoblasts also produce IL-10 and transforming growth fac-
tor-β, which nonspecifically suppress immune responses and pre-
vent fetal rejection by the maternal immune system.70,71

Thus, through Treg cells and various immunosuppressive mech-
anisms, the fetus, a semi-allograft, is protected from attacks by ma-
ternal immune cells.

5  |  IMPL ANTATION AND IMMUNIT Y

5.1  |  Treg cells and implantation

In the mouse system, a decrease in Treg cells during the implanta-
tion period causes implantation failure in allogenic pregnancies, 
whereas implantation is successful in syngeneic pregnancies.10,13 
Since embryonic cells express major histocompatibility antigens, it 
is likely that Treg cells suppress the attack on the embryo by CD8+ 
T cells that recognize fetal/paternal antigens. Paternal antigen-
specific Treg cells increase in the uterine regional lymph nodes 
1 day before implantation in mice42,44,72 (Figure  1). The removal 
of the seminal vesicle, which produces seminal plasma, results in 
no increase in paternal antigen-specific Treg cells or a decrease 
in the number of implantations, suggesting that seminal plasma 
plays an important role in the differentiation of paternal antigen-
specific Treg cells42,44,72 (Figure 1). Seminal plasma contains trans-
forming growth factor-β and prostaglandin E2, which induce Treg 
cells,72 as well as soluble paternally derived HLA-class I antigen.73 
It has been suggested that maternal DCs phagocyte these anti-
gens, present paternal MHC-class I antigens to Treg cells, and in-
duce paternal antigen-specific Treg cells in uterine regional lymph 
nodes.74 These paternal antigen-specific Tregs quickly migrate to 
the uterus after implantation44 (Figure 1).

In humans, forkhead box P3 (Foxp3) mRNA expression, a gene 
essential for Treg cell differentiation, is decreased in the endome-
trium in cases of RIF,75,76 and a decrease in the number of Treg cells 
in the endometrium and an increase in exhausted Treg cells have 
been reported in RIF cases.77 These data indicate that Tregs play 
an important role in human implantation. The clinical pregnancy 
rate is higher when seminal plasma is administered vaginally during 
in vitro fertilization (IVF) or when spontaneous intercourse is per-
formed.78,79 These findings suggest that seminal plasma may induce 
paternal antigen-specific Treg cells and promote their implantation 
in humans.

5.2  |  Dendritic cells and implantation

DCs are antigen-presenting cells. DCs present antigen peptides 
and activate T cells in an antigen-specific manner. In addition to 
antigen presentation, DCs play an important role in implanta-
tion8,58,80,81 (Figure  1). In mice, DCs increase in the uterus dur-
ing implantation and play an important role in decidua formation.8 
Artificial depletion of DCs at the time of implantation results in 
implantation failure in both allogeneic and syngeneic pregnan-
cies.8 This differs from the phenomenon in which implantation 
failure occurs only in allogeneic pregnancies in which Treg cells 
are depleted. Intrauterine DCs contribute to implantation by in-
ducing angiogenesis in the decidua and the proliferation and dif-
ferentiation of decidual stromal cells.8,81 These reports indicate 
that DCs are involved in the differentiation of the decidua rather 
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than in suppressing fetal rejection. We investigated whether these 
increases were caused by the proliferation of DCs in the uterus or 
by influx from outside the uterus and found that most DCs were 
influxed from outside the uterus58 (Figure 1).

DCs are broadly classified into mature DCs that activate im-
munity and immature DCs that induce immune tolerance. In mice, 
immature DCs increase only during allogeneic pregnancies, and 
mature DCs decrease immediately before implantation.58 Most 
immature DCs are derived from extrauterine tissues and may 
suppress maternal immune responses in allogeneic pregnancies. 
After sexual intercourse, seminal plasma induces intrauterine 
DCs to differentiate into mature DCs, but most DCs migrate to 
the uterine regional lymph nodes58 (Figure 1). Uterus-derived DCs 
are thought to take paternal antigens contained in seminal plasma, 
migrate to the uterine regional lymph nodes, and induce pater-
nal antigen-specific Treg cells by presenting paternal antigens.74 
Paternal antigen-specific Treg cells in the uterine lymph nodes 
migrate immediately to the uterus after implantation to prevent 
rejection of the embryo44 (Figure 1). In contrast, a small number 
of mature DCs that remain in the uterus express high levels of PD-
L2, thus preventing PD-1-expressing maternal CD8+ T cells from 
attacking the fetus.58

In summary, intrauterine DCs not only induce angiogenesis in 
the decidua and proliferation and differentiation of decidual stro-
mal cells to ensure successful implantation but also induce immune 
tolerance by immature DCs and PD-L2-expressing mature DCs to 
prevent rejection of the embryo as a semi-allograft.

5.3  |  Macrophages and implantation

Macrophages (Mφ) are broadly classified into M1Mφ, which induce 
inflammation and activate immunity, and M2Mφ, which suppress 
inflammation.82 When CD11b-diphtheria toxin receptor mice were 
treated with a small amount of diphtheria toxin, CD11b positive cells 
(M1Mφ and M2Mφ) were removed during implantation, resulting in 
implantation failure.6 A detailed examination revealed that implan-
tation failure resulted from low blood progesterone levels due to 
inadequate luteinization of the ovary.6 However, when M2Mφ was 
removed in CD206-diphtheria toxin receptor mice with diphtheria 
toxin, implantation failure was observed despite normal luteal for-
mation and elevated blood progesterone concentrations.7 This sug-
gests, indirectly, that M1Mφ is required for luteinization (Figure 1). 
Embryos from M2Mφ-depleted female mice were harvested and 
transferred to pseudopregnant mice, where they implanted nor-
mally, indicating that implantation failure was not due to poor em-
bryo quality in M2Mφ-depleted mice.9 Endometrial epithelial cells 
from M2Mφ-eliminated mice expressed the cell proliferation marker 
Ki67. Furthermore, Wnt4, Wnt7B, and β-catenin expression were 
also upregulated, suggesting that the Wnt-β-catenin pathway con-
tributes to the proliferation of uterine epithelial cells.9 In addition, 
the removal of M2Mφ also resulted in the dominance of M1Mφ in 
the uterus and increased tumor necrosis factor-α mRNA expression, 

which induces inflammation.9 In other words, intrauterine M2Mφ 
prevents excessive inflammation caused by M1Mφ, regulates the 
proliferation of endometrial epithelial cells, and promotes the dif-
ferentiation of endometrial epithelial cells, which may lead to suc-
cessful implantation (Figure 1).

We examined the expression levels of CD206 mRNA, a marker of 
M2Mφ, and CD68 mRNA, a marker of M1Mφ, in endometrial biopsy 
specimens from patients with infertility in the mid-secretory phase. 
In the next IVF, the ratios of CD206/CD68 mRNA were significantly 
higher in successful pregnancies than in unsuccessful pregnancies,9 
suggesting that the M2Mφ dominant environment is useful for the 
establishment of pregnancy. G-CSF, which promotes differentiation 
into M2Mφ from M1Mφ,83 significantly increases the clinical preg-
nancy rate in IVF in RIF cases.84,85 These clinical outcomes may ex-
plain how G-CSF is linked to the treatment of implantation failure 
through its mechanism of action.

5.4  |  Efficacy of immunomodulatory therapy for 
patients with RIF

RIF is defined as three or more unsuccessful intrauterine transfers 
of good-quality embryos in women aged <40 years. In addition to 
uterine malformations, endometrial polyps, endometrial adhesions, 
endometritis, and genetic abnormalities in the parents, intrauterine 
immune abnormalities are also risk factors.86 Therefore, several im-
munotherapies have been attempted for RIF cases.

Subcutaneous injection of G-CSF significantly increased the clin-
ical pregnancy rate (risk ratio 2.29, 95% CI [1.58–3.31]) in patients 
with RIF using meta-analysis84 (Table 1). Intrauterine administration 
of G-CSF also significantly increased the rate of clinical pregnancy 
(risk ratio 1.53, 95% CI [1.00–2.33]) in patients with RIF.84 A recent 
network meta-analysis revealed that subcutaneous injection of 
G-CSF was more effective than the intrauterine administration of 
G-CSF.85

Intrauterine infusion of autologous peripheral blood mononu-
clear cells stimulated with hCG significantly increased the clinical 
pregnancy rate (risk ratio 2.18, 95% CI [1.58–3.00])17,18,84 (Table 1). 
As hCG activates Treg cells and causes them to migrate,37,38 these 
effects may improve the implantation rate. It is also unclear which 
peripheral blood mononuclear cells stimulated with hCG are respon-
sible for the improvement of implantation failure. However, the opti-
mal number of mononuclear cells to be infused and the optimal dose 
of hCG stimulation have not yet been determined (Table 1). The lym-
phocytes must be cultured in their own facilities. Future multicenter 
studies should be conducted under specific conditions to verify the 
efficacy of intrauterine mononuclear cell therapy in patients with 
RIF.

Two observational studies of intrauterine hCG infusion have 
demonstrated a significant increase in the clinical pregnancy rate 
(odds ratio 1.81, 95% CI [1.23–2.65]).84,85 These results and the 
intrauterine infusion of peripheral mononuclear cells stimulated 
with hCG may improve the implantation rate by improving Treg cell 
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function and increasing the number of Treg cells through the mi-
gration of Treg cells into the uterus, which may lead to an improved 
prognosis. The immune environment of the uterus after intrauterine 
administration of hCG requires further investigation.

High-dose intravenous immunoglobulin (IVIG) therapy increases 
the number of Treg cells, decreases NK cell activity, and suppresses 
inflammation.87–90 A significant increase in the clinical pregnancy 
rate (odds ratio 2.08, 95% CI [1.28–3.36]) has been reported in 

patients with RIF treated with IVIG by observational studies84 
(Table 1). As discussed below, IVIG therapy at 4–5 weeks of gesta-
tion significantly increases the rate of live births in patients with 
four or more previous miscarriages and unknown risk factors. IVIG 
therapy also increases the number of effector Treg cells with high 
immunosuppressive activity in peripheral blood.87

Other methods, such as the endometrial injury method, which in-
duces inflammation of the endometrium, and intralipid administration, 

TA B L E  1 Immunomodulatory therapies for patients with repeated implantation failure (RIF) and recurrent pregnancy loss (RPL).

Treatment Immunological mechanisms Problems

RIF

•	 Intrauterine administration of auto logous 
peripheral blood mononuclear cells (PBMCs) 
activated by hCG

•	 Treg function↑
•	 Variety of cytokines produced by PBMCs 

improve the receptivity of the endometrium

•	 Not clear which cells improve RIF
•	 Few studies
•	 No uniform protocols
•	 Cell culture needs to be carried out at 

own institution

•	 Subcutaneous G-CSF administration •	 Treg induction
•	 Tolerogenic DC induction
•	 Inhibition of Th1-type immunity

•	 More higher quality studies are 
needed

•	 Side effects of G-CSF such as fever 
and malaise

•	 Intravenous immunoglobulin (IVIG) •	 Treg expansion
•	 NK cell cytotoxicity↓
•	 Neutralization of autoantibodies

•	 Few studies
•	 High cost

•	 Seminal plasma •	 Induction of paternal antigen-specific Treg •	 The study subjects are IVF cases, not 
RIF

RPL

•	 Intravaginal progesterone therapy for RPL 
patients with 3 or more miscarriages and 
genital bleeding in the current pregnancy

•	 Induction of cytokine secretion with 
immunomodulatory effects

•	 Differentiation of uNK cells
•	 Induction of M2Mφ
•	 Suppression of neutrophil activation

•	 Few studies
•	 Requires conditioning of 

progesterone dosage, timing of 
initiation of administration, etc.

•	 IVIG for unknown etiology of RPL patients 
with 4 or more in the very early stage of 
pregnancy

•	 Treg expansion
•	 Attenuation of NK cell cytotoxicity
•	 Neutralization of auto-antibodies

•	 Few studies
•	 Requires conditioning of IVIG dosage, 

timing of initiation of administration, 
etc.

•	 Low molecular weight of heparin for RPL 
patients with 3 or more miscarriage

•	 Regulation of complement activation
•	 Regulation of activation of granulocytes

•	 Few studies
•	 Efficacy of unfractionated heparin 

has not been reported

F I G U R E  2 Treatment strategy for RIF and RPL cases based on a diagnosis of the immune environment in the uterus. The pathogeneses 
of RIF and RPL differ among patients. Therefore, it is important to investigate immune function abnormalities in the uterus and provide the 
most appropriate treatment for each condition.
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which suppresses the cytotoxic activity of NK cells, slightly, but not 
significantly, improve the prognosis of RIF cases in a meta-analysis.84,85

At present, there is no high-evidence-level treatment for RIF; 
however, the optimal treatment should be selected after first check-
ing the immune environment in the uterus. However, it is difficult to 
determine the immune environment in the endometrium using pe-
ripheral blood. Therefore, it is necessary to determine the immune 
environment in the uterus using biopsies of the endometrial tissue 
or intrauterine lavage fluid, although this is invasive for patients 
(Figure 2).

6  |  RPL AND IMMUNIT Y

RPL is defined as a history of two or more clinical miscarriages or 
stillbirths, with a frequency of 1%–4%.91 The European Society of 
Human Reproduction and Embryology (ESHRE) counts biochemi-
cal pregnancy as pregnancy loss,92 whereas it is not included in 
the U.S. and Japan.91 The established risk factors for RPL include 
abnormal uterine morphology, hypothyroidism, chromosomal 
abnormalities in couples, and positive antiphospholipid antibod-
ies.91–93 RPL of unknown etiology is found in 50%–60% of cases. 
As discussed below, various immune abnormalities have been re-
ported in RPL cases, and it is possible that the fetus is attacked by 
maternal immune cells and miscarries owing to maternal immune 
abnormalities. The following is a description of the immune sys-
tem changes in RPL cases and the treatment of cases of unknown 
etiology.

6.1  |  RPL from the perspective of Th1/Th2/Th17/
Treg cell balance

CD4+ T cells are broadly classified into Th1 cells, which induce 
cellular immunity and rejection; Th2 cells, which contribute to 
antibody production; Th17 cells, which induce inflammation and 
rejection; and Treg cells, which suppress immune activation and 
inflammation.94 In the field of reproductive immunology, around 
1990–2000, the Th1/Th2 ratio was examined in cases between 
RPL,95 and it became clear that Th1 immunity was predominant in 
RPL. Later, with the identification of Th17 and Treg cells, the Th1/
Th2/Th17/Treg cell balance was examined in RPL.94,96 Although 
changes in immunological balance cannot be unified in RPL be-
cause risk factors differ from case to case, in many cases, the Th1/
Th2/Th17/Treg cell balance showed Th1 immunity and Th17 immu-
nity predominance and decreased Treg cells.94–96 These changes in 
the immune system in RPL indicate that the environment is more 
likely to reject the fetus as a semi-allograft. Miscarriages can be 
caused by fetal chromosomal abnormalities, even in the absence 
of abnormal maternal immunocompetence. Since chromosomal 
abnormalities are found in approximately 50% of miscarriages, 
the remaining 50% may be caused by antiphospholipid antibodies, 
hypothyroidism, uterine malformations, and unknown risk factors 

such as maternal immune abnormalities. Currently, the etiology of 
maternal immune abnormalities is unknown. Preimplantation ge-
netic testing for aneuploidy is now being performed to prevent 
miscarriages due to fetal chromosomal abnormalities, and the mis-
carriage rate has decreased.97 However, there is a need to reduce 
the number of fetal losses with normal fetal chromosomes in cases 
of RPL of unknown etiology.

To understand the changes in the immune environment in 
cases of miscarriage, it is necessary to examine the changes in 
the immune system in miscarriage cases with normal fetal chro-
mosomes. Since Th1 and Th17 cells are increased in patients with 
miscarriages with normal fetal chromosomes,94–96,98 it is possible 
that Th1 and Th17 cells may reject the fetus, albeit indirectly. In 
mice, fetal loss occurs during allogeneic pregnancies when Treg 
cells are reduced.3,11,13 Because Foxp3 is the master gene for Treg 
cells, immunostaining for Foxp3 can be used to examine the local-
ization of Treg cells. The number of Treg cells in the decidua basalis 
of miscarriages with normal fetal chromosomes was significantly 
decreased compared with that in normal pregnancies, while the 
number of Treg cells did not decrease in miscarriages with abnor-
mal fetal chromosomes.99 In the decidua parietalis, which is far 
from the implantation site, there was no decrease in the number 
of Treg cells in either normal or abnormal fetal chromosome mis-
carriages.99 The increase in Th1 and Th17 cells and the decrease in 
Treg cells in the decidua basalis, the site of the mother-fetus inter-
face in miscarriages with normal fetal chromosomes, suggest that 
fetal rejection also occurs in human miscarriages. CD8+T cells that 
recognize fetal/paternal antigens show no cytotoxicity against 
fetal cells expressing PD-1. PD-1−CD8+ T cells can attack EVTs 
expressing paternal antigens. In miscarriages with normal fetal 
chromosomes, decidual PD-1−CD8+ T cells specific for the pater-
nal antigen were found to be increased,34 suggesting that maternal 
CD8+T cells attack the fetus.

M1Mφ is predominant in miscarriage cases,60,100 and IDO ex-
pression in macrophages and DCs is decreased,61 suggesting an 
immune environment in which the fetus is susceptible to rejection 
by the maternal immune system. Taken together, these findings 
strongly suggest that in human cases of miscarriage of unknown 
etiology with normal fetal chromosomes, miscarriage is caused by 
immune abnormalities. In these cases, the improvement of the ab-
normal immune environment may also be a treatment for RPL.

7  |  TRE ATMENT OF RPL

In cases of RPL with known risk factors, treatment of each risk fac-
tor can provide a good prognosis. For example, low-dose aspirin 
and heparin therapy should be administered in antiphospholipid 
antibody-positive cases.91–93 Treatment of hypothyroidism with 
levothyroxine prevents miscarriages. Genetic counseling should be 
provided to couples with chromosomal structural abnormalities. 
Preimplantation genetic testing for chromosomal structural rear-
rangement should be proposed after adequate explanation.
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7.1  |  Treatment of cases of RPLs with unknown 
etiology

Currently, there is no evidence-based treatment for RPL of unknown 
etiology. The ESHRE guidelines state that husband lymphocyte im-
munotherapy, which has been widely used in the past, is ineffective, 
has side effects, and should not be used.92 Glucocorticoids, intralipid 
therapy, G-CSF, and endometrial scratching do not improve progno-
sis in cases of RPL with unknown etiology.92,101

Haas et al.102 showed from the results of four RCTs that progester-
one administration from early pregnancy tends to reduce the miscar-
riage rate in cases of RPL with a history of three or more miscarriages 
(RR 0.59: 95% CI: 0.34–1.01). However, these differences were not sta-
tistically significant. Intravaginal progesterone therapy may be effec-
tive in patients with a history of three or more miscarriages and genital 
bleeding at the time of the next pregnancy (Table 1). Transvaginal pro-
gesterone administration (400 mg progesterone daily until 16 weeks 
gestation) significantly increased the rate of live births (odds ratio 2.1, 
95% CI: 1.0–4.4) in the above patients with RPL if started at less than 
12 weeks gestation.103 Progesterone increases the number of Treg 
cells, enhances Treg cell function, and suppresses inflammation,37,40,101 
which may reduce miscarriage. In addition, progesterone increases the 
production of progesterone inducible blocking factor and promotes 
the differentiation of uterine NK cells and M2Mφ,15,104 which may play 
a role in maintaining pregnancy. Thus, progesterone replacement in 
early pregnancy may improve pregnancy outcomes in RPL. However, 
the optimization of patient selection, timing of administration, and 
whether oral or vaginal administration should be clarified.

A recent study reported that IVIG therapy early in pregnancy 
(4–5 weeks of gestation) improves live birth rates in cases of RPL 
of unknown etiology and a history of four or more miscarriages105 
(Table 1). IVIG therapy initiated after 6 weeks of gestation did not 
improve the live birth rate.105 IVIG therapy has been reported to 
increase Treg cells, decrease NK cell activity, and neutralize un-
known autoantibodies, and anti-inflammatory effects.87,101,106 In a 
previously described case with an unknown etiology and a history 
of four or more miscarriages, IVIG therapy decreased NK cell ac-
tivity at one-week post-treatment, but there was no difference in 
NK cell activity at 8 weeks of gestation between the treated and 
non-treated groups, indicating that IVIG therapy reduced NK cell 
activity only for a short period of time.87 In contrast, effector Treg 
cells in the peripheral blood remained significantly higher than those 
in the non-treated group 1 week after IVIG administration and at 
8 weeks of gestation, suggesting that IVIG therapy increased the 
number of Treg cells and may have contributed to the maintenance 
of pregnancy.87

Aspirin alone does not improve the prognosis of RPL of unknown 
etiology.101 In contrast, a meta-analysis reported that low-molecular-
weight heparin reduced the risk of miscarriage in patients with RPL 
and three or more prior miscarriages (Table 1). Five RCTs were ana-
lyzed and found that low-molecular-weight heparin significantly re-
duced the risk of miscarriage in patients with RPL with three or more 
prior miscarriages (RR 0.46: 95% CI: 0.35–0.61; p = 0.001).101,107 

Because heparin suppresses complement activity and inhibits leu-
kocyte chemotaxis and activation,101 these effects may reduce mis-
carriage. To date, there have been no reports that unfractionated 
heparin or combination therapy with low-dose aspirin and unfrac-
tionated heparin significantly improves live birth rates in patients 
with RPL of unknown etiology.100 At present, unfractionated heparin 
therapy may be effective in RPL cases with three or more previous 
miscarriages and no thrombocytopenia101 (Table 1).

In summary, intravaginal progesterone, IVIG therapy, or low-
molecular-weight heparin may be effective in cases of RPL of un-
known etiology. However, further clinical studies are needed 
to increase the number of patients with high levels of evidence 
(Table 1). Further clinical studies are needed to increase the number 
of cases and improve the level of evidence.

8  |  ACCUR ATE DIAGNOSIS OF THE 
INTR AUTERINE IMMUNE ENVIRONMENT 
AND ESTABLISHMENT OF PRECISE , 
PERSONALIZED TRE ATMENTS FOR E ACH 
IMMUNOLOGIC AL ABNORMALIT Y

The first thing to emphasize is that the immune environment of 
the uterus is different from that of peripheral blood. For example, 
CD16−CD56bright NK cells predominate in the endometrium, whereas 
T cells predominate in peripheral blood, making it difficult to detect 
abnormalities in the intrauterine immune environment even if blood 
samples are taken from the peripheral blood, and the immune func-
tion is examined. For example, Treg cells are reduced in the decidua 
of miscarriage cases with normal fetal chromosomes but not in the 
peripheral blood.108 Therefore, endometrial biopsy or examination 
of intrauterine lavage fluid is appropriate to diagnose the intrauter-
ine immune environment (Figure  2). Lédée et  al. studied NK cells 
by immunohistochemical staining and expression of mRNAs in the 
endometrium. Subsequently, IL-15/Fn-14 and IL-18/TWEAK mRNA 
ratios were determined.109 Infertility or RPL cases were classified 
as over-immune-activation type, normal immune type, low immune 
activation type, mixed profile type, and individualized treatment. For 
the low immune activation type, endometrial scratching, luteal hCG 
supplementation, and seminal plasma exposure were performed. 
In cases of overactivation, immunotherapy was performed, such as 
exposure to high estrogens in the proliferative phase and hormone 
adaptation of the luteal phase. Good live birth rates were achieved 
with individualized treatments for each type.109 Nevertheless, clini-
cal trials with a higher level of evidence should be conducted in the 
future, as accurate diagnosis of the immune environment in the 
uterus and appropriate treatment are still in the pilot phase.

9  |  CONCLUSION

Immune cells play important roles in implantation and subsequent 
placentation. Immune cells, especially Treg cells, immature DCs, and 
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M2Mφ, maintain pregnancy by suppressing immune activation and 
excessive inflammation. Numerous basic and clinical studies have 
shown that implantation failure and miscarriages occur when this 
balance is disturbed. Accurate evaluation of immune abnormalities 
in each case and optimal initiation of treatment just prior to concep-
tion or very early in pregnancy may lead to the treatment of RIF and 
RPL.
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